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ABSTRACT: Fischer−Tropsch conversion of syngas to hydro-
carbons is proposed to begin with CO binding to the iron surface
of the catalyst. CO adsorption on various iron facets of relevance
to the Fischer−Tropsch process suggest that the Fe(111) surface is
the most active for catalysis, and that CO bound to the
penultimate layer of Fe atoms or the b-state is the resting state
during catalysis. Notably, a μ-1,2 mode was discarded for the b-
state due to a lack of exemplar molecular species and expectation
that such a mode would have a higher energy infrared (IR)
absorption than observed experimentally (viz. 1735−1860 cm−1).
Here, we report the synthesis of a diiron(I/II) complex in which
CO binds μ-1,2: (Fe(OTf))(Fe(THF)(μ-1,2-CO))L where L2− is
a bis(β-diketiminate) cyclophane (1). Surprisingly, the observed
νCO at 1763 cm−1 for 1 compares well with that reported for b-state. Electron paramagnetic resonance (EPR), Mössbauer, and
density functional theory (DFT) results support a weakly coupled s = 3/2 iron(I) and s = 2 iron(II) pair. Reduction of 1 results in
C−O cleavage and C−C bond formation to yield a ketenylidene (CCO) complex as a major product observed spectroscopically.

■ INTRODUCTION
Conversion of CO2 and CO into long chain hydrocarbons is a
key step in carbon-neutral fuel synthesis. The Fischer−Tropsch
process converts CO and H2 to hydrocarbons over a metal
catalyst and was discovered in 1925. Although in operando
techniques allow insight into the mechanism, there remain
unanswered questions.1 Here then, molecular species provide
useful benchmarks to correlate structure with spectroscopic
signatures. For example, proposed structures for how CO
binds to the catalyst surfaces at different loadings have relied
on molecular and heterogeneous precedent. Of the proposed
mechanisms, the surface carbide mechanism is currently
preferred. This mechanism begins with side-on CO adsorption
to the metal surface followed by the CO bond cleavage to
generate adsorbed C and O atoms, and is supported by
experimental and computational studies on Fe(110) and
Fe(100) surfaces that identify a transition state in which the
CO molecular axis is parallel to the surface.2−9 Few
investigations have explored the nature of CO binding and
dissociation on Fe(111), despite the better catalytic perform-
ance of this surface over others.10−12 Seminal work by Seip et
al. and Bartosch et al. on the CO adsorption on a Fe(111)
surface observed three adsorbed-CO stretching modes (viz. a,
b, c states), which are populated as a function of coverage and
temperature.13,14 For the Fe(111) surface, the b-state is
proposed as the state that evolves to CO bond cleavage
under Fischer−Tropsch conditions, either by an equilibrium

with the a-state or directly, making the structural details of this
state of import.13

In those initial reports on the b-state, the structural
assignment as being a CO terminally bound to the shallow
hollow sites (tetrahedral holes) relied on two comparisons to
precedent. First, the observed νCO is substantially lower in
energy than expected for a μ-1,2 mode based on data reported
for CO bound to the Ni(110) facet.13,15 Second, the 4.05 Å
separation between Fe atoms in the on-top layer of the
Fe(111) surface was greater than that for any reported
polynuclear iron carbonyl complex. Specifically, molecular iron
examples of CO ligands bound μ-1,2 or μ-η1:η2 have Fe−Fe
distances ≤ 4.0 Å. This proposed structure agrees with recent
computational reports for the b-state, with a minor tilting away
from normal to surface observed in some cases.16 Initial
computational studies by Mehandru and Andersen using the
atom superposition and electron delocalization molecular
orbital (ASED-MO) level of theory, however, implicated the
μ-1,2-CO binding across two iron atoms on the top layer and
parallel to the metal surface as lowest in energy (Figure

Received: February 17, 2025
Revised: April 24, 2025
Accepted: May 12, 2025
Published: May 19, 2025

Articlepubs.acs.org/IC

© 2025 American Chemical Society
10488

https://doi.org/10.1021/acs.inorgchem.5c00759
Inorg. Chem. 2025, 64, 10488−10495

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
FL

O
R

ID
A

 o
n 

Ju
ne

 1
6,

 2
02

5 
at

 2
0:

43
:3

4 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Titto+Sunil+John"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Devender+Singh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vincent+Maurel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ricardo+Garci%CC%81a-Serres"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leslie+J.+Murray"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.5c00759&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00759?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00759?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00759?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00759?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00759?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/inocaj/64/21?ref=pdf
https://pubs.acs.org/toc/inocaj/64/21?ref=pdf
https://pubs.acs.org/toc/inocaj/64/21?ref=pdf
https://pubs.acs.org/toc/inocaj/64/21?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c00759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf


1).16−19 We surmise then that molecular precedent coupled
with modern density functional theory (DFT) methods

underpin the proposed structure of the b-state, in contrast to
other Fe surfaces for which additional spectroscopic data have
been reported.13

Previously, our group reported a di(μ-carbonyl)diiron(I)
complex, Fe2(μ-CO)2L (L2− = bis(β-diketiminate) cyclo-
phane) and a cis-μ-1,2-dinitrogen diiron complex, (FeBr)2(μ-
1,2-N2)L (Figure 2).20,21 For the former, serial reduction and
silylation of this species effects the partial deoxygenative
coupling of the CO ligands. Herein, we report the one-electron
oxidation of Fe2(μ-CO)2L to the diiron (I/II) complex Fe2(μ-
CO)(OTf)(THF)L, in which the CO coordinates in a μ-1,2
fashion and exhibits an IR absorption comparable to that
reported for the CO bound b-state of the Fischer−Tropsch
catalyst. Reduction of this compound results in CO
homologation, suggesting that this mode is competent for
CO bond scission.

■ EXPERIMENTAL AND COMPUTATIONAL SECTION
General Considerations. All manipulations were performed

inside an Ar-filled Vigor glovebox unless otherwise stated.
Tetrahydrofuran (THF) and n-hexane were purchased from Sigma-
Aldrich. THF was dried using an Innovative Technologies solvent
purification system (now Inert, Amesbury, MA). n-hexane was dried
over NaK-benzophenone, heated to reflux, distilled and degassed.
Solvents were stored over activated 3 Å molecular sieves (200 °C, <
20 mTorr) for at least 24 h prior to use. C6D6 was purchased from
Cambridge Isotope Laboratories, dried over CaH2, heated to reflux,
then distilled, degassed, transferred to the glovebox, and stored over
activated 3 Å molecular sieves. Silver triflate (AgOTf) was purchased
from Oakwood Chemical (Estill, SC). Fe2(μ-CO)2L was prepared as
reported.20 1H Nuclear Magnetic Resonance (1H NMR) spectra were
recorded on a Bruker 400 MHz spectrometer equipped with a three-
channel indirect detection probe with z-axis gradients. Chemical shifts
are reported in δ (ppm) and referenced to solvent resonance at δH =
7.16 ppm for benzene-d6. FT-IR spectra were collected on drop-
casted samples using a ThermoFisher Scientific Nicolet iS5
spectrometer equipped with an iD7 ATR stage, and using the
OMNIC software package at 1.0 cm−1 resolution and 32 scans per
sample.

Figure 1. Proposed (shallow-hollow CO binding) and plausible (μ-
1,2 CO binding) structures for b-state of CO binding on Fe(111)
surface.

Figure 2. Model complexes for N2 and CO adsorption on Fe(111) surface.
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Synthetic Protocols. Synthesis of Fe2(μ-CO)(OTf)(THF)L, (1). To
a solution of Fe2(μ-CO)2L (69.0 mg in 2 mL THF, 95.1 μmol) stirred
with a Pyrex magnetic stir bar, silver triflate (26.85 mg, 104.5 μmol)
was added. The reaction was stirred at ambient temperature for 2 h
during which the reaction mixture gradually changed from dark yellow
to greenish brown. After filtering the reaction mixture through Celite,
which was prerinsed with anhydrous THF, the filtrate was layered
with 1 mL hexane and stored at −33 °C for 2 d to afford Fe2(μ-
CO)(OTf)(THF)L as dark green powder (54.5 mg, 61.6%). Single
crystals suitable for X-ray diffraction were grown from a solution of
THF stored at −33 °C. The 13C-labeled isotopologue (1-13CO) was
synthesized following the above procedure using Fe2(μ-13CO)2L as
the starting material. 1H NMR (400 MHz, C6D6, 298 K) δ (ppm):
182.93, 159.17, 46.36, 28.39, 10.93, 8.36, 3.83, 3.30, 1.56, 1.24, 0.89,
0.78, −3.64, −6.24, −7.12, −13.86, −28.85, −30.28, −81.59,
−118.30, −130.78. ATR-IR (cm−1): 2959, 2926, 2871, 1763, 1521,
1457, 1430, 1392, 1373, 1326, 1233, 1205, 1171, 1021. Anal. Calc. for
C44H64N4O5F3S1Fe2 (%): C 56.84 H 6.94, N 6.03. Found: C 56.91, H
6.67, N 6.03.
Reduction of Fe2(μ-CO)(OTf)(THF)L. Fe2(μ−CO)(OTf)(THF)L

(9.8 mg, 11.5 μmol) was dissolved in PhMe and cooled to −33 °C.
To the thermally equilibrated solution, potassium graphite (KC8) (2.0
mg, 15.0 μmol) was added. The reaction was stirred at −33 °C for 2
d, warmed to ambient temperature, then filtered through Celite,
which was prerinsed with PhMe, and solvent removed from the filtrate
under reduced pressure. The residue was used as-obtained for
spectroscopic measurements.
X-ray Crystallography. Low-temperature X-ray diffraction data

for Fe2(μ−CO)(OTf)(THF)L, (1) were collected on a Rigaku
XtaLAB Synergy diffractometer coupled to a Rigaku Hypix detector
with Cu Kα radiation (λ = 1.54184 Å), from a PhotonJet microfocus
X-ray source at 100 K. The diffraction images were processed and
scaled using the CrysAlisPro software.22 The structure was solved
through intrinsic phasing using SHELXT and refined against F2 on all
data by full-matrix least-squares with SHELXL following established
refinement strategies.23−25 All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms bound to carbon were included in
the model at geometrically calculated positions and refined using a
riding model. The isotropic displacement parameters of all hydrogen
atoms were fixed to 1.2 times the Ueq value of the atoms to which
they are linked (1.5 times for methyl groups). Details of the data
quality and a summary of the residual values of the refinements are
listed in Supporting Table 2.
Mo ̈ssbauer Spectroscopy. The sample was ground into fine

powder and placed in Delrin containers. Mössbauer spectra were
measured on an Oxford Instruments Spectromag 4000 cryostat
containing an 8 T split-pair superconducting magnet. The
spectrometer was operated in constant acceleration mode in
transmission geometry. The isomer shifts are referenced against a
room temperature metallic iron foil. Analysis of the data was
performed using the in-house developed Python package easyMoss.26

Electron Paramagnetic Resonance Spectroscopy. EPR
spectra were recorded using a Bruker EMX Plus spectrometer
operating at X-band frequency with an ER 4122 SHQE Resonator

(perpendicular mode) and an Oxford Instruments ESR-900 flow
cryostat. Powder samples were held in a gastight clear fused silica EPR
sample holder (727-LPV-250 M from Wilmad), which was filled in
gloves box under argon. Settings were kept constant for EPR
measurements from 5 K up to 80 K: 9.399 GHz microwave frequency,
20 mW microwave power, 4 G modulation amplitude and 250s
acquisition time.
Computational Methods. Electronic structure calculations were

performed using the software package ORCA version 6.0.1.
Optimized geometries were calculated using the TPSSh functional
with the def2-TZVP(-f) basis set, Grimme’s D4 dispersion correction
and the preset conductor-like polarizable continuum model for THF
(i.e., CPCM(THF)) as the solvent model.27−29 Single point, spin
density, and vibrational frequency calculations performed on the
optimized geometries included the zeroth order relativistic approx-
imation with the functional and basis set used above.30 The iso values
for unrestricted natural orbitals (UNO) and spin density surfaces
were set to maintain a 80.0 and 99.9% probability, respectively.
Images were made using Gabedit 2.5.1.31 H atoms are omitted from
the figures for clarity.

Mössbauer parameters were calculated using the method described
by Neese and co-workers with an initial geometry optimization
followed by the electron density calculation using the TPSS0
functional and the exact two-component Hamiltonian X2C for
relativistic effects on all atoms and the modified aug-cc-pVTZ-J basis
set on the Fe atoms.32−35

■ RESULTS AND DISCUSSION
Reaction of Fe2(μ-CO)2L with AgOTf in THF at ambient
temperature affords a green species, 1, with one strong infrared
vibration in the carbonyl region of the IR spectrum at 1763
cm−1 (Scheme 1 and Figure S2). From the absence of more
than one absorption and the observed red-shift in the vibration
relative to that in the starting complex (viz. 1801, 1846, and
1856 cm−1), we inferred loss of one CO in 1 as oxidation
would be expected to cause a hypsochromic shift for the CO
stretching mode. The assignment of the band to a CO
stretching mode was confirmed by using Fe2(μ-13CO)2L as the
starting material to generate 1-13CO for which the absorption
at 1763 cm−1 in 1 redshifts to 1719 cm−1 (νcalculated = 1723
cm−1) (Figure S3). The frequency observed here is comparable
to that observed for the lo-CO state for the CO inhibited form
of the molybdenum-dependent nitrogenase cofactor (νco =
1715 cm−1), as well as that for the dicarbonyl complex
[K(THF)5][Fe2(CO)2L] and the siloxycarbyne complex
Fe2(μ-η1:η1-CO)(μ-COSiMe3)L (νco = 1809 and 1700, and
1741 cm−1, respectively).20,36,37 From a combined DFT,
applied-field Mössbauer, and EPR data on the dicarbonyl
and siloxycarbyne complexes, we concluded that both exhibit
net ferromagnetic coupling through double-exchange, but the
formal oxidation states of the two differ with dicarbonyl

Scheme 1. Synthesis of the μ-1,2-Carbonyl Complex (1)
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described as a high-spin Fe0 and low spin FeI pair, and the
siloxycarbyne as an S = 1 FeII and S = 1/2 FeI pair. We noted
the metal−ligand covalency and the Fisher-like character of the
bridging siloxycarbyne complex, whereas no similar ligand is
present in 1, indicating a distinct electronic effect to activate
the CO donor. The energy of the CO vibration in 1 is well
within the range previously reported for the b-state for CO
bound to the Fe(111) surface.

Gratifyingly, the solid-state structure of 1 agrees with
expectation from IR data of only one carbonyl ligand retained
in the complex (Figure 3); however, this CO coordinates in a

μ-1,2 fashion rather than a μ-η1:η1 mode. Refinement affords
the best model with the C and O atoms of the CO ligand
bound to Fe1 and Fe2, respectively. Bond valence sum analysis
supports formal charges for Fe1 and Fe2 as 1.27 and 2.03,
respectively.38 Moreover, the supporting ligands of THF
bound to Fe1 and −OTf to Fe2 with the Fe1−C�O−Fe2
bond angles (e.g., ∠Fe1−C−O angle of 171.752(3)°) are
consistent with the formal oxidation state assignments (Table
S1).39−46 Each Fe center in 1 is in a pseudotetrahedral
environment with τ4 values of 0.85 and 0.83 for Fe1 and Fe2,
respectively.47 The Fe−Fe distance of 4.6886(7) Å observed
here is longer than that for (FeCl2)2(μ-1,2-CO)2 (viz. 3.958
Å)�the only prior example of a diiron complex with one or
more μ-1,2 carbonyl donors�and comparable to that in the
diiron μ-1,2-N2 model complexes proposed as models for side-
on α-N2 binding to the Fe(111) surface (viz. 4.857, 4.563,
4.783 and 4.673 Å) (Figure 2).21,48−51 For (FeCl2)2(μ-1,2-
CO)2, Zhang and co-workers reported the two CO ligands are
adopting cis-μ-1,2 modes with the CO stretching mode
observed in IR spectra at 1938 cm−1 and relatively long Fe−
C and Fe−O distances of 2.179(1) and 2.190(1) Å,

respectively, all of which agree with the formal iron(II)
oxidation states. The coordination of C to Fe(I) and O to
Fe(II) is consistent with what is observed for the family of
crystallographically characterized μ-1,2-carbonyl complexes
where the C atom is bound to the electron rich metal ion
and O atom to the electrophilic metal atom,52−56 and also
bears similarity to the push−pull electronic effect for activation
of small molecules.57 Contrary to the ligand field on each Fe
atom in 1, the few structurally validated homometallic
dinuclear examples either have each metal center coordinated
within disparate ligand fields or both metal ions are bound to
strong field ancillary donors.39−45,58 Notably, all except one of
the reported homometallic dinuclear examples feature early 3d
transition metals,39−45,58 with the exception being the
aforementioned (FeCl2)2(μ-1,2-CO)2.48

Zero-field Mössbauer measurements recorded on a solid
sample of 1 at 20, 31 and 80 K showed two distinct quadrupole
doublets with different rates of broadening with decreasing
temperature (Figure 4), which enables peak assignment in a

non-nested (intercalated) fashion. The Mössbauer parameters
at 80 K are δ/ΔEQ (mm/s) = 1.02/2.82 and 0.52/2.89,
indicating valence localized, locally high spin s = 2 Fe(II) and s
= 3/2 Fe(I) centers, respectively, consistent with DFT
calculations (vide infra).59 In addition, solution magnetic
moment measured at 23 °C using Evan’s method (μeff = 6.53
μB) agrees with weak ferromagnetic coupling as the observed
moment is comparable to that for uncoupled Fe centers (viz.,
6.25 μB).60 In contrast to the previously reported ferromag-
netic S = 7/2 μ-1,2 N2 complex which exhibits valence
delocalization between the Fe centers, the localized Fe centers
in 1 suggested a different picture of magnetic coupling between
the two Fe centers. Seeking to understand the nature of ground
state magnetic interaction, field-applied Mossbauer spectrum
of 1 was measured. The spectra measured at 5.8 and 2.3 K in a
0.06 T applied magnetic field are nearly identical, allowing for
accurate spin-Hamiltonian simulation in the slow-relaxation
limit. The simulations assuming either two uncoupled ions (s =
3/2 Fe(I) and s = 2 Fe(II)) or a weak ferromagnetic
interaction resulting in S = 7/2 ground state, yielded equally
good fits, demanding additional data to support one or the

Figure 3. Solid state structure of 1 (top) and of the primary
coordination spheres of the iron centers with pertinent bond lengths
included (bottom). C, N, O, F, S and Fe atoms depicted as gray, dark
blue, red, green and orange ellipsoids at 50% probability, respectively.
The OTf and one ethyl arm were positionally disordered with the
higher occupancy model depicted. All H atoms and solvent molecules
are removed for clarity.

Figure 4. Zero-field Mössbauer spectra of 1 recorded at 80, 31 and 20
K (top to bottom). Red and blue solid lines are the individual
quadrupole doublet simulations, and the black solid lines are the
composite simulated spectra. Based on the isomer shifts, the blue
component is assigned to HS FeII, while the red component is
assigned to S = 3/2 FeI. Fitting parameters are given in Tables S4 and
S5.
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other model of the electronic structure (Figure S4). Solid-state
X-band EPR spectra on the sample used for Mössbauer
measurements were obtained at temperatures ranging from 5
to 80 K. At 5 K, a strong signal is observed at low magnetic
field, which intersects the baseline close to 500 G or g ∼ 13.9
and is close to that expected for the lowest field mS = −7/2 to
+7/2 transition of a S = 7/2 system with ratio E/D = 0.26
(Figure S6). At higher temperatures, this feature decreases
concomitant with the appearance of broad features at higher
magnetic fields, with the latter becoming the main features at
and above 30 K. Although these new features cannot be
assigned unequivocally, these are observed at magnetic field
values comparable to those expected for the mS = −5/2 to +5/
2 transition of a S = 7/2 system with ratio E/D = 0.26 for
which higher field transitions at g = 8.9, 2.7, and 1.9 are
expected as the higher energy ms states are populated. This
temperature dependence is consistent with a D value of ∼−6
cm−1, since the energy levels of mS = ±5/2 states are expected
to be higher than the energy levels of mS = ±7/2 states by a
quantity of 4D.

The bridging mode and the differences in oxidation state are
reminiscent of push−pull complexes in which a diatomic
ligand bridges a Lewis acidic metal and an electron-rich metal
ion capable of π-backbonding into the bridging ligand. To
estimate the extent of activation expected in the absence of the
Fe(II) center, we searched for an analogous three-coordinate
monocarbonyl complex supported by weak-field donors. A
previously reported terminal monocarbonyl complex with high
spin (S = 3/2) Fe(I), [Fe(CO)(HMDS)2]− (where HMDS− =
hexamethyldisilazide) with νCO = 1822 cm−1 is the only
reasonable comparison; we note, however, that the β-
diketiminate donors in 1 are less π-basic and σ-donating
than amides ligands and the extent of π donation is also
influenced by the N−Fe−N bond angles among other
structural parameters in both complexes. With that caveat
then, comparison to our value provides an estimate of ∼60
cm−1 for the enhanced activation afforded by the Lewis acidity
of Fe2.61,62 This value is comparable to that computationally
predicted for N2 by the side-on Co(I) in the trinuclear
Co3N2LEt/Me, but notably less than the 134 cm−1 decrease
observed for (depe)2Fe0−N�N−Fe2+(TpiPr2) complex vs
(depe)2Fe0−N2.62,63 The mixed valence and the push−pull
contribution in 1 evoke the resonating valence band model
proposed for CO activation on a metal surface.64

The preference for the ferromagnetically coupled Fe atoms
in the ground state for 1 contrasts the antiferromagnetic
coupling in the parent complex Fe2(μ-CO)2L (S = 0). As
noted previously, the local spin states and the coupling
schemes between iron centers vary substantially for complexes
of this ligand, being sensitive to reduction and silylation as in
the previously reported series of complexes in the conversion
of Fe2(CO)2L to Fe2(CCO)L.20 Also, the large metal−metal
separation in 1 of 4.68(9) Å as compared to those of less than
2.6 Å in the dicarbonyl to ketenylidene series of complexes
precludes a double exchange mechanism through direct
metal−metal bonding to stabilize the S = 7/2 ground
state.65−67 Taken together, 1 and the prior CO homologation
report demonstrate the diverse electronic and geometric
changes accessible to polynuclear metal complexes coordinated
to weak field donors (here, BDIs) and even for the same ligand
as a function or formal oxidation state and the identity of
bridging ligands.

We then employed DFT methods to gain insight into the
electronic structure of complex 1. DFT calculations performed
on the X-ray diffraction modeled atomic coordinates of 1 using
the TPSSh functional, Alrichs’ def2-tzvp(-f) basis set, ZORA,
and Grimme’s D4 dispersion correction for the high spin S =
7/2 state and the ferromagnetically coupled Broken Symmetry
state with Ms = 1/2 support the S = 7/2 as the electronic
ground state, in agreement with Mössbauer and EPR
measurements.27−29 The calculated C−O stretching frequency
of 1775 cm−1 agrees well with the measured value of 1763
cm−1 (Figure S7). Similar to the isoelectronic cis-(μ-1,2-N2)
complex, the seven singly occupied orbitals are predominantly
Fe 3d in character, which is also reflected in the spin density
plot (Figures 5 and S9).21 To gauge the extent of charge

transfer from the iron(I) (or Fe1) to the iron(II) (or Fe2)
center, we also calculated a hypothetical heteronuclear FeZn
analog of 1 in which Fe2 is replaced by Zn(II). Using the
Mulliken spin populations as an approximate reporter, we
observed a minor increase in the population at Fe1 in the
heteronuclear complex versus 1, consistent with the weak
ferromagnetic coupling between the two centers. Attempts to
estimate the double exchange parameter, B, from the
calculations yielded an unreasonably large value (B > 5000
cm−1), analogous to previous observations for other diiron
complexes, and prevent meaningful computationally derived
values for the energy separation between states in terms of B
and J values.20,68 In agreement with the extent of CO
activation observed from IR and X-ray diffraction data, the
calculated Löwdin C−O bond order is 2.48 and the two
highest doubly occupied frontier orbitals are metal to ligand π
backbonding in character from Fe 3dπ to CO π*. The
calculated Mössbauer parameters using the method described
by Neese and co-workers, with the TPSS0 functional, the exact
two-component Hamiltonian X2C for relativistic effects, and
the modified aug-cc-pVTZ-J on the Fe atoms only, are isomer
shifts of 0.52 and 0.91 mm/s, and quadrupole splittings of 3.04
and 2.89 mm/s, for Fe1 and Fe2, respectively, and are in
excellent agreement with the observed values (vide supra).32

We reasoned that the significant CO π* parentage of the
LUMO and LUMO + 1 implied that potential for further CO

Figure 5. Spin density surface plot for 1 at 99.9% isosurface for the S
= 7/2 state calculated using TPSSh functional, the def2-tzvp(-f) basis
set with ZORA and Grimme’s D4 correction showing that the
majority of the α density (gold) is localized on the two Fe atoms with
a minor β density (green) contribution on the μ-1,2-CO ligand.
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activation upon reduction of the complex. To our surprise,
however, reaction of 1 equiv KC8 with 1 afforded Fe2(μ-CCO)
L (2) as the major species based on 1H NMR spectroscopy
(Scheme 2, Figure S10 and S11). We previously reported 2 as
the product from serial reduction and silylation of Fe2(μ-
CO)2L.20 Although a detailed mechanistic study is required,
prior reports of CO ligand conversion to ketenylidenes in
metal complexes are typically proposed from CO migration to
a carbide ligand.69,70 Then, a similar mechanism in which CO
bond scission upon reduction of 1 leads to a transient carbide-
bridged diiron species, followed by CO transfer from unreacted
1 seems plausible. The mechanism is likely more complex as an
O atom acceptor is also required, but the possible formation of
a transient iron carbide species evokes the carburization of the
Fe catalyst in the Fischer−Tropsch process.2 Recently, Smith
and co-workers proposed a transient iron carbide arising from
C�P− cleavage, which rapidly dimerizes to the corresponding
ethynediyl complex.71

■ CONCLUSIONS
The diiron μ-1,2 bound carbonyl complex, 1, demonstrates the
capacity for CO to bind across Fe atoms separated by distances
as large as 4.6 Å. Complex 1 exhibits a CO stretching
frequency of 1763 cm−1, in range for what is observed for b-
state for CO bound to the Fe(111) surface, suggesting that
such CO coordination modes are reasonable for surface Fe
atoms. With respect to the b-state of CO coordination on
Fe(111) then, the diiron μ-1,2 bound carbonyl complex, 1,
suggests that more surface spectroscopic measurements may be
needed to refine the structural assignment. Formation of the
Fe2(μ-CCO)L (2) upon reduction of 1 highlights the potential
for simple polynuclear metal complexes, such as 1, to mirror
Fischer−Tropsch like reactivity of metal surfaces. Mechanistic
studies on the pathway for CO scission starting from 1 and the
possible transient species generated are of ongoing interest.
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Mössbauer Parameters. Phys. Chem. Chem. Phys. 2024, 26 (35),
23322−23334.

(33) Grimme, S. Accurate Calculation of the Heats of Formation for
Large Main Group Compounds with Spin-Component Scaled
MP2Methods. J. Phys. Chem. A 2005, 109 (13), 3067−3077.

(34) Liu, W.; Peng, D. Exact Two-Component Hamiltonians
Revisited. J. Chem. Phys. 2009, 131 (3), No. 031104.

(35) Hedegård, E. D.; Kongsted, J.; Sauer, S. P. A. Optimized Basis
Sets for Calculation of Electron Paramagnetic Resonance Hyperfine
Coupling Constants: Aug-Cc-pVTZ-J for the 3d Atoms Sc−Zn. J.
Chem. Theory Comput. 2011, 7 (12), 4077−4087.

(36) Spatzal, T.; Perez, K. A.; Einsle, O.; Howard, J. B.; Rees, D. C.
Ligand Binding to the FeMo-Cofactor: Structures of CO-Bound and
Reactivated Nitrogenase. Science 2014, 345 (6204), 1620−1623.

(37) Van Stappen, C.; Decamps, L.; Cutsail, G. E.; Bjornsson, R.;
Henthorn, J. T.; Birrell, J. A.; Debeer, S. The Spectroscopy of
Nitrogenases. Chem. Rev. 2020, 120 (12), 5005−5081.

(38) Zheng, H.; Langner, K. M.; Shields, G. P.; Hou, J.; Kowiel, M.;
Allen, F. H.; Murshudov, G.; Minor, W. Data Mining of Iron(II) and
Iron(III) Bond-Valence Parameters, and Their Relevance for
Macromolecular Crystallography. Acta Cryst. D 2017, 73 (4), 316−
325.

(39) Monillas, W. H.; Yap, G. P. A.; MacAdams, L. A.; Theopold, K.
H. Binding and Activation of Small Molecules by Three-Coordinate
Cr(I). J. Am. Chem. Soc. 2007, 129 (26), 8090−8091.

(40) Akturk, E. S.; Yap, G. P. A.; Theopold, K. H. Mechanism-Based
Design of Labile Precursors for Chromium(I) Chemistry. Chem.
Commun. 2015, 51 (84), 15402−15405.

(41) Schneider, M.; Weiss, E. Kristall- und molekülstruktur von
tetrakis(tetrahydrofuran)vanadium(II)-bis[hexacarbonylvanadat(�
I)], ein beispiel für eine lineare carbonylbrücke. J. Organomet. Chem.
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