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Partial Deoxygenative CO Homocoupling by a Diiron Complex

Devender Singh, Brian J. Knight, Vincent J. Catalano, Ricardo Garcia-Serres,*
Vincent Maurel,* Jean-Marie Mouesca,* and Leslie J. Murray*

Abstract: One route to address climate change is
converting carbon dioxide to synthetic carbon-neutral
fuels. Whereas carbon dioxide to CO conversion has
precedent in homo- and heterogeneous catalysis, deoxy-
genative coupling of CO to products with C—C bonds—
as in liquid fuels—remains challenging. Here, we report
coupling of two CO molecules by a diiron complex.
Reduction of Fe,(CO),L (2), where L*” is a bis(p-
diketiminate) cyclophane, gives [K(THF)s][Fe,(CO),L]
(3), which undergoes silylation to Fe,(CO)(COSiMe;)L
(4). Subsequent C-OSiMe; bond cleavage and C=C
bond formation occurs upon reduction of 4, yielding
Fe,(u-CCO)L. CO derived ligands in this series mediate
weak exchange interactions with the ketenylidene
affording the smallest J value, with changes to local
metal ion spin states and coupling schemes (ferro- vs.
antiferromagnetism) based on DFT calculations, Mdss-
bauer and EPR spectroscopy. Finally, reaction of 5 with
KEtBH or methanol releases the C,0* ligand with
retention of the diiron core )

Introduction

Carbon dioxide conversion to synthetic fuels can address
climate change with minimal disruption to current trans-
portation infrastructure. CO, conversion to CO has been
reported for homo- and heterogeneous systems,!? suggest-
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ing that, in concept, technologies that mediate deoxygena-
tive CO homocoupling can open access to carbon-neutral
liquid fuels. At present, the Fischer-Tropsch Process (FTP)
facilitates this transformation, catalyzing the reaction of H,
and CO to hydrocarbons using Fe, Co, or Ru catalysts.’”
Various intermediates are proposed for FTP (e.g., hydrox-
ycarbenes), but mechanistic details remain unclear.>*! For
example, C—C bond formation is proposed to occur either
between carbide-derived ligands (e.g., surface bound car-
benes) or hydroxycarbenes, implying that even the order of
CO deoxygenation, and C—C and C-H bond formation
remain uncertain. Homogeneous systems competent for
FTP-like reactions provide an alternate approach to study-
ing reductive CO homocoupling and leverage solution-based
spectroscopic methods. In addition, molecular systems have
a potential advantage over the heterogeneous process: CO
derived transients from an FTP-like reaction can serve as
reactive species for novel chemical transformations or can
be interfaced with other green technologies (i.e., renewable
electricity) to minimize the environmental footprint. In this
regard, Fe-based molecular systems are particularly attrac-
tive given the unique selectivity for olefins vs. alkanes as
compared to other active metals.

Notably, CO homocoupling with deoxygenation and
product release from iron centers without complex dissolu-
tion lacks precedent. Shriver and co-workers reported pi;-
ketenylidene trinuclear metal carbonyl clusters [M;(CO)y-
(u-CCO)]*> (M=Fe, Ru, Os) with the CCO fragment
derived from CO; functionalization and dissociation of the
ketenylidene, however, has not been demonstrated (Fig-
ure 1)."*1%! Kays’ bis(aryl)iron(II) systems couple CO,! 6!
but the CO coupling partners are limited to the aryl ligands,
and Okazaki, et al. reported deoxygenative coupling of two
us-CO ligands in Fe,(us-CO),(5>-Cp") clusters (Cp'=[CsHs]"
or [CHMe]") to a us-(n':7%:5%:n") acetylene.l'! Lastly,
Atwood and co-workers generated low molecular weight
hydrocarbons by reacting Cp-supported di-u-CO diiron
clusters with LiAIH,"™ although the mechanism remains
unclear. Extending to other metal complexes, Pampaloni’s,
Kawaguchi’s, and Wolczanski’s groups reported early d-
block complexes for which CO deoxygenation affords
ketenes, allenes, and p-ethylidene and acetylene, respec-
tively (Figure 1).*1°?2l Regenerating reactive complexes
from the oxidometal products is a multistep process or is
unreported. A similar outcome is reported for CO homo-
logation by lanthanide metal-hydride clusters {Cp'Ln(u-
H),},(THF) (Cp'=CsMe,SiMe;, and Ln=Y, Lu).””! Uniquely,
reductive deoxygenative CO coupling by a terphenyl-
diphosphine Mo complex from Agapie and co-workers,
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Figure 1. Prior reports of complexes competent for deoxygenative CO coupling.

liberates a reactive Mo’-N, complex upon ketene release
(Figure 1).242) Only H or trialkylsilyl-substituted ketenes
are accessible, however, and reducing equivalents are
required after the deoxygenation step to effect C—C bond
formation and product release. Functionalization and disso-
ciation of CO homologation products without complex
degradation remain limited and rare, respectively.

We sought to effect FT-like transformations with CO
coupling product release by mimicking the iron-iron cooper-
ative effects in heterogeneous systems and those from the
Shriver and Okazaki groups. Herein, we report that serial
sequential reduction and silylation of a di(u-carbonyl)diiron
complex Fe,(CO),L (2) results in deoxygenative homologa-
tion of CO to yield a u-ketenylidene diiron complex, Fe,(u-
CCO)L (5). The sequence affords carbonyl, siloxycarbyne,
and ketenylidene complexes characterized by Mossbauer,
EPR, and computational studies, which reveal weak metal-
metal coupling mediated by unsaturated C donors and the
sensitivity of local electronic configurations to reduction and
bridging ligand identity. The p-ketenylidene can be function-
alized and released from S5 without decomposition of the
diiron complex, which is a unique example of CO coupling
and product release by a molecular iron system. As such,
this system links the broad coupling chemistry of the
polynuclear carbonyl clusters with the product release and
complex recyclability of the early transition metal systems.
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Results and Discussion

Treating the di(u-hydrido)diiron(II) complex (1-H) with CO
(1 atm) yields Fey,(CO),L (2) in good yield (82%,
Scheme S1).2?l IR absorptions for 2 at 1801, 1846, and
1856 cm™! bathochromically shift for Fe,(*CO),L, suggesting
related conformers in the solid state (Figure2, S$6-S7).[%
Single-crystal X-ray diffraction (XRD) data reveal bridging
and semi-bridging CO ligands and the pseudo-C,, molecular
symmetry from XRD agrees with 'H NMR data.” The
formal diiron(I) core of 2 matches the smaller formal
shortness ratio for the Fe—Fe distance,’" short Fe—C bonds
(1.9056 A), and the elongated C—O bonds in 2 (cf. free CO
at 1.128 A). The C—O bond lengths in 2 are comparable to
precedent with phosphine or nitrosyl ligands.”>*! Mossba-
uer spectra of 1-H and 2 recorded at 42K or 58K in
applied magnetic fields indicate S=0 ground states resulting
from antiferromagnetic coupling of paramagnetic centers.
Determined isomer shift (6) and quadrupole splitting (AE,)
values suggest local high-spin (HS) iron(II) and iron(I)
centers in 1-H and 2, respectively (Figure 3, S23);3¢38
however, we have not considered effects such as rapid
hydride motion.” Using the Broken Symmetry (BS)
methodology with the XRD structure of 2, the coupling
scheme is surprisingly sensitive to the method used (i.e.
GGA, TPSSh or B3LYP) with computed ground states of
either S=4 (Jgsyp=-38cm™") or S=0 (Jypgsn= +21cm,
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Figure 2. Top: Reaction scheme showing the synthesis of complexes 3-5. Middle: XRD structures of 2-5 at 50 % thermal ellipsoid from left to right,
respectively. H atoms omitted for clarity and only O atoms for K* bound THF molecules depicted. C, O, N, K, Si, and Fe atoms shown as gray, red,
blue, teal, green, and orange ellipsoids, respectively. Bottom: Primary coordination spheres of Fe ions in 2-5 from left to right, with pertinent bond

lengths in A.

and Jggavep= +269 cm™"). CAS(16,12) calculations support
AF-coupling in 2 with J= +75.6 cm ™, which is qualitatively
consistent with the Mossbauer analysis above [+

Treating 2 with KCg at —35°C yields [K(THF)s][Fe,-
(CO),L] (3) with more activated CO ligands (vco=1700 and
1809 cm ™), which are of comparable energy to mononuclear
anionic iron-carbonyl complexes with associated alkali
cations (Figure 2, $9).%3#*1 XRD data on 3 confirm two p-
CO ligands and a [K(THF)s]" cation bound to the more
accessible or exo CO, which is more activated.[*!

We then sought to understand the electronic structure of
3. Using the XRD coordinates, we computed energies for
plausible spin states of 3. The lowest energy state is the M,=
3/2, implying an S =3/2 ground state arising from the double
exchange delocalizing mechanism between a HS m =1
iron(0) and a low-spin m,=1/2 iron(I) (see SI). The local
spin state change of the Fe' from 3/2 to 1/2 upon reduction
of the cluster evokes similar effects noted for larger
clusters.**”) Consistently, EPR spectra of 3 are axially
anisotropic with g,~2 and g, ~4, supporting an S=3/2
Kramer’s doublet with a large zero-field splitting (ZFS) as
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suggested by DFT computations (D =7.53 cm™"). This spec-
trum was satisfactorily simulated with E/D =0.04, which is
quite close to the DFT computed E/D of 0.068 (Figure 4,
Table S5). The 5.8 K Mossbauer spectrum of 3 displays a
main doublet (~80 % total Fe) with a § of 0.05 mm/s lower
than that of 2 (Figure S23). Simulations of the applied-field
spectra gave acceptable fits with an §=3/2 spin Hamiltonian
using ZFS parameters from EPR simulations and a hyper-
fine tensor comparable to other molecules in this series
(Figure S25). The single observed quadrupole doublet in the
low-field spectrum implies two equivalent Fe sites, as
expected for valence delocalization by a double-exchange
mechanism.

Reaction of 3 and Me;SiCl affords Fe,(CO)(COSiMe;)L
(4) in excellent spectroscopic yield (Figure?2). The C-
OSiMe; bond is intermediate between single and double
bonds with a C—O-SiMe; bond angle of 138.7(2)°. The
Fe—CO bonds in 4 are comparable to those in 2 and short
Fe—COSiMe; bonds indicate significant n-backdonation to
both bridging ligands (Table S1).*#4% Indeed, the IR-
active vco in 4 observed at 1741 cm™' is more activated than
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Figure 3. Méssbauer spectra of 1-H at 4.2 K, and 2 and 5 at 5.8 K, in a
60 mT parallel applied magnetic field. Vertical error bars are exper-
imental data points, coloured solid lines are individual quadrupole
doublet simulations, and the black solid lines are the composite
theoretical spectra. 1-H contains only one doublet with parameters
0=0.80 mm/s, AEq=1.38 mm/s, and I gy =0.29 mm/s, character-
istic of HS Fe'.’*?¥ 2 contains a main doublet (blue line, 93 % total Fe)
with 6=0.51 mm/s, AE;=1.73 mm/s and '=0.34 mm/s, assigned to
HS Fe'” and a minor doublet (green line) assigned to a Fe" impurity
(8/AE4=0.75/2.23 mm/s and I'=0.24 mm/s). 5 contains a symmetric
main doublet with non-Lorentzian line profiles, which is well simulated
with two equal-intensity quadrupole doublets of Lorentzian lines with
(dark blue) 6=0.56 mm/s, AEq=1.29 mm/s, '=0.28 mm/s and (light
blue) 6=0.53 mm/s, AE,=1.57 mm/s, and '=0.29 mm/s, represent-
ing the two crystallographically inequivalent Fe' sites. The green line is
assigned to an Fe" impurity (8=0.84 mm/s, AE;=2.34 mm/s and
T'=0.76 mm/s) for 10% of total Fe.

in 2 (Figure S11). Finally, the short metal-metal separation
(2.525(1) A, FSR=1.08) and contracted Fe-N, distances
imply minimal change to electron density at the metal
centers upon silylation. Taken together, we infer a Fischer
formalism for the [COSiMe;] ligand with formally reduced
metal centers in 4.7 The first reductive redox process
for 2 and 4 occur at a near coincident potential of —2.15V
vs. ferrocene/ferrocenium, hinting at redox leveling upon
silylation (Figure S32).

As before, we surveyed the possible spin states of 4
computationally and determined the M =3/2 state as the
lowest in energy. Calculated Mulliken charge (—0.06) for the
[COSiMe;] fragment agrees with local S=1Fe" and S=
'/, Fe' centers. Analogous to 3, the EPR spectrum of 4 is
axially anisotropic with g,~2 and g, ~4. This spectrum was
satisfactorily simulated with E/D =0.03, comparable to the
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Figure 4. Perpendicular mode X-band EPR spectra of 3 and 4 at 10 K in
2-methyltetrahydrofuran. Simulations parameters for 3: S=3/2,
g=2.067, D=7.53 cm™', E/D=0.040; and for 4: S=3/2, g=2.055,
D=8.20cm™, E/D=0.030.

E/D=0.057 (with D=8.20cm™") calculated by DFT meth-
ods (Figure 4).

The 82 K Mossbauer spectrum of 4 displays a single
quadrupole doublet (6/AE;=0.32/0.62 mm/s), indicating
fully delocalized valences, viz. [Fe'°*], (Figure S26). This
isomer shift is in range of four-coordinate HS Fe™ centers in
similar ligand environments,”"= differing substantially from
the value reported (6=0.81 mm/s) for S=3/2 Fe centers in
the [Fe'”*], complex of this ligand, Fe,Br,(N,)L." Given
that J varies not only with oxidation state (formally + 1.5 for
both complexes) but also with local spin (s='/, vs. 3/2), we
compared experimental ¢ values for 1-H to 5 with calculated
electron densities at the Fe nuclei. The good linear trend
validates the computational results, supporting the local spin
assignments in 4 (Figure S30). Simulating the applied field
2.3-K and 20-K Mossbauer spectra in the slow and fast
relaxation limits, respectively, gave the best fit for an §=3/2
spin Hamiltonian with the parameters noted in the figure
caption (Figure 5, Table S5).

Reaction of 4 with 0.5 equiv. KCg gives a mixture of 3, a
C,, symmetric species (5), and hexamethyldisiloxane
(HMDSO) by 'H NMR spectroscopy (Figure S12), the latter
product implying C-OSiMe; bond scission. A 1991 cm™" IR
absorption in spectra of 5 is similar in energy to those for
metal ketenylidenes, suggesting C—OSiMe; bond cleavage
accompanied by C=C bond formation (Fig-
ure S13, S14).1°21%1 Consistently, XRD data confirm 5 as a
(p-ketenylidene)diiron complex from C—OSiMe; bond
cleavage and C=C bond formation (Figure?2). In the
structure, each Fe is trigonal planar with Fe—CCO and
Fe—N; bond lengths comparable to those in 2. We used the
bond valence sum method to estimate iron oxidation states
(~+1.3 for each Fe), hinting at carbene character for the
CCO donor.” Concomitant formation of 5 and 3 upon
reduction of 4 could arise from competitive nucleophilic
attack by the Me;SiO™ formed by reduction of 4 on the Si
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Figure 5. Mossbauer spectra of 4 under conditions noted with fields
applied parallel to the gamma rays. Vertical bars are the experimental
data points. The purple line is the S=3/2 spin Hamiltonian simulation
with §=0.33 mm/s, D=6.13 cm™', E/D=0.03, AE4=0.65 mm/s,
1N=0.50 and A/(g.p.) = (—22, —6, —8) T. The EFG tensor is rotated
relative to the ZFS frame with Euler angles o =0 and $=58°, and the
hyperfine coupling tensor is rotated relative to the ZFS frame with Euler
angles a=30° and f=94°.

center in as-yet reduced siloxycarbyne 4, as proposed for a
mononuclear Mo system.” Thus, adding Me;SiCl to this
reduction reaction should, and does, improve the yield and
purity of 5 as does reducing 6, synthesized from 3 and
bis(chlorodimethylsilyl)ethane.

We surveyed various plausible electronic structures for 5
by DFT methods using the XRD structures, and found the
BS (M,=0) state to be the lowest energy state (see
Supporting Information). Spin population analysis of this
state describes 5 as comprising two locally HS Fe" centers.
This result is not altered when the structure of 5 is geometry
optimized (see Supporting Information). The Mossbauer
spectrum of 5 displays a main doublet with §=0.55 mm/s
and AE,=1.43 mm/s (Figure 3), consistent with three-coor-
dinate HS Fe' centers. Surprisingly, applied-field Méssbauer
spectra of § reveal a ~30 % larger magnetic splitting than
expected for a singlet spin state, suggesting that 5 cannot
have a pure singlet ground state. The applied-field Mossba-
uer spectra can be fitted assuming an integer-spin ground
state (i.e., S=1, 2, ...), which yields weak, positive, and
anisotropic hyperfine coupling tensors (Figure S27), suggest-
ing a dominant contribution of dipolar and spin-orbit
coupling (SOC) terms to the hyperfine interaction.””
Alternatively, these spectra can be fitted assuming two
weakly coupled S=2 Fe centers, resulting in an S=0 ground
state and thermally accessible spin multiplets (Figure S27,
Table S2). The fit obtained in this manner with hyperfine
and ZFS parameters constrained to the computational
results yields a plausible fit to the data with J=+422cm™"
Consistent with an integer spin system, perpendicular mode
EPR spectra recorded on 5 yield negligible signal, whereas
an intense broad feature centered at g~14.8 is observed in
parallel mode (Figure S29). This could arise from an S=2, 3
or 4 species.

DFT, Mossbauer, and EPR data point to weakly coupled
iron(IT) centers but disagree on the magnitude of that
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interaction. Using CASSCF calculations on the geometry-
optimized structure to better estimate J, we obtain J< +
10 cm™" (Tables S7-S10). The ground states in all CAS
calculations are not dominated by a single configuration,
consistent with the discrepancy between DFT and spectro-
scopic results. The electronic structure of 5 is complicated
and, with data presented on 2-4, point to the ligand field
and exchange interactions mediated by bridging C-atom
donors bound to weak-field ligated Fe centers as sensitive to
coordination number and d electron count of the metal
center. The simplest holistic interpretation of all data is that
5 comprises two S=2 ferrous ions that are uncoupled or
weakly interacting, with J likely over-estimated by computa-
tional methods. Consistent with calculations on 5 being
uniquely challenged in this series of complexes, electron
density calculated at the iron nuclei in 5 is the most sensitive
to the method used of all complexes reported here (Fig-
ure S30). We note that computed J values for 2-5 are
sensitive to the method used and reflect unexpectedly weak
exchange coupling mediated by the bridging ligands.

Finally, reacting 5 with MeOH yields Fe,(OMe),L" and
methyl acetate, the latter confirmed by using “C labeled 5
(Figure S17, S18). Also, 5 reacts with KHBE?; to afford 1-H
as the major product in '"H NMR spectra, albeit as a mixture.
This report is the first example of an iron system that
couples CO and releases the organic product to give a
recyclable complex, suggesting that catalytic FTP-like mo-
lecular systems as attainable.

FElectrophilic reactivity of the carbide in iron carbonyl
clusters correlates to the carbide coordination number. For
example, [Fe,(u,-C)(CO)y,]* reacts with H" and H, to form
C-H and/or Fe-H bonds,”** but no such reactivity is
observed in the hexa- and pentairon clusters.™*? The triiron
cluster is isolable only as the ketenylidene complex, which
reacts as a masked carbide. Lack of reactivity of porphyrin
and phthalocyanin-supported (p-carbido)diiron complexes
opposes this trend, but may arise from steric effects or
greater metal-carbide m-overlap in these compounds versus
the carbonyl clusters.®*® C-O cleavage in 4 results in
formation of a CCO donor, implying that if a transient
carbide is formed, the reactivity parallels the observed and
calculated electrophilicity of the carbide in carbonyl
clusters.”! Thus, the higher coordinate carbides in the
nitrogenase cofactors and FTP catalysts may mediate
electronic coupling that can vary dramatically with local d-
electron counts, although lower coordinate carbides at or
near the surface of FTP catalysts may open pathways to
ketenylidene formation.

Conclusion

Here, we report partial deoxygenative CO homologation by
a diiron system, from which the coupled ketenylidene
product can be readily released for the diiron core by
reaction with MeOH or hydride sources. Aspects of the
electronic structures of compounds 2-5 are unprecedented
and unexpected, including the weak coupling mediated by
CO, [COSiMe;]™, and [C,O]*" bridging ligands, hinting at
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more complicated electronic structures afforded by unsatu-
rated C donors in the presence of weak-field supporting
ligands.
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Partial Deoxygenative CO Homocoupling
by a Diiron Complex
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Research Articles

A diiron of a bis(beta-diketiminate)
cyclophane effects the partially deoxyge-
native homologation of two CO mole-
cules by two sequential one-electron
reduction and silylation reactions to
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Mé,Si*
Me,Si*

Me;SiOSiMes|

generate a ketenylidene ligand. The
ketenylidene can be readily released
from the complex along with retention
of the dinuclear metal construct.
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