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Freed from iron: easy release of a stable ketene
from the reaction of CO with di-iron bis-l2-
alkylidenes†
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Nicolas Suaud, c Rémi Maurice, d Nathalie Saffon-Merceron, e

Nicolas Mézailles *a and Marie Fustier-Boutignon *a

Iron bis-l2-alkylidene complexes were shown to perform CO/alky-

lidene coupling and liberate a stable ketene derivative. The easy

release of the ketene formed from CO incorporation is usually the

prerogative of terminal iron carbene complexes, while dimetallic,

bridging carbenes tend to retain bridging acyl ligands after 1,1

migratory insertion of CO. Observations at �40 8C showed that

an acyl intermediate could evolve into a ketene and form a stable

l2-alkylidene di-iron hexacarbonyl complex. Ketene release was

shown to depend on the redox state of the iron byproducts. The

CQQQC bond formation is reversible, with instant hydration–decar-

boxylation upon water addition at room temperature.

The interaction of carbon monoxide with organometallic com-
plexes of early transition metals, and particularly iron, has been
a topic of abundant research over the years, from the under-
standing of the reaction mechanisms in heterogeneous
Fischer–Tropsch synthesis1,2 to the development of sustainable
hydroformylation reaction catalysts.3,4 These somewhat distant
catalytic processes are related to each other by the co-existence
of a CO ligand with alkyl- and/or alkylidene-type ligands at the
surface or in the coordination sphere of iron. In homogeneous
conditions, terminal and bridging alkylidenes are differen-
tiated by their reactivity, especially toward CO. Terminal

carbenes/alkylidenes are classically known to lead to the for-
mation of ketenes by direct carbonylation via 1,1 insertion at an
sp2 carbon (Scheme 1A, eqn (1)).5 This reactivity is often used to
illustrate the carbenic character of ligands or intermediates6–9

Scheme 1 Usual reactivity of CO to (A) terminal vs. (B) bridging iron
alkylidene, and (C) bridging iron bis-alkylidene (this work).
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(Scheme 1A, eqn (2)). Although catalytic versions of in situ
generated carbene and CO coupling have been developed for
the synthesis of ketenes,10 iron-based catalysts are presently
unknown. Conversely, bridging iron nucleophilic alkylidenes
follow different pathways.11 They primarily react as (double) alkyl
ligands, undergoing CO migratory insertion. The resulting acyl
ligands are then transformed into a variety of compounds
by migratory insertion of alkenes and alkynes, and oxidation.
Upon solvolysis of the acyl with alcohols, esters are obtained
(Scheme 1B, eqn (3)12 and (4)13), and ketene-type intermediates
have been proposed. This reactivity of bridging alkylidenes with
CO was mostly described with dimetallic ironI compounds,
generating iron0 byproducts. In the absence of appropriate
ligand(s) on the iron, the reverse reaction is observed, and ketene
derivatives would be decarbonylated by iron0 complexes to gen-
erate dimetallic ironI alkylidene (Scheme 1B, eqn (5)).14 Further
stabilization by conjugation of the ketene would hamper this
process, as exemplified by the abundance of iron0 vinylketene
complexes in the literature.15 The reluctance of bridging iron
alkylidenes to liberate ketenes contrasts with the ability of cobalt
analogues to catalyze the coupling of CO and diazo compounds,
via bridging alkylidene intermediates.6,10,16

Our group has been using P-stabilized geminal dianions to
build terminal and bridging alkylidene complexes of a variety of
transition metals.17 Most recently, we explored the reactivity of
sulfur and carbon ligated di-iron bis-alkylidene complexes,18

with the aim of developing synthetic nitrogenase mimics.19,20

This platform effectively provided S- and C-based coordination
sites to the iron, while introducing charge at the carbon centre.
Its structural flexibility allowed for the stabilization of redox-
stable poly-iron species, where the (SBCBS)2� ligand adopted
a bridging alkylidene configuration. In this work, we explore
the ability of carbonyl to promote a terminal iron alkylidene
reactivity in di-iron bis-alkylidene complexes, i.e., fast and
quantitative CO/alkylidene coupling resulting in the formation
and release of a ketene, and the role of iron oxidation states in
promoting ketene decoordination in non-coordinating media.

Complexes 1 and 2 were synthesized following the reported
procedure.20 Subjecting a CH2Cl2 solution of complex 1 to 6 bar
CO resulted instantaneously in a colour change from green to
dark red (Scheme 1C). 1H and 31P{1H} NMR monitoring proved
complete conversion in 6 h at this pressure (3 days at 1 atm) to
two diamagnetic compounds in a 1 : 1 ratio, as illustrated by the
appearance of two singlets in 31P{1H} NMR, at 72.1 and 38.0 ppm
(37.4 ppm in THF). The signal at 72.1 ppm could be attributed to
(1kS1,2kS5-m2)-bis-(diphenylthiophosphinoyl)-methanediide di-
iron hexacarbonyl complex 3, as determined by X-Ray diffraction
on crystals grown from the reaction medium. Complex 3 shows
C1–Fe bond lengths in the range of C-bridged Fe alkylidene
dimers (Fig. 1). The Fe–Fe bond length (2.626(2) Å) is very close
to those in (CF3)2C alkylidene,14 Ph2CQC allenic alkylidene,21

carbene substituted alkylidene,22 or conjugated alkylidenes.23 In
13C{1H} NMR, the alkylidene signal is seen as the expected high
field triplet at 39.1 ppm ( Jc–P = 21.7 Hz), attesting to the high
residual negative charge on C. Five infra-red vibrations of
CO ligands were seen at 2040 cm�1, 1992 cm�1, 1965 cm�1,

1954 cm�1 and 1937 cm�1. Complexes 1 and 3 obviously display
quite different electronic structures, notably due to the change in
the oxidation states of the Fe centres. To describe these in a more
detailed way, we have performed multiconfigurational electronic
structure theory calculations (see ESI† for details). In complex 1,
we have confirmed the high-spin characters of the FeII centres,
the antiferromagnetic coupling between these while locked in
their ground orbital configurations, and the potential importance
of near-orbital degeneracies on the magnetism of this compound.
Complex 3 is a closed-shell system, best described as a s-bonded
di-iron complex, with an effective Fe–Fe bond order24 of 0.77,
which is indicative of a single bond. This depiction is in line with
the Mössbauer spectra (see ESI†), which can be simulated with a
unique set of parameters. The low isomer shift of 0.07 mm s�1 is
consistent with an FeI coordinated to strong p-acceptor ligands
(the three CO molecules),25 while the magnetic Mössbauer
spectra elicit simulation with an S = 0 Hamiltonian, consistent
with the covalent coupling described earlier.

Along with red crystals of complex 3, colourless needles
formed spontaneously in the crude mixture, corresponding to
the 38.0 ppm signal as shown by 31P{1H} NMR of the redis-
solved crystals. Compound 4 is an unusual example of a room
temperature stable ketene. According to X-Ray diffraction
(Fig. 1), its CQC and CQO bond distances of 1.280(6) Å and
1.184(6) Å are close to those observed in typical examples of stable
ketenes, such as Mes2CCO and (3,5-Br2-2,4,6-Me3Ph)2CCO (1.29(1) Å
and 1.25(3) Å for CQC bond lengths, and 1.18(1) Å and 1.17(3) Å for
CQO bond lengths, respectively),26 and those in the only rare
examples of Ph2P(S)-substituted ketenes 5-E27 (Scheme 2 eqn (7),
dCQC being 1.304(2) Å, E = TMS, 1.314(5) Å, E = Ph3C, and dCQO

being 1.162(2) Å, R = TMS, and 1.166(5) Å, R = Ph3C). The 13C{1H}
NMR chemical shifts for CCO and PCP (181.9 ppm, resp. 38.1 ppm,
t, 1JPC = 106 Hz) in 4 are very close to those of 5-CPh3 (182.0 ppm,
resp. 45.3 ppm). A sharp and intense absorption at 2112 cm�1 is
seen in IR spectroscopy for the stretching of the CO bond.

Fig. 1 X-Ray diffraction structure of m2-alkylidene iron(I) complex 3 (left)
and ketene 4 (right). Thermal ellipsoids are represented at 50% probability
level. H atoms are omitted for clarity. Selected bond lengths (Å) for 3: Fe1–
Fe2 2.626(2), Fe1–C1 2.046(8), Fe2–C1 2.032(9), Fe1–C2 1.782(12), Fe1–
C3 1.794(11), Fe1–C4 1.740(11), Fe1–S1 2.408(3), Fe2–C5 1.736(12), Fe2–
C6 1.794(11), Fe2–C7 1.788(11) Fe2–S2 2.415(3); for 4: O1–C2 1.184(6),
C2–C1 1.280(6), C1–P1 1.818(4), C1–P2 1.801(4).
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We evaluated its reactivity as an electrophilic species. In stark
contrast with what was described for 5-CPh3, which needed
prolonged heating in presence of water (3.5 months at 60 1C) to be
converted to the corresponding carboxylic acid 6 (Scheme 2,
eqn (7)), ketene 4 proved to undergo instantaneous decarboxyla-
tion upon the addition of traces of water, to generate the neutral,
doubly protonated bis (thiophosphinoyl)-methane ligand precur-
sor (Scheme 2, eqn (8)). CO2 evolution was confirmed by gas
chromatography (see ESI†). If the effect of steric hindrance on the
kinetics of hydration/decarboxylation of a-ketoketene has been
documented (Scheme 2, eqn (9)),28 the electronic effects of a
second strongly electron withdrawing ‘‘Ph2PS’’ moiety should be
considered as well to explain the impressive difference in reactivity
between 5-E and 4. The lability of the newly formed CQC bond is
promising for a post-functionalisation of the carbon centre origi-
nating from CO. The easy formation of ketene 4 from the bis-m2-
alkylidene complex 2 also contrasts with the known reactivity of
the free, dilithiated (SBCBS)2� ligand toward CO, which was
shown to undergo CO insertion into one CP bond29 (Scheme 2,
eqn (10)). In a similar way, related ylide species27 lead to ketenyl
anion 7-K via breaking of one C–P bond. With the aim of
identifying intermediates of the conversion of 1 to 3 and 4, low
temperature NMR experiments were carried out. At the early stage
of the reaction between 2 and CO at �40 1C, two sets of two
doublets were observed in a 1 : 1 : 1 : 1 ratio (75.6 ppm, 56.2 ppm,
JPP = 14 Hz, 65.8 ppm, 30.4 ppm, JPP = 58 Hz) in 31P{1H} NMR. Such
displacements are consistent with cyclometallated and carbony-
lated diphenyl-thiophosphinoyl-ylide ligands.30–33 A 2D experiment
as well as selective decoupling allowed the signals at 75.6 and
56.2 ppm in 31P{1H} NMR to be correlated with a carbon resonance
at 34.3 ppm in 13C{1H} NMR, close to the displacement of the
alkylidene carbon in 3. The signals at 65.8 and 30.4 ppm in 31P{1H}
NMR correlated with a doublet of doublets at 87.2 ppm and two

multiplets at 206 and 224 ppm in 13C{1H} NMR. Similar 13C NMR
displacement at 226 ppm was already observed for a conjugated
acyl coordinated to iron(II) carbonyl complexes.34 This 13C-NMR
signature is consistent with the product of 1,1 migratory insertion
of CO in one Fe–C bond. Three non-31P-coupled, coordinated CO
resonances were also seen. These observations are thus in accor-
dance with structure A (Scheme 3). Evolution of complex A directly
leads to the formation of complex 3 and the ketene compound 4
upon warming to room temperature.

To our surprise, when complex 2 was reacted with CO in
CH2Cl2, compound 3 proved to be the only diamagnetic com-
pound in solution. Its isolated yield was measured to represent
ca. 50% of the starting iron, suggesting the concomitant for-
mation of paramagnetic Fe complex(es). This was confirmed by
Evan’s method (see ESI†). As only one (SBCBS)2� ligand is
bound to complex 3, the other SBCBS moiety has to be bound to
the paramagnetic Fe centre(s). Consistently, changing the solvent
from non-coordinating CD2Cl2 to coordinating solvents such as
THF-d8 or CD3CN led to the appearance of the 31P NMR diamag-
netic signal of 4 in a 2 : 1 ratio compared to 3. Multiple solvent
change cycles (THF-d8 to CD2Cl2, then CD2Cl2 to THF-d8) demon-
strated the reversibility of this decoordination/coordination pro-
cess of compound 4. Classical L-type ligands such as pyridine and
triphenylphosphine oxide were also able to displace 4. The by-
product(s) of this reaction were reluctant to crystallise and
difficult to analyse by NMR due to their highly paramagnetic
nature. The IR (ATR) spectrum revealed a sharp absorption at
2132 cm�1 corresponding to CCO bond stretching, demonstrat-
ing coordination of the ketene species 4 to the Fe centre.
Coordinated CO absorption bands at 1981, 2036 and 2072 cm�1

were also seen. This last high value of nCO is reminiscent of cationic,
thioether bonded FeII carbonyl complexes,35 and other FeII coordi-
nated by poor donor ligands.36,37 Intense signals for the B(C6F5)4

�

anion were also present. No active species was seen in X-band EPR
spectroscopy, excluding the presence of FeIII centres. These findings
are consistent with the low-field Mössbauer spectrum of the by-
products (see ESI†), which shows a very broad main doublet with a
0.95 mm s�1 isomer shift characteristic of adventitiously-bound FeII

accompanied by a minor doublet (B30% in Fe content) with a
low isomer shift of 0.11 mm s�1, which can be assigned to an
FeI-carbonyl species different from 3. These elements pointed to
polymetallic, cationic iron oligomers featuring both several CO
and ketene ligands.

Scheme 2 Comparative reactivity of ketenes obtained from methane-
diide, yldiide, or 2-diazo-1,3-diketone, and the reactivity of dilithiated
methanediide with CO.

Scheme 3 Possible reaction paths for the formation of 3 and 4 from 1
and 2.
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To illustrate the relative reluctancy of ketene release in the
case of FeIFeII compounds, preliminary DFT calculations were
performed. The H2CQCQO ketene was chosen to simplify the
calculations. As the starting complexes are not known, we based
our analysis on initial FeIFeII and FeIFeI complexes derived from
3 by substituting one CO ligand by the model ketene (see ESI†).
From this study, we confirm that ketenes have a better affinity
for FeIFeII complexes than for FeIFeI ones. Note that while the
ketene binds on localized FeII sites in the initial FeIFeII complex,
the final FeIFeII complex is valence delocalized; the ketene thus
acts here as a ‘‘localization enforcer’’.

In conclusion, a bridging iron alkylidene complex featuring
(SBCBS)2� ligands was able to release a stable ketene upon
reaction with CO, under moderate pressure and at room
temperature. This transformation can be performed from the
neutral, bis-ferrous alkylidene complex 1, generating the m2-
alkylidene di-iron hexacarbonyl complex 3 as a by-product, or
its mixed-valence analogue 2. In the latter case, retention of the
ketene moiety highlighted the impact of the oxidation state of
iron on its release. The facile and complete cleavage of the
newly formed CQC bond upon hydrolysis opens up new
perspectives for the development of further reactivity, using
the gem-dianion as a mediator for CO incorporation.
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12 M. Röper, H. Strutz and W. Keim, J. Organomet. Chem., 1981, 219,
C5–C8.

13 B. Denise, D. Navarre, H. Rudler and J. C. Daran, J. Organomet.
Chem., 1989, 375, 273–289.

14 M. Wiederhold and U. Behrens, J. Organomet. Chem., 1994, 476, 101–109.
15 S. E. Gibson and M. A. Peplow, In Advances in Organometallic

Chemistry, ed R. West, A. F. Hill, Academic Press, 1999, vol. 44,
pp. 275–355.

16 T. Kegl and F. Ungvary, Lett. Org. Chem., 2010, 7, 634–644.
17 M. Fustier-Boutignon, N. Nebra and N. Mézailles, Chem. Rev., 2019,
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