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Monomeric M(II) (M = Fe, Co, Ni) complexes
supported by bulky aryloxide ligands tethered to
an arene functionality; synthesis, electrochemistry
and study of the M(II)–arene interaction†

Ioannis Vagiakos, a,b Nikolaos Tsoureas, *a Tianyin Huang, b

Stella Christodoulou,c Laurent Maron, *c Thomas Pickl, b János Minkd,e and
Dominik P. Halter *b,f

The aminolysis reaction between MN’’2 (N’’ = N(SiMe3)2; M = Fe, Co, Ni) and the neutral pro-ligand 6,6’-

(1,4-phenylenebis(propane-2,2-diyl))bis(2,4-di-tert-butylphenol) (LH2) affords the low coordinate, iso-

morphous, monomeric bis-aryloxide complexes (2-M) (M = Fe, Co, Ni). Their molecular structures all

feature a basal arene functionality, poised to interact with the metal centre, anchored by two sterically

encumbering pendant aryloxide arms. Complexes (2-M) show metal–arene interactions with decreasing

strength from (2-Ni), to (2-Co) and finally to (2-Fe). The M–arene interactions were evaluated by a combi-

nation of SC-XRD studies, supported by computational investigation and IR spectroscopic characteris-

ation of basal–arene C–C stretches in the absence and the presence of THF in their coordination sphere.

The mono-THF adducts (2-Fe·THF) and (2-Co·THF) were also synthesised, isolated and structurally charac-

terised, showing that the M–arene interaction is disrupted upon THF coordination. Cyclic voltammetry (CV)

studies of (2-Fe) and (2-Co) show reversible M2+/M+ reduction waves in non-coordinating solvent, and

more complex redox chemistry upon THF coordination with (2-Fe·THF) and (2-Co·THF) in THF.

Introduction

Bulky aryloxides and related alkoxides, are versatile supporting
ligands that promote a variety of reactions at metal centres

across the periodic table.1,2 As ancillary ligand moieties they
have been combined with a variety of other ligand functional-
ities (N, P, O, S and carbene donors) in a wide range of
scaffolds encompassing bidentate,3–14 pincer,15–27 tripodal28–31

and multidentate32–48 architectures. In these various scaffolds,
the incorporation of bulky groups (e.g. Ad, tBu, aryl) in the
proximity of the O− donor atoms is an established strategy to
suppress the formation of multinuclear bridged species,49 and
for aryloxides allows the isolation of homoleptic low coordinate
M(II)–OAr2 complexes (M = Mn,50–52 Fe,50–58 Co,53,59 Cu60,61).

Expanding on this versatility, tethering two or more RO− (R
= aryl, Si(OR′), alkyl) ligands to a basal arene has proved ben-
eficial in stabilising both d-62–64 and f-block complexes,65–69

with modifications of this ligand design encompassing either
other anionic donors like bulky phosphinimides,70–73 terphe-
nyl sulfido74 and amido ligands,75–78 or neutral L donors such
as phosphines79–86 and NHC’s.87 In some of these examples,
the basal arene anchor acts as a redox non-innocent ligand,
crucial to observed reactivity.65,79,80,82–85,88–92

In 2017 Cloke and coworkers reported on the synthesis and
reductive reactivity towards CO2 of the U(III) complex shown in
Fig. 1 (left), which is co-supported by two aryloxide ligand moi-
eties tethered to a central arene.93 This scaffold was selected as
a potentially iso-electronic L3X2 (based on the CBC model)
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‘harder’ flexible chelating ligand alternative to the {COT/
Pn(1,4-SiR3)}2− (COT = cyclooctatetraene; Pn = pentalene; R = iPr,
Me) ligands used by this group, with tuneable sterics, and with
the central arene ideally situated to interact with the low valent
U centre. Inspired by these advantageous attributes, we sought
to expand the use of this structural motif to 3d transition metals
in the formal oxidation state +2. We envisioned that modifying
the flexible architecture of the scaffold to incorporate bulky
R-groups in the 2,4 positions of the pendant aryloxide arms,
would allow access to low coordinate 3d transition metal com-
plexes, helped by the promotion of a metal arene interaction as
a result of the organization of the coordination environment as
shown on the right-hand side of Fig. 1. Furthermore, this could
offer the opportunity to probe the M(II)–arene interaction (M =
3d TM) as a function of the metal centre and help establish their
potential role as another redox-non innocent moiety of the
ligand along the aryloxide pendant donors.94

In this paper we describe the synthesis and structural
characterization of three such M(II) complexes (M = Fe, Co and
Ni) and two of their THF adducts (Fe, Co), together with
selected spectroscopic and cyclic voltammetry studies. We
show that in the ligand motif of this series of complexes
(Fig. 1), through bulky aryloxide ligands with CMe2 bridges the
arene base is held in place near the metals; albeit, with struc-
tural flexibility that allows metal–arene interactions without
strictly enforcing them. DFT calculations further support the
presented experimental data on metal–arene bonding inter-
actions, to gain more detailed insight into the individual elec-
tronic structure and the extent of the respective M(II)–arene
interactions.

Results and discussion
Synthesis and characterisation of pro-ligand p-tBu2O2H2 (LH2)

For our study we opted to incorporate tert-butyl substituents as
the bulky R groups in the 2,4 positions of the aryloxide moi-
eties of the ligand scaffold shown in Fig. 1. This modification
aims to (a) prevent the formation of oxygen bridged complexes,
thereby stabilizing low coordinate transition metal (TM) com-
plexes of smaller 3d metal ions, (b) engender kinetic stability
and (c) increase solubility in organic solvents with low polarity.
This neutral pro-ligand p-tBu2O2H2 (LH2) can be easily
accessed as a white spectroscopically and analytically pure air-
stable crystalline solid in moderate yields (ca. 38%) via a one-

step Friedel–Crafts condensation (Scheme 1), following a
slightly modified procedure described by Cloke et al. for their
methyl substituted version.93

In terms of spectroscopic characterisation, LH2 exhibits
well interpretable 1H and 13C{1H}-NMR spectra (δ(C6D6))
(Fig. S1 and 2†) with the OH protons appearing as a singlet,
centred at 4.53 ppm in its 1H-NMR spectrum. Furthermore, its
solid-state IR spectrum displays a strong resonance at
3505 cm−1 (Fig. S16a & b†) characteristic of the (Ar)O–H
stretching mode. Finally, the molecular structure of LH2 was
determined by a SC-XRD study (Fig. 2), revealing an anti-peri-
planar arrangement of the pendant ArOH moieties with
respect to the central arene. The average C–C bond distances
of the planar central arene and aryloxide groups were found to
be 1.395(1) and 1.398(1) Å, respectively. Interestingly, no inter-
molecular hydrogen bonds are observed in the solid-state
structure of LH2.

Synthesis and characterisation of [M(II)(p-tBu2O2)] (2-M) (M =
Fe, Co, Ni) complexes

Initial attempts to prepare bis aryloxide complexes of the
general formula [M(II)(p-tBu2O2)] (2-M) (M = Fe, Co, Ni) via salt
metathesis reactions between K2(THF)xL (see ESI† for synthesis
and characterisation) and one molar equivalent of anhydrous
MX2 salts(X = Cl, Br; M = Fe, Co) in toluene produced invari-
ably intractable mixtures.

As an alternative, the aminolysis route shown in Scheme 2,
was successful for the synthesis of complexes (2-M). Indeed,

Fig. 1 Left: A U(IIII) mixed sandwich complex supported by two arylox-
ide ligands tethered to a central arene; right: sterically encumbered
monomeric low coordinate M(II) aryloxide complexes. Scheme 1 Synthesis of neutral p-tBu2O2H2 (LH2).

Fig. 2 ORTEP diagram of the molecular structure of the neutral pro-
ligand LH2, showing 50% ADP’s. Hydrogen atoms, except those of the
–OH groups, were omitted for clarity.
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reactions of [M(N″2)] [N″ = –N(SiMe3)2; M = Fe,50,52,53,95 Co59,96]
with one molar equivalent of neutral LH2 in toluene proceed
very well, affording golden-yellow (2-Fe) and forest-green (2-Co)
as extremely air-sensitive crystalline solids in reasonable yields
of ca. 42 and 50% respectively. In the case of (2-Ni) only a
small crop of brown-red crystals could be isolated, enough
only for a SC-XRD study. This is the first example of [Ni(N″2)]
been used to access aryloxide complexes. Unfortunately, the
preparation of (2-Ni) proved capricious due to the thermal
instability of [Ni(N″2)],

97,98 hindering its reproducible syn-
thesis and use in follow-up reactions. Despite our best efforts,
attempts to access further samples of (2-Ni) that could qualify
for further characterization beyond SC-XRD, either via salt
metathesis reactions in various solvents between (2-K2) and
various Ni(II) sources (NiX2; X = Cl, Br, I, η5-Cp99) or via the
reaction between Ni(η4-COD)2 (COD = 1,5-cyclo-octadiene) and
LH2,

100,101 were unsuccessful. Therefore, only the structural
features of (2-Ni) as well as results from theoretical calcu-
lations relating to it are discussed.

The identity of all three complexes (2-M) was unambigu-
ously established via SC-XRD, which confirmed their solid-
state molecular structures (Fig. 3) and our original hypothesis
that the tBu substituents indeed prevent the formation of
bridged species.

As can be seen in Fig. 3, all three complexes are isomor-
phous with two aryloxide O− donor moieties coordinating to
the metal centre in a syn-fashion with respect to the central
arene. Assigning the base-arene centroids as a proxy for the
arene as a ligand, the sum of angles around the metal centres
in complexes (2-M) are 360° (Fe), 358.13° (Co) and 359.97°
(Ni). Thus, the coordination geometry in this series of com-
plexes can be viewed as trigonal.

The two M–O bond distances (M = Co, Ni) are the same
within esd’s, while in the case of (2-Fe) they differ slightly. In
the case of (2-Fe/Co) these distances lie towards the lower end
of the M(II)–(terminal)OAr bond-length range in the literature
(Fe(II): 2.07–1.81 Å,44,45,50,52,57,58,102–111 Co(II): 2.08–1.83 Å (ref.
11, 23, 24, 28, 51, 59, 112–121), while in the case of (2-Ni) the
Ni–O bond distances lie in the middle of the range previously
observed (2.04–1.79 Å (ref. 8, 13, 22, 27, 42, 48, 116, 122–127))
for Ni(II)-(terminal)OAr complexes. The M–O–C(ipso) angles of
ca. 120° throughout the series, suggest that the M–O bond in
(2-M) features a π-component. At the same time, the O–M–O
bond angle decreases across the series from 133.76(4)° (2-Fe),
to 122.04(7)° (2-Co), to the least obtuse value of 96.07(13)° for
(2-Ni). In agreement with DFT results (vide infra), this can be
rationalized by increasing metal–arene interactions. This is
reflected by the shortening of the M–Cent distances from
2.1419(5) Å for (2-Fe) to 1.908(3) Å for (2-Co) and finally to
1.644(5) Å for (2-Ni). The same trend holds for the M–Cavg

bond distances, which are significantly shorter for (2-Ni)
(2.164(2) Å) than for (2-Co) (2.369(1) Å) and (2-Fe) (2.514(4) Å).

Based on our structural data, the interaction between the
M(II) metal centre and the central arene can be described as a
long η4 for (2-Fe) and in the case of (2-Co) as an η6 interaction.
The average C–C bond distances of the central arenes in (2-Fe/
Co) are the same within esd’s and indistinguishable from the
one in LH2 within the 3σ criterion. In both (2-Fe) and (2-Co),
an increased maximum central arene torsion angle (Table 1) is
observed compared to LH2, which we attribute to the strain
imposed on this ring for the two aryloxide moieties to coordi-
nate in the same face.

Complex (2-Ni) coordinates the central arene in an η6

fashion with an Ni–centroid distance of 1.644(5) Å, which is
one of the shortest observed in the literature amongst Ni(II)–
(η6-arene) complexes (Ni–Cent range: 1.635–1.731 Å (ref.
128–134)). Moreover, the planarity of the central arene is sig-
nificantly perturbed as seen by the increase in the observed
maximum torsion angle of 15.0(4)°, which is ca. three-times
larger than in (2-Fe/Co). Simultaneously, the average C–C bond
distance of the central arene is elongated to 1.411(2) Å in (2-
Ni) (longest C–C bond: 1.427(6) Å; shortest C–C bond 1.393(6)
Å) compared to 1.395(1) Å in LH2.

Beyond SC-XRD, complexes (2-Fe) and (2-Co) were further
spectroscopically and analytically characterised. Their 1H-NMR
spectra (δ(C6D6)) span the chemical shift range from −150 to

Scheme 2 General synthetic route for the preparation of complexes
(2-M) (M = Fe, Co, Ni). In parenthesis the isolated crystalline yields of
complexes (2-M); in the case of (2-Ni) only a few crystals could be
isolated.

Fig. 3 ORTEP diagrams of the molecular structures of complexes (2-M) (from left to right M = Fe, M = Co, M = Ni) showing 50% ADP’s. Hydrogen
atoms and co-crystallised solvents (a molecule of C7H8 per asymmetric unit for (2-Fe) and (2-Co) and a molecule of C6H18 per asymmetric unit for
(2-Ni)) were omitted for clarity.
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100 ppm and show 6 resonances in a 2 : 2 : 4 : 12 : 18 : 18 ratio,
consistent with a C2 symmetry in solution and in accordance
with their solid-state molecular structures, which are retained
in solution. The magnetic susceptibilities for (2-Fe) and (2-Co)
in solution at 27 °C (Evans method) were found to be 4.20 and
3.40μB respectively. The latter is in good agreement for an S =
3/2 ground electronic state for (2-Co), albeit somewhat lower
than the expected spin-only value of 3.87μB. Similarly, the μeff.
value for (2-Fe) is borderline between a quartet and a quintet
electronic ground state (S = 2; spin-only value 4.90μB), but
based on theoretical calculations and the μeff of its THF
adduct (see also below), we favour the latter. Power et al. have
also observed lower than expected magnetic susceptibilities in
low coordinate Fe(II) and Co(II) aryl thiolate complexes in trigo-
nal coordination geometry, due to metal–arene interactions
with one of the arene wingtips of their aryl–thiolate ligand.134

Combustion analyses were consistent with the expected mole-
cular formulas of (2-Fe) and (2-Co) after loss of crystallization
solvent (toluene) which proceeds with an observed loss of
their crystallinity upon prolonged drying under vacuum.

Furthermore, IR spectroscopy (neat, solid state) was
employed to (i) exclude hydrolysis leading to LH2 and (ii)
assess the degree of the metal–arene interactions. With respect
to (i) the absence of the characteristic O–H stretch at
3500 cm−1 for neutral pro-ligand LH2 excludes free pro-ligand
impurities in samples of (2-M) (M = Fe, Co). To assess the
extent of metal–arene interactions, we evaluated an IR band
that corresponds to an aromatic in plane C–C ring stretch of
the basal arene that is observed at 1508 cm−1 in pure ligand
LH2 (Fig. 4). Upon coordination of metal ions, we observed
that this aromatic C–C stretch shifts to lower energies
(1495 cm−1 for (2-Fe) and 1487 cm−1 for (2-Co)),135 indicative
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Fig. 4 Stacked IR spectra (solid state) in the region between
1560–1480 cm−1 for LH2 (black), (2-Co) (blue), (2-Fe) (red), (2-Co·THF)
(pink), (2-Fe·THF) (green). Inset: graphical representation of the corres-
ponding C–C ring stretch mode, exemplarily shown for complex (2-Fe),
for which it was calculated at 1495 cm−1; image shows a truncated
structure of the complex (2-Fe) with the basal arene ring at the bottom,
carbon atoms in grey, H-atoms in light grey, oxygen atoms in red, and Fe
in purple.
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for a weakening of the C–C bond upon interaction with the
metals. This suggests that the shorter crystallographic M–are-
necentr. distance for (2-Co) (1.908(3) Å vs. 2.514(4) Å in (2-Fe))
coincides with a stronger Co(II)–arene interaction, which DFT
analysis confirmed to be a donation of metal d-electron
density into arene π* acceptor orbitals (see below for details).
The calculated values for these C–C vibrational modes are
(1484 cm−1 for (2-Co) and 1495 cm−1 for (2-Fe)) and are in very
good agreement with the experimentally observed ones, thus
confirming their diagnostic value.136 As a next step, we pro-
ceeded to assess the response of metal–arene interactions in
(2-M) upon addition of an L-type ligand. Exemplarily, addition
of THF to samples of (2-M) (M = Fe, Co), followed by removal
of volatiles and acquisition of IR spectra of the resulting
solids, shows that the C–C ring stretches of the basal arene
shift back towards the value found for LH2 ligand, both close
to ca. 1500 cm−1. This indicated that in these two new species,
presumably the THF adducts (2-Co·THF) and (2-Fe·THF), the
metal arene interactions are considerably reduced, which is
also in agreement with DFT calculated values of 1497 cm−1

and 1502 cm−1 for the respective THF adduct species.
Therefore, we proceeded to synthesize, isolate and characterise
these (2-M·THF) (M = Fe, Co) complexes in detail, to confirm
the disruption of the metal arene interaction upon THF
coordination.

Synthesis and characterisation of THF adducts (2-M·THF) (M =
Fe, Co)

When (2-Co) and (2-Fe) were dissolved in d8-THF, an immedi-
ate colour change from forest-green to brown-reddish and
from golden-yellow to pale yellow respectively was observed.

In both cases, 1H-NMR spectroscopy revealed the same
pattern observed for the resonances of (2-Co) and (2-Fe), with
some differences in their chemical shifts between the two sol-
vents. The most substantial change was observed for the reso-
nances attributed to the central arene protons in (2-Fe) that
resonate at ca −147 ppm in C6D6, as they are shifted downfield
to −78 ppm in d8-THF.

The identity of these new complexes as the mono THF
adducts (2-M·THF) was unambiguously confirmed by SC-XRD
studies on crystals grown by slow cooling (−30 °C) of a THF/
n-hexane solution for (2-Fe·THF), or in the case of (2-Co·THF)
from n-pentane with a few drops of THF (Scheme 3 & Fig. 5).

As can be seen from Fig. 5, the coordination geometry in
complexes (2-M·THF) can be described as distorted trigonal

(Σ°Fe = 339.48°, Σ°Co = 327.49°) with the metal centres lying
below the plane of the three O donors by ca. 0.49 Å for (2-
Fe·THF) and 0.63 Å for (2-Co·THF). The most salient difference
between complexes (2-M·THF) and (2-M) (M = Fe, Co) is the
disruption of the already weak M–arene interaction in the
latter, upon THF coordination. Structurally this is manifested
by the displacement of the metal centre by ca. 1.19 Å from
above the central arene centroid and towards the coordinated
THF in both cases (Fe–Cent(arene): 2.444(5) Å; Co–Cent
(arene): 2.318(8) Å). A comparison of other metric parameters
between these two types of complexes (Table 2), shows that the
Fe–O(aryloxide) bond distances are elongated in (2-Fe·THF)
compared to (2-Fe), whereas in the case of (2-Co·THF) the Co–
O1 bond length increases while Co–O2 decreases slightly. In
both THF adducts, a small increase is observed in the O–M–O
ligand bite angle compared to complexes (2-Fe/Co), concomi-
tant with an increase of the O1–O2 distance by almost 0.1 Å.
The central arene average C–C bond distance is identical in all
complexes and indistinguishable from the one in LH2. The
small increase in the maximum central arene torsion angle is
again most likely associated with the bending imposed by the
syn-coordination of the aryloxide pendant arms. Finally, it is
worth pointing out that only one THF is coordinated to the
metal centres, despite both complexes having been crystallised
in the presence of excess THF.

The 1H-NMR spectra of pale yellow (2-Fe·THF) and brown-
red (2-Co·THF) in C6D6 exhibit resonances over a spectral
width of −120 to ca. 75 ppm and display the same number of
peaks, with their corresponding integral ratios, associated withScheme 3 Formation of THF adducts (2-Fe·THF) and (2-Co·THF).

Fig. 5 ORTEP diagrams of the molecular structures of (2-Fe·THF)(top)
and (2-Co·THF) (bottom) showing 50% ADP’s. Hydrogen atoms and crys-
tallisation solvent (THF in the case of (2-Fe·THF)) have been omitted for
clarity.
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the coordinated L2− ligand as in (2-Fe/Co). Furthermore, two
new broad peaks integrating for 4 protons each, are also
present and correspond to the coordinated THF. The spectra
of (2-M·THF) in C6D6 are consistent with an average Cs struc-
ture in solution, in contrast to their C1 static structure in the
solid state. The finding confirms that THF remains co-
ordinated in C6D6 solution. Their magnetic susceptibilities in
solution (Evans method) at 27 °C show an increase compared
to their corresponding un-solvated precursors from 4.20μB for
(2-Fe) and 3.40μB for (2-Co) to 4.79 for (2-Fe·THF) and 3.70μB
for (2-Co·THF), respectively, and are very close to the spin-only
values for an S = 2 ((2-Fe·THF)) and an S = 3/2 electronic
ground states ((2-Co·THF)). Both complexes returned combus-
tion analyses consistent with the molecular formula [(2-
M·THF)·xTHF] (M = Fe: x = 3; M = Co: x = 1). We have also
determined the THF binding constants via 1H NMR titration
experiments in C6D6, to be 63.54 (±4.91%) M−1 for (2-Fe·THF)
and 216.77 (±7.15%) M−1 for (2-Co·THF). These values fit the
trend found by Hevia et al. of smaller binding constants for
[Fe(TMP)2] vs. [Co(TMP)2] (TMP = tetramethyl-piperidide)
amido complexes,137 but is opposite of the one measured for
complexes [M(NDippSiMe3)2] (M = Fe, Co; Dipp = 2,6-iPr2-
C6H3) by Power and co-workers.138 Attempts to fit our data to
more than one coordinating THF returned values with exceed-
ingly high errors, suggesting that the extra THF found from
our elemental analyses results, is non-coordinating and most
likely residual THF in the crystalline samples.

Computational investigations

As already addressed in context of IR-spectroscopic analysis
above, DFT calculations (B3PW91 functional) were carried out,
to gain insights into the metal–arene interaction. Initially for

(2-Fe) and (2-Co) different spin states were considered compu-
tationally. In both cases, the high spin states S = 3/2 for (2-Co)
and S = 2 for (2-Fe) were found to be the ground state with the
calculated metric parameters of their optimized geometries
comparing well with the ones determined by SC-XRD studies,
except for the Fe–Cent computed distance that was found to be
longer by 0.09 Å (Table 3). In the case of (2-Ni) a closed-shell
configuration (S = 0) was determined to be the ground state,
which is expected for a d8 complex, with its computed metric
parameters being in good agreement with the SC-XRD deter-
mined molecular structure.

The arene–metal interaction was then analyzed using
Molecular Orbital and Natural Bonding Orbital (NBO)
approaches. For (2-Ni), the Ni–Carene Wiberg Bond Indexes
(WBI) are 0.2, indicating an arene–Ni interaction but with little
covalency (for the sake of comparison, the Ni–O WBI are 0.4).

This is further highlighted by analyzing the HOMO−7 and
HOMO−8 orbitals, which show a distinct but weak d-arene
overlap (Fig. 6 – top). At the second donor acceptor level, a
donation from the arene to an empty sd hybrid orbital on Ni is
also found, in line with the Natural Population Analysis (NPA)
pointing to a positively charged nickel (1.05) and negatively
charged carbon at the arene. Applying the same analysis for (2-
Co), the Co–C WBI indexes are lower (0.07) than in (2-Ni), indi-
cating a weak covalent interaction and in line with the
observed longer Co–Ccent distance. Nevertheless, the alpha
HOMO−6 and beta HOMO−5 orbitals (Fig. 6 – bottom) show
an overlap between an occupied d orbital at Co and the π* of
the arene, which is reminiscent of a δ-bonding interaction.
The Canonical Molecular Orbital analysis available in NBO6
indicates that this is a metal to ligand donation, further corro-
borated by the NPA analysis showing a negative charge (−0.58)

Table 2 Comparison of selected metric parameters between complexes (2-M) and (2-M·THF)

Complex M–O (Å) O–M–O (°)
Central arene
torsion angle (°)

Central arene
C–C (avg., Å)

(2-Fe) 1.8628(7) (O1) 133.76(4) 5.73(9) 1.4025(4)
1.8663(7) (O2)

(2-Fe·THF) 1.8944(9) (O1) 136.16(4) 7.83(13) 1.3988(7)
1.8823(8) (O2)

(2-Co) 1.8723(14) (O1) 122.04(7) 5.4(3) 1.405(1)
1.8786(15) (O2)

(2-Co·THF) 1.8931(17) (O1) 127.57(7) 8.8(3) 1.394(1)
1.8705(16) (O2)

Table 3 Key metric parameters derived from calculated structures of (2-M) and (2-M·THF) (M = Fe, Co)

Complex M–O (Å) O–M–O (°)
Central arene
torsion angle (°)

Central arene
C–C (avg., Å) M–Cent (Å) M–C average (Å)

(2-Fe) 1.857 140.04 5.56 1.407 2.175 2.582a

(2-Co) 1.883 126.90 5.54 1.404 1.981 2.429
(2-Ni) 1.856 97.15 16.44 1.413 1.679 2.192
(2-Fe·THF) 1.881; 1.895 141.50 7.49 1.401 2.474 1.401
(2-Co·THF) 1.889; 1.911 130.43 7.91 1.402 2.367 1.402

a Average of four shortest Fe–C(arene) bond distances.
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at Co. This is in striking difference with (2-Ni) where our ana-
lysis shows a ligand to metal donation. In the case of (2-Fe) the
Fe–C WBI indexes are the lowest of the series (0.05) and the
highest occupied orbitals do not show any metal–arene inter-
action (pages S68–S70†). This trend is in line with the longest
Fe–Ccent distances seen experimentally and the weakest shift of
the C–C IR stretch. However, it has to be noted that the overes-
timation of the Fe–Cent(arene) distance by almost 0.1 Å in the
calculated vs. the SC-XRD determined structure could account
for this subtle interaction not being captured by the compu-
tational model in this specific case.

Finally, the same computational analysis for (2-Fe·THF) and
(2-Co·THF) found that their ground electronic states are S = 2
and S = 3/2 respectively and in both cases the M–Cent dis-
tances are lengthened to 2.367 Å for (2-Co·THF) and 2.474 Å
for (2-Fe·THF). The M–Carene WBI indexes are almost 0 in (2-
M·THF) complexes, concurring with the lack of any metal–
arene interaction.

Cyclic voltammetry studies

With complexes (2-M) and (2-M·THF) at hand, we undertook
cyclic voltammetry studies, to investigate their redox behavior.

Fig. 7 shows the CVs of (2-Fe) (top, left and right) and (2-Co)
(bottom, left and right), both measured in 1,2-difluoro-
benzene (1,2-DFB) with [N(n-Bu)4]PF6 (TBAPF6) as supporting
electrolyte. 1,2-DFB was chosen as a non-coordinating polar
solvent in view of the facile formation of (2-M·THF) and
instead of DCM, which causes instantaneous decomposition
of complexes (2-M) as seen by the formation of black
precipitates.

In the case of (2-Fe), three processes are observed in the
electrochemical window between −3.0 and 1.0 V (vs. Fc+/Fc):
one quasi reversible event at E1/2 = 0.16 V (ia/ic = 1.52; ox1,
Fig. 7 top right), one irreversible process with an Epa of −0.60
V and finally a quasi-reversible process at E1/2 = –2.14 V (red1
Fig. 7 top right and left), all of which appear in the CV of (2-
Fe) regardless of the scan direction. We assign the redox event
at +0.16 V as an oxidation event. Related iron-aryloxide com-
plexes in the literature show ligand-based oxidation waves in
this region, which were assigned to aryl-oxide oxidations.94

Such an assignment would also be in agreement with the cal-
culated alpha HOMO and HOMO−1 MOs (pages S68 and
S69†) of (2-Fe), which have mainly aryloxide character. We
therefore tentatively assign the oxidation event of (2-Fe) to also
be ligand-based but cannot fully exclude a metal-centered
process within the scope of this study. CV data of the di-pot-
assium salt (2-K2) was measured for comparison to the ones
obtained for complexes (2-M) (ESI, Fig. S34†). 2-K2 shows one
oxidation wave at −0.86 V as the only redox event. While this is
in agreement with our discussion that the ligand in complexes
(2-M) can likely also be oxidized, we note that the general
differences in metal–ligand bonding situation between a pot-
assium cation and the transition metal centres render their
redox properties very different. The quasi-reversible process at
E1/2 = −2.14 V we attribute to a reduction event. The scan rate
dependence of this process was studied and is shown in the
top right CV of Fig. 7. Even at very slow scan rates of 20 mV s−1

the reduction event remains reversible to a high degree,
suggesting a considerable stability of this reduced form. One
plausible assignment of this reduction event arises from con-
sidering the calculated alpha and beta LUMOs of (2-Fe); the
former are composed primarily of the pi manifold of the basal
arene (page S69†) while the latter feature a delta interaction
between the metal centre and the arene (page S73†). It is there-
fore possible that the reduction results in an intermediate
valent species with partially reduced metal and partially
reduced basal arene ligand character,65,68,88,89 especially at
these negative potentials. A detailed investigation of the elec-
tronic situation requires follow-up work that will be performed
in the future. The irreversible process at Epa = −0.61 V is most
likely due to minor sample decomposition during the

Fig. 6 Top: Calculated HOMO−7 and HOMO−8 for (2-Ni); bottom: cal-
culated HOMO−5 and HOMO−6 for (2-Co).

Fig. 7 Top left: CV (1st scan) of (2-Fe) measured cathodically at 200 mV
s−1; top right: scan rate dependence of the process at E1/2 = −2.13 V (vs.
Fc/Fc+) observed in the CV of (2-Fe); conditions: 2.7 mM of (2-Fe) in
3 ml 1,2-DFB with 0.1 M TBAPF6; bottom left: CV (1st scan) of (2-Co)
measured cathodically at 200 mV s−1; bottom right: scan rate depen-
dence of the process at E1/2 = −1.67 V (vs. Fc/Fc+) observed in the CV of
(2-Co); conditions: 1.5 mM of (2-Co) in 5 ml 1,2-DFB with 0.06 M
TBAPF6.
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measurement, which does not seem to interfere with the data
interpretation.

The CV of (2-Co) displays three major processes (Fig. 7,
bottom left). The two quasi-reversible processes with E1/2
values 0.23 V and 0.40 V (ox1 and ox2 respectively in Fig. 7
bottom left) are tentatively assigned, to the same aryloxide
based oxidation observed for (2-Fe), and the oxidation of the
Co(III)/Co(II) redox couple. Considering that Co is more easily
reduced than Fe, supports the hypothesis that the correlated
Fe(III)/Fe(II) couple lies at slightly higher potentials and could
not be observed within the accessible electrochemical solvent
window under the applied conditions. The quasi-reversible
reduction process at E1/2 = −1.67 V (vs. Fc/Fc+; red1 in Fig. 7
bottom left & right) is, as for the reduction in (2-Fe) also
remarkably reversible at slow scan rates of 20 mV s−1. The cal-
culated LUMOs of complex (2-Co) show likewise contributions
of metal d-orbitals (beta) and basal arene pi orbitals (alpha),
however, in contrast to the beta LUMOs of (2-Fe), with less pro-
nounced covalency. It is therefore possible that the reduction
event at −1.67 V is due to the Co(II)/Co(I) redox couple.

While such species with potential for intermittent valency
and dynamic rearrangement of electron density between
ligand and metal centre can underpin reactivity,88,139–141 a
detailed further analysis of such behaviour remained beyond
the scope of this work.

Initial attempts to isolate these seemingly chemically acces-
sible reduced species by reacting complexes (2-M) (M = Fe, Co)
with KC8 and in the case of (2-Co) with CoCpR2 (R = H, Me5),
either in n-hexane or toluene, have been unsuccessful. In the
first case the immediate formation of K2L is observed, while in
the latter case intractable reaction mixtures are produced.

Dissolving complexes (2-Fe) and (2-Co) to form (2-M·THF)
(M = Fe, Co), resulted in significant changes to their redox
behaviour, as observed by their CV’s (Fig. 8 and Fig. S32 and
S33†). For instance, in the CV of (2-Fe·THF) (Fig. 8) the
reduction process has become more irreversible with a reduced
anodic current response (|ipa/ipc| = 0.31), which diminishes

further with slower scan rates (Fig. S32b in ESI†) and becomes
almost fully irreversible at 20 mV s−1 unlike for its parent THF
free complex (2-Fe). The other major quasi reversible observed
process has an E1/2 of 0.14 V vs. Fc/Fc+, which is again assigned
to an aryloxide oxidation at the ligand. These changes in the
electrochemical behavior are even more extreme in the case of
(2-Co·THF) where the CV shows that all processes have become
completely irreversible (Fig. S33 in the ESI†) and bare very little
resemblence to its precursor (2-Co).

Conclusions

Low coordinate monomeric complexes of Fe(II), Co(II) and Ni
(II) supported by a ligand with two sterically encumbering aryl-
oxide pendant arms, connected to an arene functionality were
synthesised, isolated and in the case of Fe and Co fully charac-
terised (complexes (2-M)). Their molecular structures, sup-
ported by computational investigations, show an increasing
degree of interaction between the metal centre M and the
anchoring arene traversing the series from (2-Fe) with the
weakest interaction, to (2-Ni) that shows the strongest arene
bonding interaction. In the case of (2-Fe) and (2-Co), their
mono-THF adducts (2-Fe·THF) and (2-Co·THF) were also syn-
thesised, isolated and structurally characterised, showing that
THF coordination disrupts any M–arene interaction. Cyclic vol-
tammetry (CV) studies of (2-Fe) and (2-Co) point to a rich
electrochemical behaviour, likely involving ligand participation
in the redox events, and suggest that the reduced complexes
[(2-Fe)]− and [(2-Co)]− might eventually be chemically accessi-
ble. CV studies of (2-Fe·THF) and (2-Co·THF) show that THF
coordination has a significant impact in their electrochemical
responses, especially in the case of (2-Co·THF). We are cur-
rently investigating alternative routes to a more robust prepa-
ration for (2-Ni) as well as isolating well-defined compounds
from the reduction of (2-Fe) and (2-Co) to study their pro-
perties and electronic structures.
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Data availability

The data supporting this article have been included as part of
the ESI.† Therein are detailed the compound synthesis, spec-

Fig. 8 CV (1st scan) of (2-Fe·THF) measured cathodically at 200 mV s−1;
conditions: 2.67 mM of (2-Fe·THF) in 3 ml THF with 0.17 M TBAPF6.
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troscopic characterisation (NMR, IR, UV-Vis, elemental ana-
lysis), cyclic voltammetry experiments, computational ESI† and
SC-XRD collection and refinement details. With respect to crys-
tallographic data, .cif files of reported compounds have been
deposited to the CCDC with the following reference numbers:
2413653 (LH2), 2413654 (2-Fe), 2413658 (2-Co), 2413655 (2-Ni),
2413656 (2-Fe·THF) and 2413657 (2-Co·THF).† As part of our
submission, we include in our submission the Checkcif files
in .pdf format. Also included as separate animated .gif files
the calculated in-plane aromatic C–C basal arene stretches. All
this ESI† and data are freely available.
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