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Assessing structure and dynamics of iron
complexes supported by tris(amidate)amine
ligands†
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Chelating ligand platforms derived from tris(2-aminoethyl)amine (TREN) can facilitate low coordination

numbers and provide opportunities to tune the steric and electronic profile of the secondary coordination

sphere. Herein, we examine the ability of two related tris(amidate)amine ligands to stabilize low-coordi-

nate complexes of trivalent iron, and further use molecular dynamics (MD) simulations to gain insight into

the dynamics of both the primary and secondary coordination spheres. Our cavitand-inspired ligand

allows for the isolation of four-coordinate FeLOCH2O via oxidation of the anionic and isostructural ferrous

precursor, demonstrating how the secondary sphere macrocycle can promote the retention of an open

coordination site. Through comparison with a non-macrocyclized tris(amidate)amine ligand, molecular

dynamics (MD) simulations are used to garner insights into how this macrocycle alters coordination

sphere dynamics. Additionally, both four-coordinate FeLOCH2O and five-coordinate Fe(DMF)LOMe

are shown to be synthons for the trigonal bipyramidal ferric fluoride complexes [Fe(F)LOCH2O]− and

[Fe(F)LOMe]−, respectively.

Introduction

Synthetic coordination chemistry of iron is of broad interest
owing to the metal’s terrestrial abundance and privileged roles
in enzymatic catalysis.1–3 Many examples of high-valent iron
containing metal–ligand multiple bonds are renowned for
their abilities to activate strong bonds and functionalize
organic substrates.4–7 These reaction schemes frequently
operate through trivalent intermediates, and compounds with
the formal oxidation state of iron(III) often function as syn-
thetic points of entry into higher-valent systems.8 These facts
motivate the study of low-coordinate ferric compounds as both
synthetic precursors and potential intermediates in bond
functionalization reactivity.

Nature has evolved metalloenzymes bearing tailored micro-
environments that guide productive and selective reactivity.9

Synthetic ligand platforms seeking to emulate design prin-

ciples common to biological scaffolds have explored the instal-
lation of various chemical motifs into the secondary coordi-
nation sphere, such as H-bond donors, H-bond acceptors,
redox-inactive cations, and electrostatic charges.10–14 In con-
trast, an often-overlooked structural aspect is the enforcement
of empty space. For instance, protein tertiary structure often
buries metallocofactor active sites within hydrophobic chan-
nels that promote substrate binding and protect the active site
from the exterior environment.15 However, promoting well-
defined channels or pockets in small molecular complexes pre-
sents a challenge owing to the flexibility inherent to most
molecular platforms in solution at ambient temperatures.

Recently, our group reported a cavitand-inspired tripodal
ligand that orients a narrow macrocycle around a metal coordi-
nation site.16,17 The small and rigid macrocycle profile can
inhibit binding of small molecules to the metal on account of
size. The trigonal monopyramidal ferrous compound
[FeLOCH2O]− presents an open intracavity coordination site that
can accommodate an axial ligand of appropriate size.18 This
species was shown to act as a synthon for the high-spin
iron(IV)-oxo compound [Fe(O)LOCH2O]− which, on account of its
extreme steric protection, exhibits remarkable kinetic persist-
ence in solution.18 Herein, we demonstrate that one-electron
oxidation of [FeLOCH2O]− yields the neutral four-coordinate
ferric compound FeLOCH2O, which we have structurally charac-
terized. This species represents a very rare example of a trigo-
nal monopyramidal ferric compound and, to our knowledge,
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the first to be characterized crystallographically. The more flex-
ible ferrous species [FeLOMe]− bearing a non-macrocyclized
ligand can also undergo one-electron oxidation and be trapped
through coordination of N,N-dimethylformamide (DMF) to
yield the five-coordinate compound Fe(DMF)LOMe. Both com-
plexes are shown to be synthons for five-coordinate ferric
species bearing an axial fluoride ligand. Additionally, mole-
cular dynamics (MD) simulations have been used to interro-
gate the rigidity inherent to the [LOCH2O]3− platform, and
suggest a plausible route for intracavity ligand binding that
avoids passage through the top of the organic macrocycle.

Results and discussion

While many trigonal monopyramidal complexes of iron(II)
have been reported, isolable iron(III) species with this geometry
are quite rare. Both Schrock and Casitas have reported the
preparation of FeIII(N(CH2CH2NSiMe2tBu)3),

19–21 although this
complex has not been crystallographically characterized nor
reported to be accessible in analytically pure form. Reports of
other trigonal monopyramidal iron(III) complexes in TREN-
derived coordination environments have not been
accompanied by crystallographic characterization.22,23

However, coordination of exogenous or pendant donors has
allowed for iron(III) species of higher coordination number to
be prepared via chemical oxidation of their trigonal monopyra-
midal iron(II) counterparts.24,25 Given the steric issues associ-
ated with ligand binding to [FeLOCH2O]− in particular, we
decided to investigate the one-electron oxidation of both this
species and its macrocycle-free congener [FeLOMe]−, the syn-
thesis of which is reported here for the first time (see ESI†).
Structural determination of [FeLOMe]− via single crystal X-ray
diffraction reveals the expected coordination geometry of trigo-
nal monopyramidal (Fig. S33†). From the solid state structure,
a τ4 parameter26 of 0.85 is determined. This value is nearly
identical to that displayed by [FeLOCH2O]− (τ4 = 0.84),18 in

accord with the previous observation that the constrained
macrocycle within [LOCH2O]3− imparts only minor structural
effects on the primary coordination within first-row metal
complexes.17

As assayed through cyclic voltammetry in DMF, [FeLOCH2O]−

and [FeLOMe]− display redox events at −0.13 V and −0.79 V vs.
Fc+/0, respectively, that are assigned to the FeIII/II redox couple
(Fig. 1a and b). Given the electronically similar environments
presented by the two tris(amidate)amine ligands,16 the large
difference in redox potentials suggests differing chemical spe-
ciation in solution. Both voltammograms show a pronounced
dependence of the peak-to-peak separation on the scan rate, as
well as a linear relationship between the square root of the
scan rate and the peak current (Fig. S1 and 2†), indicating
quasi-reversible electrochemical events.27

Chemical oxidation of [FeLOCH2O]− was performed using
ferrocenium triflate (FcOTf) in CH2Cl2 (Fig. 2). From the result-
ing brown residue, deep red crystals of the four-coordinate
neutral species FeLOCH2O that are suitable for X-ray diffraction
can be isolated upon cooling to −35 °C. This neutral complex
is nearly isostructural with the anionic iron(II) congener (τ4 =
0.84 for both complexes). The axial Fe–Namine distance con-
tracts by approximately 0.06 Å upon oxidation, the Fe–Namidate

distances show contractions of a similar magnitude, and the
iron center moves slightly closer to plane defined by the equa-
torial amidate nitrogens (Table S1†). To our knowledge,
FeLOCH2O is the first structurally characterized ferric complex
bearing a trigonal monopyramidal geometry.

While isolable in the solid state, FeLOCH2O displays poor
stability in solution (Fig. S8†), and the isolation of analytically
pure samples has proven elusive. Red single crystals grown at
−35 °C are consistently contaminated with amorphous brown
powders that are difficult to completely remove, while NMR
analyses suggest the presence of remnant [K(Crypt)]OTf bypro-
duct. Evans method measurements yield effective magnetic
moments that are consistent with the presence of paramag-
netic iron-containing byproducts. Extended efforts to remove

Fig. 1 Variable scan rate cyclic voltammograms of 10 mM [FeLOCH2O]− (a) and 10 mM [FeLOMe]− (b) in DMF at 23 °C ([N(n-Bu)4]PF6 electrolyte).
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these impurities, or to access FeLOCH2O using different oxi-
dants, have not been successful. X-band EPR spectra of
glassed solutions predominantly display one peak at g ≈ 4.3,
corresponding to a rhombic S = 5/2 species (Fig. S28†). Indeed,
the three-fold symmetry and weak-field ligand environment
should promote a high-spin S = 5/2 ground state. However,
given the nearly idealized C3 symmetry displayed by FeLOCH2O

in the solid state, a maximally rhombic EPR spectrum would
be surprising. Instead, we posit that this EPR signal is attribu-
table to an impurity or decomposition product of FeLOCH2O.
Indeed, the g ≈ 4.3 signal originating from rhombic S = 5/2
species is very intense, and can dominate X-band EPR spectra
even when present at very low concentrations.28

Chemical oxidation of [FeLOMe]− is conveniently performed
using AgOTf (Fig. 2). Following extraction of the crude reaction
mixture with DMF, the solvento adduct Fe(DMF)LOMe can be
isolated via recrystallization as large cherry red crystals in good
yields. Coordination of DMF at the axial coordination site
leads to an increase to the trans Fe–N bond by nearly 0.1 Å
compared to anionic [FeLOMe]− despite the increase in oxi-
dation state at iron (Table S1†). Performing the oxidation in
CH2Cl2 without added DMF leads to intractable brown solids,
emphasizing the ability of solvent coordination to stabilize the
resulting neutral ferric complex. X-band EPR spectra of glassed
MeCN solutions of Fe(DMF)LOMe show features consistent with
an axial spectrum (Fig. 3 and S29†), as anticipated for an iron
(III) S = 5/2 spin system in a C3-symmetric environment.25,29–31

Additional features attributed to trace S = 5/2 and S = 1/2 impu-
rities are also evident in the spectrum.

Both FeLOCH2O and Fe(DMF)LOMe give rise to a band in
their electronic spectra with a λmax near 400 nm (Fig. S8 and
9†). No such band is evident following oxidation of [FeLOMe]−

in CH2Cl2 (Fig. S10†), suggesting that incipient four-coordinate
FeLOMe is too unstable in solution to be observed at ambient

temperature. While FeLOCH2O decays over the course of hours
in CH2Cl2 at 23 °C, DMF coordination imparts greatly
improved stability to solutions of Fe(DMF)LOMe, which
undergo negligible decay over 5 h at 23 °C (Fig. S9†).

Molecular dynamics simulations were carried out to interro-
gate the flexibility accessible to both the primary and second-
ary coordination spheres of the trigonal monopyramidal com-
plexes [FeLOMe]−, [FeLOCH2O]− and FeLOCH2O. In our simu-
lations, special attention was paid to two geometric para-
meters, as they report on regions of space through which an
exogenous reactant could conceivably access the unsaturated
metal center. The first is the aperture width at the cavity rim
(assessed for [FeLOCH2O]− and FeLOCH2O only), which is
approximated as the mean distance between the para C–H
atoms and incorporating the van der Waals radii of the H
atoms (Fig. S13†). The second parameter is the equatorial Neq–

Fe–Neq angles which, as they widen, expose a portion of the
iron center to the exterior environment (Fig. 4a). As seen in
Fig. S14† and the associated trajectory videos (see ESI†), our
simulations suggest that minimal changes to the aperture
width as defined above are accessible to FeLOCH2O or
[FeLOCH2O]−. This result is in accord with the rigid nature of
cavitands,32,33 which are structurally analogous to the macro-
cycle comprising [LOCH2O]3−, and to the previously observed
ability of this macrocycle to preclude acetonitrile binding to
[CoLOCH2O]−.16 However, simulations also indicate that a sig-
nificant amount of flexibility is accessible in the equatorial
plane of the metal coordination sphere, with Neq–Fe–Neq

angles oscillating between approximately 105–135° for all three
complexes (Fig. 4b, c and S15†). These results indicate that
flexibility within the primary coordination sphere is minimally

Fig. 2 Syntheses of FeLOCH2O (top) and Fe(DMF)LOMe (bottom) with
their solid-state structures. Hydrogen atoms and co-crystallized solvent
molecules have been omitted for clarity. Thermal ellipsoids are shown
the 50% probability level. Fig. 3 X-band EPR spectrum of a glassed MeCN solution of Fe(DMF)

LOMe at 10 K. The spectrum displays peaks at geff of 5.86 and 1.92 con-
sistent with an axial zero-field splitting. Smaller features at geff ≈ 4.3 and
2.0 (labeled with *) are attributed to rhombic S = 5/2 and isotropic S = 1/
2 impurities, respectively. See Fig. S29† for simulation details.
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impacted by the presence of a rigid macrocycle in the second-
ary coordination sphere.

We note that Jahn–Teller distorted [NiLOCH2O]− showed
equatorial N–Ni–N angles as ranging between 100–141° in the
solid-state,16 supporting the notion that angles of this magni-
tude can realistically occur within the [LOCH2O]3− ligand frame-
work. By transiently exposing some of the metal coordination
sphere to the exterior environment, wagging motions in the
equatorial plane could ostensibly allow for coordination of an
exogenous ligand to the metal without requiring passage
through the macrocycle aperture (Fig. 5, top). For instance, we
hypothesize that transfer of an oxygen atom from iodosyl-
benzene to [FeLOCH2O]− to yield the previously reported ferryl
oxo [Fe(O)LOCH2O]− exploits this pathway, as this O-atom trans-

fer reagent is far too large to penetrate the macrocycle
interior.18 In contrast, an axial approach of exogenous ligands
requires ingress via the 18-membered ring that forms the
organic macrocycle (Fig. 5, bottom). Axial approach of aceto-
nitrile to trigonal monopyramidal [CoLOCH2O]− was previously
shown to be sterically impeded, attesting to the rigid and
narrow void that is evident from our simulations.

Oxidation of [FeLOCH2O]− and [FeLOMe]− from iron(II) to
iron(III) imparts enhanced Lewis acidity to the iron centers,
facilitating the coordination of small X-type ligands at the
axial coordination site.18 We have synthesized the ferric fluor-
ide [K(Crypt)][Fe(F)LOCH2O] through addition of potassium flu-
oride and [2.2.2]cryptand to unpurified samples of FeLOCH2O.
Unlike four-coordinate FeLOCH2O, the fluoride adduct can be
synthesized in analytically pure form and displays greatly
enhanced stability in solution. Reaction between FeLOCH2O and
F− occurs rapidly as assessed by the color change from reddish
brown to light yellow observed upon mixing. We hypothesize
that initial binding of fluoride to iron occurs through the
equatorial plane; although an axial “through-aperture”
approach would force the charge-dense fluoride ion through
the electron-rich arene-lined cavity, we cannot rule out such a
pathway. Additionally, the corresponding fluoride complex

Fig. 4 (a) Depictions of the equatorial angles monitored during the
course of MD simulations with complexes of the two tris(amidate)amine
ligands. (b) Equatorial N–Fe–N angles for [FeLOCH2O]−. (c) Equatorial N–
Fe–N angles for [FeLOMe]−. For the plots in (b) and (c), the colors arbitra-
rily denote the three possible Neq–Fe–Neq angles in each structure.

Fig. 5 Top: Approach of small-profile ligands (“L”) to FeLOCH2O through
the equatorial plane, hypothesized to occur via the Neq–Fe–Neq

motions visualized using MD simulations. Bottom: Axial approach of
exogenous ligands, which requires passage through the macrocycle
aperture defined by the 18-membered ring.
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TBA[Fe(F)LOMe] (TBA+ = tetra(n-butyl)ammonium) has been
prepared from Fe(DMF)LOMe via substitution of the DMF
ligand using TBAF. Both anionic iron(III) fluoride complexes
adopt trigonal bipyramidal coordination geometries with the
fluoride ligand residing in the axial coordination site (Fig. 6a,
b and S35, 36†). Solution phase effective magnetic moment
measurements are in accord with high-spin (S = 5/2) electronic
ground states. Additionally, both species give rise to axial
signals in their X-band EPR spectra (Fig. 6c, d and S30, 31†).
These compounds add to the small number of structurally
characterized unsaturated ferric fluorides.34–40

Conclusion

In conclusion, oxidation of the anionic ferrous species
[FeLOCH2O]− and [FeLOMe]− allows access to neutral trivalent
complexes. While the resulting trigonal monopyramidal com-
plexes of iron(III) display poor kinetic stability, the rigid macro-
cycle in the [LOCH2O]3− framework permits isolation of this
species, while solvent coordination imparts stability to the

more flexible complex of [LOMe]3−. Both FeLOCH2O and
Fe(DMF)LOMe can be used to generate five-coordinate anionic
complexes of trivalent iron as demonstrated through the synth-
eses of the corresponding fluoride complexes. Molecular
dynamics simulations strongly suggest that equatorial distor-
tions provide a plausible route for ligand coordination in
[FeLOCH2O]n (n = −1, 0) that obviates penetration of the macro-
cycle aperture. Future studies will leverage these insights to
understand and predict the outcome of intermolecular reac-
tions involving complexes of the [LOCH2O]3− ligand platform.
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Fig. 6 Solid state structures of (a) [K(Crypt)][Fe(F)LOCH2O] and (b) [TBA][Fe(F)LOMe]. Non-coordinating cations and hydrogen atoms have been
omitted for clarity. Thermal ellipsoids are shown at the 50% probability level. X-band EPR spectra of (c) [K(Crypt)][Fe(F)LOCH2O] and (d) [TBA][Fe(F)
LOMe] obtained in glassed CH2Cl2 solution at 10 K. Both spectra show a peak at g ≈ 4.3 (labeled with *) attributable to a trace S = 5/2 rhombic impur-
ity. See Fig. S30 and 31† for spectral simulation parameters.
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