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Abstract: The catalytic relevance of Fe(IV) species in
non-heme iron catalysis has motivated synthetic advan-
ces in well-defined five- and six-coordinate Fe(IV)
complexes for a better understanding of their fundamen-
tal electronic structures and reactivities. Herein, we
report the syntheses of FeDipp, and FeMes,, a pair of
unusual four-coordinate non-heme formally Fe(IV)
complexes with S=1 ground states supported by
strongly donating bisamide ligands. By combining spec-
troscopic characterization and computational modeling,
we found that small variations in ligand aryl substituents
resulted in substantial changes in both structures and
bonding. This work highlights the strong donor capa-
bilities and modularity of the bisamide ligand set. More
broadly, it is a critical contribution to the utilization of
ligand design to modulate molecular geometries and
electronic structures of low-coordinate, high-valent iron
complexes. )

Non—heme iron catalysis encompasses a wide range of
biologically important transformations, including O,/H,
activation,' oxidative C—H activation/functionalization,?!
and ammonia synthesis.) In these reactions, high-valent
iron species are often proposed and/or experimentally
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observed as key reactive intermediates.’ ! Motivated by the
ubiquitous involvement of Fe(IV) species in non-heme
molecular catalysis, a plethora of well-defined Fe(IV)
complexes have been reported over the last 20 years.” !
These synthetic advances provide valuable opportunities for
spectroscopic characterizations, as well as empirical basis for
computational modeling of electronic structures and bond-
ing to facilitate our understanding of reaction mechanisms
and reactivities. A wide range of ligands have been utilized
to support monomeric Fe(IV) centers, among which multi-
dentate nitrogen-donor ligands, including N-tetramethyl
cyclams (TMCs),l*'™  tetraamido macrocyclic ligands
(TAMLS),>8 tris(pyridylmethyl)amines (TPAs) and their
derivatives,'* as well as 1,1-di(pyridin-2-yl)-N,N-
bis(pyridin-2-ylmethyl)methanamine) (N,Py),*! are the
most common.

While many isolable non-heme five- and six-coordinate
Fe(IV) complexes have been extensively studied using
various spectroscopic techniques, much less is known about
the fundamental electronic structures of four-coordinate
non-heme Fe(IV) complexes. Many formally Fe(IV) com-
plexes in current literature have been speculated or shown
to have significant ferric or ferrous contributions,?>¥
including a recent example of a disilylhydrazido ligand-
supported S=1 organoiron complex.” To our knowledge,
there are only four examples of bona fide non-heme, four-
coordinate Fe(IV) complexes in current literature (Fig-
ure 1). Initially reported by Bower and Tennet in 1972,
Fe(1-norbornyl), was not structurally characterized until
2013 by Hayton and co-workers.””! A few years later,
Fiirstner and co-workers reported two additional homoleptic
Fe(IV) complexes, Fe(cyclohexyl), and Fe(1-adamantyl),.*
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Figure 1. Isolable four-coordinate non-heme Fe(IV) complexes.
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All three Fe(IV)-tetraalkyl complexes adopt tetrahedral
geometries and exhibit diamagnetic ground states (S=0). In
sharp contrast, Fe(N=CtBu,), reported by Hayton and co-
workers has been the only structurally characterized four-
coordinate Fe(IV) complex supported by non-carbanion
donor ligands.”) While it adopts a highly unusual square
planar geometry, Fe(N=CtBu,), is also diamagnetic. So far,
there has been no well-characterized examples of four-
coordinate Fe(IV) complexes with open-shell configura-
tions.

An important commonality among the examples above
is the presence of strongly donating ligands. However, the
scarcity of these four-coordinate Fe(IV) complexes has
precluded further evaluation of ligand effects on their
structures and bonding. We aim to address this limitation by
utilizing the bisamide ligand set, whose high modularity and
exceptional donor capabilities were shown in our previous
work.P” Herein, we report the syntheses of FeDipp, (2) and
FeMes, (3), a pair of unusual S=1 non-heme four-
coordinate formally Fe(IV) complexes. By combining spec-
troscopic techniques with computational studies, our results
show that modification of ligand aryl substituents resulted in
significant structural distortion and fundamentally distinct
electronic structures.

To access four-coordinate Fe(IV) complexes, our ap-
proach was to synthesize and subsequently oxidize their
ferric precursors. To reach the correct coordination number,
we chose to use 2.05 equivalents of ligand with respect to
the iron precursor. Treatment of FeCl; with 2.05 equivalents
of DippLi, in anhydrous Et,O/DME (10:1) (DME =dimeth-
oxyethane) inside a N,-filled glovebox resulted in a dark
purple solution. Dilution with anhydrous pentane followed
by cooling to —80°C yielded dark purple crystals, which
were confirmed to be [FeDipp,][Li(DME);] (1) by single
crystal X-ray diffraction (SC-XRD) (Figure 2, A).P An
isolated yield of 86 % was achieved after the reaction
conditions were optimized.

1 crystallizes in the monoclinic space group P2,/n. Its
geometry is best described as highly distorted tetrahedral,
with a 59.28(6)° twist angle between the N1-Fe—N2 and the
N3-Fe—N4 planes (referred to as ¢ from now on). Its
geometry resembles that of Fe(pda), (pda=N,N’-
bis(pentafluorophenyl)-o-phenylenediamide), another fer-
ric-N, complex supported by bis(a-imine) ligands with a ¢ of
54° 2l The average Fe—N bond length of 1 [1.972(3) A] is
longer than that found in Fe(pda), (avg. 1.897 A), which is
consistent with the fact that the former has saturated ligand
backbones whereas those of the latter are unsaturated.
Zero-field, 80 K YFe Mossbauer features a broad doublet
with an isomer shift (§) of 0.27 mm/s and a quadruple
splitting (|AEq|) of 1.27 mm/s (Supporting Information,
Figure S1). Magnetic susceptibility measurements using the
Evans method yielded an effective magnetic moment ()
of 5.9(1) B.M., consistent with a §=5/2 spin state. This was
further confirmed by continuous-wave (CW) X-band EPR,
which features a §=5/2 signal with effective g-values (g’) of
6.89, 5.03, and 1.96 (Figure 2, B).

As an initial test reaction, we chose O, as the oxidant for
its convenience. To our delight, exposure of a solution of 1
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Figure 2. A) X-ray crystal structure of 1. The [Li(DME);]" counterion
and hydrogen atoms are omitted for clarity. Thermal ellipsoids are at
50% probability. B) CW X-band EPR of 1 in 2-methyl-THF at 10 K (black
trace). The spectrum is simulated with an S=5/2 spin representation
with parameters g’ =[6.89, 5.03, 1.96] and 11 G full-width half-
maximum (fwhm) Lorentzian line broadening (red trace).

in Et,0 to pure O, at —80°C resulted in a color change from
dark purple to reddish brown within a minute. After 30 min
of standing under a static O, atmosphere at —80°C, the
reaction yielded dark brown crystals, which were revealed to
be 2 by SC-XRD (Figure 3, A).”"! Subsequenty, we found
that 2 could also be synthesized via a one-pot protocol,
where 1 was generated in situ and treated with O, without
being isolated. With this method, an isolated yield of 44 %
was achieved for 2 after the reaction conditions were
optimized (Scheme 1).

With a ¢ of 47.03(9)°, 2 adopts an intermediate geometry
between a tetrahedral (¢ =90°) and a square-planar (¢ =0°).
Compared to those in 1 [1.972(3) A], the Fe—N bonds in 2
[1.861(2) A] are contracted by ~0.1 A on average as a result
of one-electron oxidation (Table 1). The shortening of the
Fe—N bond lengths is consistent with the oxidation of
[Fe(N=CtBu,),][Li(DME)] to Fe(N=CtBu,), reported by
Hayton and co-workers (from 1.938 A to 1.773 A).*) The

Ri /—/—
Ri R RO N>R,
/\ FeClz (1.0 equiv.) Ry \/ Ry
R3 N N Rs 0, -80°C Folv
L L PP — Ri /N r
N ! R

R, &, Et,0,2h
Re—( 9N )
DippLiy: Ry =R, = iPr,R3=H Ry — Ry
MesLi: Ry=R,=R3=CH
S FeDipp; (2)
(2.05 equiv.) FeMes; (3)

Scheme 1. Syntheses of 2 and 3 via one-pot in situ oxidation of their
respective ferric precursors with O,.
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Figure 3. X-ray crystal structures of A) 2 and B) 3. For both structures,
hydrogen atoms are omitted for clarity. Thermal ellipsoids are shown at
50% probability. The labels of the atoms in both complexes here are
different from those in the crystal structure reports in the Supporting
Information, as they were re-assigned for ease of direct comparison
between structures. C) Overlay of crystal structures of 2 and 3 [top
view; ¢, =47.03(9)°, ¢, =21.96(3)°.

longer average Fe—N bond length of 2 compared to that of
Fe(N=CtBu,), could be rationalized by the absence of
metal-to-ligand back-bonding in 2. Additionally, compared
to Fe(N=CtBu,),, in which the two sets of opposing
ketimides are nearly linear [165.5(3)° and 166.6(3)°], 2
exhibits more bent diagonals, with a 148.51(6)° angle
between the N1-Fe—N4 and N2—Fe—N3 planes. Conversely,

Table 1: Comparison of selected crystal metrics of 1, 2, and 3.
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the average Fe—N bond length of 2 is shorter than those
reported for various Fe(IV) complexes supported by
tetraanionic TAML ligands [avg. Fe—N: 1.902(7) A-1.910-
(2) A1 Of note, these Fe(IV)TAML complexes are five-
or six-coordinate, as there are no additional examples of
isolable four-coordinate Fe(IV) complexes supported by
anionic nitrogen donor ligands other than Fe(N=CtBu,),.
Further, we highlight that the average Fe—N bond length of
2 is also significantly shorter compared to those reported for
Fe(II)- and Fe(Ill)-amide complexes in literature (Support-
ing Information, Table S6).50*3

Motivated by the convenience of accessing 2 via in situ
oxidation of 1 with O,, we adopted a similar strategy for
synthesizing 3 (Scheme 1). Treatment of FeCl; with
2.05 equivalents of MesLi, in Et,O resulted in a dark green
solution, which instantly turned red upon exposure to
anhydrous O, at —80°C. Reddish brown crystals suitable for
XRD could be isolated at 40 % yield via vacuum filtration at
—30°C inside a N,-filled glovebox. While the crystal
structure of 3 (Figure 3, B) is very similar to that of 2 in
terms of average Fe-N bond lengths [1.861(2) A vs.
1.887(2) A] and bisamide ligand bite angles [85.45(9)° vs.
84.03(5)°], it exhibits two pronounced differences.’!) First,
the replacement of Dipp with Mes in 3 led to a reduction in
¢ from 47.03(9)° to 21.96(3)° relative to that of 2 (Fig-
ure 3, C), resulting in comparable planarity as that of
Fe(N=CtBu,),, (¢=17°). Second, 2 and 3 exhibit different
intramolecular non-covalent interactions. While four pairs
of CH;—n interactions (H-to-centroid distances: 2.653 A and
2.619 A) are found in the structure of 2, the structure of 3
exhibits two pairs of CHj;—n interactions (H-to-centroid
distances: 3.049 A) and one n—n stacking interaction (cent-
roid-centroid distance: 3.637 A) (Supporting Information,
Figure S2).

Magnetic susceptibility measurements using the Evans
method yielded . of 2.8(1) B.M. and 3.0(1) B.M. for 2 and
3, respectively, both of which are consistent with the S=1
ground states. Zero-field, 80 K ¥Fe Mossbauer was then
utilized to characterize both complexes in the solid state.
The spectrum of 2 features a doublet with the parameters
8=0.00mm/s and |AEq|=2.70mm/s (Figure 4, A). The
significant decrease in the isomer shift of 2 compared to that
of 1 (0.27 mm/s) is consistent with the oxidation of the iron
center.”’] Similarly, the Mossbauer spectrum of 3 features a
doublet with the parameters §=—0.15mm/s and |AEq|=
3.00 mm/s (Figure 4, B). The low isomer shifts of 2 and 3 are
consistent with those reported for other ferryl complexes,
such as Fe(1-norbornyl), (§=—0.28 mm/s),”! Fe(N=CtBu,),
(3=-0.15mm/s),” and [Fe(TAML)CI]" (8=-0.04 mm/
s).) The large |AEq| values of 2 and 3 are consistent with
their distorted planar geometries and triplet ground states.

complex avg. Fe-N  avg. N-C(sp?)  avg. N—C(sp’)

1 1.972(3) A 1.415(4) A 1.463(6) A 1.517(4) A
2 1.861(2) A 1.439(3) A 1.469(3) A 1.497(4) A
3 1.887(2) A 1.417(2) A 1.466(3) A 1.515(2) A

avg. backbone C—C

avg. bisamide bite angle  avg. diagonal N-Fe-N ¢

85.54(6)° 140.50(7)° 59.28(6)°
85.45(9)° 148.51(6)° 47.03(9)°
84.03(5)° 164.82(5)° 21.96(3)°
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Figure 4. Zero-field, 80 K *’Fe Méssbauer of 2 (A) and 3 (B). Black
dotted trace: raw data. Colored solid traces: simulation. Parameters for
2: 3=0.00 mm/s, | AEq| =2.70 mm/s. Parameters for 3:
8=-0.15mm/s, | AEq| =3.00 mm/s.

Furthermore, the increase in quadrupole splitting from 2 to
3 is in accordance to the higher planarity of the latter.
However, the decrease in isomer shift from 0.00 mm/s (2) to
—0.15 mm/s (3) is unexpected, considering the fact that the
average Fe—N bond lengths in 2 and 3 are almost identical.
This observation directly contradicts a well-established trend
that, for iron complexes with the same spin state and
supported by the same type of ligands, more negative isomer
shifts are usually correlated with shorter iron-ligand bond
lengths.P”! To shed light on this unusual behavior, we then
proceeded to probe the electronic structures of these
complexes computationally.

The geometries of 2 and 3 were optimized using several
different functionals (PBE0/D3BJ, BP86/D3, B3LPY/D3BJ,
R2SCAN/D4) in order for the most suitable level of theory
to be selected (Supporting Information, Tables S1-S2).
Among those, R2SCAN/D4 yielded structural metrics that
were in good agreement with experimental values for both 2
and 3 at the S=1 spin state (Supporting Information,
Tables S3-S4). These optimized structures were used for
subsequent CASSCF/NEVPT?2 calculations.

CASSCEF (12, 9) calculations on the S=1 ground state of
2 and 3 were performed with an active space that included
the five 3d orbitals of the Fe-center and the four ¢-/n-donor
groups of the amide-lone pairs. The intermediacy of the
geometry of 2 between square planar and tetrahedral
enables o-donation from the ligands’ N(m) orbital to the
Fe(d,,) orbitals (Figure 5). Because 2 exhibits minimal
multi-reference character, descriptive of the charge-transfer
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Figure 5. A) Qualitative, truncated molecular orbital (MO) Scheme for
2. B) o Bonding and anti-bonding interactions between the Fe(d,,) and
the N(x) ortbials (o bonding population: 1.85 e™, ¢ anti-bonding
population: 0.15 e). C) Spin density map for the S=1 ground state of
2, where blue and green represent a-and B-character, respectively. In
this case, a-character predominates.

character in the o-type bonding between Fe(d,,) and the
amides, its electronic structure is best described as a bona
fide Fe(IV) with a S=1 ground state.

In stark contrast to 2, 3 exhibits a more complex bonding
behavior. The decrease in ¢ between the two bisamide
ligands in 3 changes the type of bonding interaction between
the N(n) orbital and the Fe(d,,) orbital from o to =«
(Figure 6). The 0.15 mm/s decrease in the isomer shift of 3
compared to that of 2 is consistent with their direct relation-
ship to oxidation state reported for Fe m-bonded systems.[*!
Furthermore, the CASSCF (12,9) wavefunction ascribes
partial (20%) ligand radical character that is strongly
magnetically coupled to an open-shell ferric (S=3/2) center.
The multireference bonding in 3 that we detail in the
Supporting Information is distinct from typical redox non-
innocence, where ligands such as bis(iminopyridines),*”
diazabutadienes,*”! porphyrins and corroles™ ! are antifer-
romagnetically coupled with their coordinated metal center.
We note that while it is common for formally Fe(IV)
complexes with ferrous or ferric character to exhibit higher
isomer shifts, the —0.15 mm/s isomer shift of 3 is character-
istic of a high-valent iron center.?*?!

In conclusion, we have accessed a pair of unusual four-
coordinate non-heme formally Fe(IV) complexes with triplet
ground states. We found that variation in the ligand aryl
substituents led to substantial differences in structures and
bonding, highlighting the advantageous modularity of the
bisamide ligand set. As such, this work represents a critical
contribution to tuning molecular geometry and electronic
structures of low-coordinate, high-valent iron complexes via
ligand modifications, which in turn has a broader, positive

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 6. A) Qualitative, truncated MO scheme for 3. B) © bonding and
anti-bonding interactions between the Fe(d,,) and the N(x) ortbials (n
bonding population: 1.39 e”, & anti-bonding population: 0.61 e7).

C) Spin density map for the S=1 ground state of 3, where blue and
green represent a- and B-character, respectively.

impact on our understanding of the structural-bonding
correlation of these unusual complexes as well.
Supporting Information

The authors have cited additional references within the
Supporting Information.[=
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Non-Heme, Four-Coordinate In this study, we report the synthesis,

Fe(IV), S=1
o . . spectroscopic characterization, and elec-
/ \ 1P . .
QN N—<—> tronic structures of a pair of unusual

P\ /P _ ;

oIV S=1 non-heme four-coordinate formally
’P'N/ \N'P'§ Fe(IV) complexes, FeDipp, and FeMes,,
pr \—/ Pr ! for which modifications of the aryl

Velocity (mmig) substituents of the bisamide ligands
resulted in substantial structural
changes and distinct bonding behaviors.
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