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A trigonal arylimido iron complex is reported, which is found in an
intermediate spin state. The iron bound imido unit is electronically
flexible and acts as a nucleophile, reductant, or H atom abstractor.
The latter is used for catalytic intramolecular C—H bond amination.

The 3d-metal catalysed amination of (un)-functionalized C-H
bonds via formal nitrene insertion is an atom economical and
environmentally benign approach to secondary amines and
thus, has been put under intense scrutiny in recent years."?
It is generally accepted that these amination reactions proceed
through highly reactive imido metal intermediates. Though the
imido ligand is commonly viewed as a dianionic imide NR>~,
for late 3d-metal complexes the metal imido bond becomes
more covalent and can also be regarded as either a metal bound
imidyl [NR]*~ or nitrene [NR]°.** This rationalizes their H atom
abstraction (HAA) and/or nitrene transfer capabilities. Authen-
ticated, isolable examples of 3d-metal bound imidyls®® and
especially nitrenes® are still scarce due to their intrinsic high
reactivity.'® As such, the factors that contribute to their C-H
activation reactivity are not fully understood. Furthermore, the
3d-metal bound imido can also react as a dianionic imide,’
which was, for example, used for catalytic guanylation of
carbodiimides."""?

Recently, we reported on the anionic trigonal high-spin
iron(n) imidyl complex [Fe(NMes)X,]” (A~, X = N(Dipp)-
SiMe;).” It exhibited marginal H atom abstraction capabilities
due to the sterically encumbered ancillary silylamide ligands.
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The flexible behaviour of a trigonal arylimido

4 and

Concurrently, the use of the smaller -NR, (R = SiMe3) ligand set
gave for cobalt an alkyl imide (K{crypt.222}[Co(N‘Bu)(NR,),])
that was capable of cleaving strong C-H bonds."?

With this in mind, the linear iron(i) complex K{crypt}-
[Fe(NR,),]"* ([Fe']) was reacted with MesN; (Mes = 2,4,6-tri-
methylphenyl) at —30 °C in Et,O. This led to instant gas
evolution and rapid precipitation of K{crypt}{Fe(NMes)(NR),],
1, as a dark green microcrystalline solid (64% yield, Scheme 1,
left). X-ray diffraction analysis of 1 (Scheme 1, right) shows
most notably an Fe1-N3 bond length of 1.753(2) A and an Fel-
N3-Cary1 bond angle of 173.04(1)°. The Fe-Njyiqo bond is longer
than those found for other imido iron complexes in lower spin
states (1.65-1.70 A).">'® It aligns better with those in higher
spin states (approx. 1.75 A),°®!%1771% for which an imidyl
character is mostly discussed.””®'”*® Solid state magnetometry
using SQUID gave at ambient temperatures a yy7 value of
2.27 em® mol ™" K (uesr = 4.2615) (Fig. 1A and B), corresponding
to a S = 3/2 system. *’Fe Mdssbauer spectroscopic analysis at
80 K yielded for 1 an isomer shift 6 = 0.36 mm s~ ' and a
quadrupole splitting |AEq| = 0.63 mm s ' (Fig. 1C). These
features are significantly different to those of the isostructural
high-spin (S = 5/2) imido iron complex A~ (§ = 0.43 mm s,
|AEq| =4.18 mm s~ '),” which we attribute to the higher basicity
of the used N(SiMe;), ligand. X-band EPR measurement of 1 in
THF with 4.5% Bu,NPF,s gave the sharpest, most resolved
spectrum (Fig. S38) with signals at gesr ~ 6.7 and 4.3, indicating
reduced aggregation/disorder. The g.¢ = 6.7 feature showed no

Kierypt) Kicrypt}
RoN
RoN—Fe'—NR; | Mes-N; .
—_— Fe..N\M
[Et20], N2 / es
[Fe'|(R=SiMe;s) -3p°c RN

1 (64%)

Scheme 1 Left: Synthesis of K{crypt}[Fe(NMes)(NR>),], 1. Right: Molecular
structure of the complex anion of 1 (ellipsoids shown at a 50% probability).
H atoms are omitted for clarity. Important bond lengths (A) and angles (°):
Fel-N1 1.945(2), Fel-N2 1.963(2), Fel-N3 1.753(2), N3-Can 1.337(2),
N1-Fel-N2 118.08(4), Fel-N3-Chx,, 173.04(1).
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Fig. 1 Plots of ymT vs. temperature (A) and variable temperature—variable field magnetization measurements (B) for 1. The solid line represents the global
fit for S = 3/2, gy = g, = g, = 220, D = 12.L. cm~*and E/D = 0 (fixed). *’Fe Méssbauer spectrum of solid 1 at 80 K (5 = 0.36 mm s, |AEq| = 0.63 mm s~ (C).

microwave saturation, unlike the g = 4.3 signal (Fig. S40),
confirming distinct spin species of S = 3/2 and 5/2, respectively.
The g = 4.3 signal is most likely due to sample decomposition,
and resembles commonly observed disordered ferric sites.>
Similar g.;r & 6.1-6.3 signals are reported for three-coordinate
S = 3/2 Fe"" imido complexes,"®*" though previously observed
higher-field features at g.¢r & 1.9 and 1.5 are absent for 1, likely
due to broadening. Similar features were observed in the
spectrum of a solid sample of 1 (Fig. S41). Simulations with
two spin components reproduce both frozen solution (THF
with 4.5% Bu,NPF) and solid-state data (Fig. S38 and S41),
supporting the presence of an S = 3/2 species, consistent with
the results of the magnetic susceptibility measurements (see SI
for more discussion).

For additional insights, the electronic structure of the anion
of 1 (coined 17) was analysed by the DFT and CASSCF/NEVPT2
methods. DFT calculations gave a quartet (PBE,** TPSSh>®) or a
sextet (PBE0>") as the ground state. However, only the sextet
state geometries align with the experimental solid-state structures
(see SI). The computed *’Fe Mdssbauer parameters of the solid-
state geometry confirmed a quartet state (Jeqe = 0.37 mm s ',
|AEqcaic| = 0.85 mm s~ ), while the sextet state exhibited a
drastically larger quadrupole splitting (dcae = 0.41 mm,
|AEqcac| = 4.31 mm s~ 1) as observed for A~. Further calcula-
tions using the complete active space self-consistent field
(CASSCF,> CAS(13,10)) method (PBEO geometry of the sextet
state of 17) gave virtually isoenergetic sextet and quartet
ground states by n-electron valence state perturbation theory
(NEVPT2°) (AEsext— quar = +0.09 €V). The sextet is represented
by a single configuration (¢ = 0.9, Fig. 2, left). The Fe-N
n-interaction consists of an iron (Fe:N 0.8:0.2) and a nitro-
gen centred (Fe:N 0.3:0.7) bonding orbital, which are paired
with the singly occupied anti-bonding combination (Fe:N
0.3:0.7 and Fe:N 0.9:0.1). Hence, the sextet state is described
best as an Fe'" imidyl. Interestingly, the N-centred, singly
occupied orbital is orthogonal to the m-system of the aro-
matic substituent. It is opposed to other aromatic imidyl
complexes,®’® for which electronic stabilisation by transfer of
unpaired spin density onto the aromatic ring is discussed.
In the dominant quartet state configuration (¢ = 0.60, Fig. 2,
right), the out-of-plane Fe-N 7 interaction is weak with a doubly
occupied nitrogen (r) and a singly occupied iron (n*) centred
orbital. In contrast, the in-plane m-interactions are more cova-
lent (Fe: N 0.55:0.45; n*: Fe: N 0.4:0.6). The two other relevant
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Fig. 2 Electronic structure of 1~ from CASSCF(13,10)/NEVPT2 calcula-
tions with schematic description of the metal/imido interaction. Hydrogen
atoms, the aromatic HOMO/LUMO pair and the o-interaction of the imido
ligand are omitted for clarity.

configurations (¢ = 0.21, 0.17) relate to the m—n* transition
within this covalent n/n* manifold, and leads to population of
the LUMO by 0.54 e”. As such the quartet state of 1~ corre-
sponds to an Fe' imide with substantial Fe"" imidyl and Fe'
nitrene character.

The ambiguous electronic structure of 1 led us to examine
its reactivity. Reaction of two equivalents of MesNCO with 1
resulted in K{crypt}{Fe({OC{NMes}),NMes}(NR,),], 2, (66%
yield, Scheme 2). The molecular structure of the anion of 2
contains a six-membered metalla(u) heterocycle. It likely
results from two subsequent [2+2] cycloadditions of MesNC—0O
to a nucleophilic [FeNR] unit in 1, leading overall to Fe-N bond
rupture. The complete bond cleavage of a late 3d-metal imido
complex is an unusual feature, observed only for insertion of
carbodiimides into the Fe-N bond of an anionic iron(i) imide'*
and of CS, into the Fe-N bond of A~.” 1 shows no nitrene
transfer capabilities towards phosphines and alkenes. To probe
N-functionalisation by oxidation, 1 was reacted with Sg. It gave
the dinuclear iron chalcogenide (K{crypt})o[{Fe(INR,),}»(1-S5)(1-S)],
3 (51% yield), featuring the unusual combination of a bridging
sulfide and a rare trisulfide ligand.”” The fate of the [NR] unit,
e.g. homo-coupling to a diazene, remained unresolved. The for-
mation of 3 shows that 1 can act as a reductant under electron
transfer to Sg. The reaction of the starting [Fe'] itself with Sg was
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Scheme 2 Synthesis of compounds 2—-4 from the reaction of 1 with
MesNCO, Sg or 1,4-cyclohexadiene. (i) 1,2-Difluorobenzene, r.t. (i) THF/
Etzo, r.t.

previously probed but gave only bis-p-sulfido bridged species.>®
The selective formation of 3 from an imido metal complex thus
represents an unconventional approach to metal chalcogenide
clusters. 1 is capable of HAA from 1,4-cyclohexadiene, to give the
amide K{crypt}[Fe(N{H}Mes)(NR,),], 4, within 2 h. >’Fe Mossbauer
spectroscopic examination gave § = 0.55 mm s ' and |AEq| =
0.88 mm s . Interestingly, >’Fe Mdssbauer spectroscopic exam-
inations of 1 showed within a day at room temperature formation
of a species whose signature matches that of 4 (see SI), hence
possible HAA even under solid state conditions.

As such, we examined the linear iron(1) starting complex
[Fe'] as a precatalyst for the intramolecular C-H bond amina-
tion of organoazides. These transformations have been under
intense scrutiny since the seminal report on iron from Betley
using aliphatic azides,>> which required Boc-protection of the
formed N-heterocycle. The respective additive-free catalytic
conversions have only been known since recently.*"** Reaction
of the aromatic azide 1-azido-2-(2-phenylethyl)benzene, B1,
with 10 mol% [Fe'] at 80 °C gave 63% of 2-phenylindoline, C1
(Scheme 3). Lowering the reaction temperature to 25 °C gave
lower yields (42%) and required longer reaction times (18 h). In
both cases, the employed azide is fully consumed and points to
parallel/subsequent reaction pathways, such as product dehy-
drogenation. Similar observations were made for related iron-
catalysed amination reactions.>*”** Furthermore, free amine is
sometimes observed, which likely stems from stepwise H atom
abstraction from the solvent, as observed for the related cobalt
complex K{crypt}[Co(NR,),]."* Using the larger K{crypt}[FeX,]’
resulted for this and all other cases in lower yields. Reaction of
1-azido-2-(3-phenylpropyl)benzene, B2, gave 34% of 1,2,3,4-tetra-
hydro-3-phenylquinoline, C2. No turnover was observed for aro-
matic azides without benzylic sp>-C-H positions, although initial
reaction of [Fe'] with the azides gave similar coloured solutions as
for 1 that suggest imido formation. Reports of iron-mediated C-H
bond amination by aromatic azides are still scarce. In the few
known instances*** the reaction was performed at low catalyst
loadings but under harsh conditions (e.g 2.5 mol% NBu,[Fe-
(CO);NO], 120 °C, microwave 250 W),** and with little insights into
the involved imido iron species. The aliphatic azide (4-azido-4-
methylpentyl)-benzene, B3, gave 76% of the amination product 2,2-
dimethyl-5-phenylpyrrolidine, C3, after 18 h at room temperature.
For (5-azido-5-methylhexyl)-benzene, B4, the corresponding
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Scheme 3 Iron()-mediated catalytic intramolecular C-H amination.
2Yield by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal
standard. PAfter 1 h for [Fe'l: conversion = 53%, yield = 29%; “room
temperature; 9C4’ = 2,2-dimethyl-6-phenylpiperidine €50 °C; ‘DH =
dehydrogenated product.

pyrrolidine, C4, is obtained in moderate yields (48%, 80 °C)
with 17% of the piperidine derivative. Cyclisation is also
observed for 1-(1-azido-1-methylethyl)-2-methylbenzene, B5,
involving a benzylic CH; unit (58%). Here, additional dehydro-
genation to 1,1-dimethyl-1H-isoindole was observed (18%).
Finally, (2-azido-2-methylpropyl)benzene (B6) was tested with
the goal of activating a C(sp®)-H bond. However, formation of
the amine C6 in 48% yield was observed. This is likely the result
of two HAAs from the solvent by the in situ formed imido
iron(m) complex [Fe(NR')(NR,),]” as well as by the resulting
iron(u) amido complex [Fe(NHR')(NR,),] . It is instructive to
compare the behaviour of [Fe'] to that of the divalent Fe(NR,),
([Fe™)). The conversion of B3 to C3 by [Fe"] was reported to
require only 1 mol%, but elevated temperatures (120 °C, 24 h,
83%). Here, it was presumed that the reaction is limited by the
initial formation of the highly reactive imido iron species due
to the reversible formation of the iron organoazide adduct.*®
Contrastingly, for [Fe'], the reaction with the azide and the
imido formation seems near instantaneous, implying that the
HAA or the C-N bond formation is the turn-over limiting step.

In conclusion, we presented the isolation of a trigonal iron
aryl imido complex, which is found in an intermediate spin state
(S = 3/2) using *’Fe Mossbauer and X-band EPR spectroscopy as
well as magnetic measurements. Computational analysis at the
CASSCF/NEVPT2 level gave for the quartet state a shared iron(m)
imide, imidyl and nitrene character of the imido iron unit. The
electronic ambiguity is reflected by the metal bound imido’s
nucleophilicity, its reduction of Sg to form an unusual iron sulfide
cluster as well as H atom abstraction. The latter ability is exploited

This journal is © The Royal Society of Chemistry 2025
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