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Imidyl and nitrene metal species play an important role in the N-functionalisation of unreactive C—H bonds
as well as the aziridination of olefines. We report on the synthesis of the trigonal imido iron complexes
[Fe(NMes)L,]%~ (L = —N{Dipp}SiMes); Dipp = 2,6-diisopropyl-phenyl; Mes = (2,4,6-trimethylphenyl) via
reaction of mesityl azide (MesNs) with the linear iron precursors [Fel,]%~. UV-vis-, EPR-, °’Fe Mdssbauer
spectroscopy, magnetometry, and computational methods suggest for the reduced form an electronic
structure as a ferromagnetically coupled iron(i) imidyl radical, whereas oxidation leads to mixed iron(in)
imidyl and electrophilic iron(i) nitrene character. Reactivity studies show that both complexes are
capable of H atom abstraction from C-H bonds. Further, the reduced form [Fe(NMes)L,]™ reacts
nucleophilically with CS, by inserting into the imido iron bond, as well as electrophilically with CO under
nitrene transfer. The neutral [Fe(NMes)L,] complex shows enhanced electrophilic behavior as evidenced
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Introduction

Imido complexes of the late 3d-transition metals play a crucial
role in nitrene transfer catalysis.” As such there is an innate
interest in understanding the structural and electronic features
of the central imido metal unit to control and predict its reac-
tivity.>® The imido ligand is classically regarded as a dianionic
imide [NR]*~ that forms either a double or triple bond, as it is
the case for early transition metals.>® For the 3d-metals, the
metal-imido bond becomes more covalent and p — d donation
is reduced due to (partially) filled d-orbitals. This may result in
intriguing bonding situations, namely metal stabilized imidyl
radical [NR]"~ or even electrophilic nitrene [NR]° ligands, that
are highly reactive.*® The former was observed in a few
instances for iron,”® cobalt®'® and nickel.*>*> 3d-Metal nitrenes
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by nitrene transfer to a phosphine, yet in combination with an overall reduced reactivity.

are mostly known for copper,”™** with only two isolated exam-
ples.*>'* Given the overall reactive nature of late 3d-metal imido
species, the impact of oxidation state changes onto the imido
unit is only partially understood. For low-spin complexes,
mostly found for isolable and rather unreactive late 3d-metal
imidos, few reports of one-electron oxidation showed contrac-
tion of the imido metal bond.*>**** This can be explained by
a metal centred oxidation, accompanied with ion radius
contraction as well as increased p — d donation and depopu-
lation of anti-bonding molecular orbitals.>** Contrastingly, in
the only two reports of oxidation of high-valent high-spin 3d-
metal imidos M-N bond elongation took place (Fig. 1).>**

This was attributed to a ligand-centred oxidation and spin
density increase at the imido ligand, that resulted in an imidyl
radical character. For a pseudo-trigonal bipyramidal imido
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[Co]™: Co-N = 1.649(1) A
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[FeCI]: Fe-N 1.768(2) A

Fig. 1 Examples of imido metal complex oxidation leading to M—N
bond lengthening and imidyl character (Ad = adamantyl, Mes = 2,4,6-
trimethylphenyl).”-°
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cobalt complex (Fig. 1, left) oxidation led to a switch from the
high-spin to the low-spin configuration (d°, § = 1/2).° For
a trigonal planar dipyrromethane (dpm) based imido iron
complex (Fig. 1, right) the high-spin state persisted, with an
increase of the coordination number.*

Building on recent examples of low-coordinate imido cobalt
silylamides in higher spin-states®?** we report herein the
trigonal iron imido complexes [Fe(NMes)L,]>~ (L = -N(Dipp)
SiMes; Dipp = 2,6-diisopropyl-phenyl; Mes = 2,4,6-trimethyl-
phenyl) in the formal oxidation states +III and +IV, which can be
interconverted by oxidation/reduction. Detailed spectroscopic
and computational analyses reveal the ambiguous electronic
structure of both complexes. The anionic [Fe(NMes)L,] is
described best as an iron(n) imidyl complex whereas the
oxidized neutral [Fe(NMes)L,]’ shares iron(m) imidyl and
iron(u) nitrene character. The electronic ambiguity is reflected
best by [Fe(NMes)L,]~ which shows ambiphilic, i.e. combined
nucleophilic and electrophilic behaviour, whereas the nucleo-
philicity is lost upon oxidation to [Fe(NMes)L,]°.

Results and discussion

The imido iron complex K{m}[Fe(NMes)L,], K{m}{1] (m =
crypt.222), was obtained as a green crystalline solid (yield 86%)
by treatment of a solution of the linear iron(1) precursor K{m}
[FeL,] in a mixture of thf/Et,O (1 :3) with MesN; at —40 °C
(Scheme 1). X-ray diffraction analysis revealed for the complex
anion [1] (Fig. 2) a Fe-Njmiqo bond length of 1.7744(15) A and
a Fe-N-Ca,y bond angle of 173.6(13)°. Usually, imido-iron bond
lengths of low-spin complexes range from 1.65 to 1.70 A,'¢1825:26
Longer Fe-Njqiqo bonds are rarely observed, but are found for
high-spin iron imidos with”*?*” or without®® imidyl character on
the nitrogen atom as well as an anionic iron(n) imide.® [1]~
shows a short N-C,r,; bond of 1.339(2) A, which is in line with
aforementioned high-spin imido iron complexes with C-N
double bond character. The observed structural metrics closely
resemble the related high-spin imidyl cobalt(un) complex
[Co(NDipp)L,]~ (€. M~Nimide 1.751(2) A, N-Cary 1.347(2) A),2
which suggested for [1]” also an iron(u) imidyl-like bonding
situation on a structural level.

[K{m}* K{m}I*
1 L e
| Ns;Mes \

Flel —N> Fe==N
=Nz
L thfELO]  ©
-35°C K{m3[1]
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L= @ SiMes [1,2-DFB] [E,0]
'Pr
b Ns;Mes L\

Fe” _—— Fe=—=|
| -Ng,-35°C  /

L [n-pentane] t (]

Scheme 1 Synthesis of complexes K{m}[Fe(NMes)L,l, K{m}[1] (m =
crypt.222), and [Fe(NMes)L,], [1], as well as their interconversion by
oxidation and reduction.
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Fig. 2 (a) Solid state structure of [1]. The H atoms are omitted for
clarity. (b) Selected bond metrics for [1]~ (green) and [1] (red) [A].

Given the scarcity of unambiguously identified iron bound
imidyl units, namely only tetrahedral iron(m) imidyls of the type
[(dpm)Fe(CI)(NR)] from Betley and co-workers (Fig. 1, right),”*2
we sought further insights into the electronic situation of [1]".
Magnetic measurements (SQUID) on solid material yielded an
xmT value of 4.4 cm® mol ™" K (corresponding to an effective
magnetic moment of uir = 5.93 up) at 210 K (Fig. 3a).

This is close to the spin-only value of a sextet state (us,, =
5.92 ug) and can be rationalized either by an iron(u) ion ferro-
magnetically coupled to an imidyl radical anion, or by a high-
spin iron(m) imide. Upon cooling, a sharp drop is observed
below 20 K, which is attributed to zero-field splitting (simula-
tion of the y\T data gave g = 2.01, D = 2.5 cm ™ ; see ESIf for
more details).

To assess the oxidation state of the metal in [1]~, zero-field
%’Fe Mossbauer spectroscopy was employed. It revealed
a doublet with an isomer shift (IS) of 6 = 0.43 mm s~ (at 80 K)
and a large quadrupole splitting (QS) of |[AEq| = 4.18 mm s~ !
(Fig. 3b). The IS is similar to that of the related three-coordinate
high-spin iron(m) imide ([(dpm)Fe(N{p-‘Bu-Ph})]: § = 0.44 mm
s~', |AEq| = 0.00 mm s~ ', at 200 K; Fig. 1, right),**** but also to
that of the anionic iron(n) imide [(Ph,B{‘BulM},)Fe(NDipp)]~ (6
=0.46 mms ', |[AEq| = 1.45 mm s~ ', at 80 K).>* The IS of K{m}
[1] ranges between those of the diferric and diferrous silylamide
complexes [(LyFe),(u-S)]>*° at 80 K with unambiguous trigonal
iron(u) (6 = 0.59 mm s~ ) and iron(m) ions (6 = 0.29 mm s~ ).
The large QS of K{m}[1] is remarkable and would generally point
to divalent iron. However, also for a number of planar iron(m)
complexes large QS have been reported.** Moreover, related
(pseudo-)trigonal iron silylamides exhibit substantially larger
QS in the ferric compared to the ferrous state (e.g. [(LoFe),(p-
S)I % |AEg| = 0.22 mm s (Fe*"), 3.70 mm s~ ' (Fe**), at 80 K;*®
[Fe(N(SiMes),)s] % |AEq| (Fe*') = 0.60 mm s~ at 3 K,** |AEq)
(Fe*") 5.12 mm s~ at 77 K *3).

X-band EPR spectroscopic examination of [1]™ at 13 K yiel-
ded an axial signal with g, = 6.5, g, = 4.28, g5 = 4.18 (4, (*'N) =
107 G, A, (*N) = 1.7 G, A; (**N) = 20.5 G; see ESIf), the large "N
hyperfine coupling implicating substantial spin density on
nitrogen. This is consistent with substantial imidyl character in
[1]7, and also aligns with its structural features.

Next, we wanted to elaborate if we could electrochemically
attenuate the electronic situation of [1]". Cyclic voltammetry

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (a) Variable-temperature magnetic susceptibility of solid K{m}[1] (green) and [1] (red) in the range of 2—210 K. (b) Zero-field °’Fe Mossbauer
spectra of solid K{m}[1] (green) and [1] (red) at 80 K. Parameters for K{m}[1]: 6 = 0.43 mm s, |AEq| = 418 mm s~ (92%); [1]: 6 = 0.21 mm s %,
|AEQ| = 3.45 mm s~ (c) Cyclic voltammogram of K{m}[1] (500 mV s, thf, 0.1 m nBuy [PFe] vs. Fc/Fc™).

examination showed a reversible redox event at E;;, = —1.4 V at
500 mV s~ ' (THF, vs. Fc/Fc', Fig. 3c), that becomes irreversible
upon lowering the scan rate to 50 mV (Fig. S247). The potential
is in line with those for the oxidation of imido iron(m) and
imido iron(u) species (= —1.3 to —0.7 V)."*'”** Gratifyingly,
chemical oxidation of [1] in 1,2-difluorobenzene with AgOTf
(OTf™ = F5CSO3 ™) led to the formation of a new paramagnetic
species which we attributed to neutral [1]. [1] could not be iso-
lated via this pathway due to partial degradation, but was
independently synthesized by reacting [FeL,] with MesNj; in n-
pentane (yield 64%, Scheme 1). It can be reduced back to [1]” by
KC;g in the presence of crypt.222, evidencing the possibility of
their chemical interconversion. X-ray diffraction analysis of [1]
showed in comparison with [1]~ that all metal-nitrogen bonds
contract upon oxidation with otherwise little changes in the Fe-
N-C unit (Fe-Nimide 1.741(2) A, Fe-NimideCary 177.5(2)°, Nimide~
Cam1 1.337(3) A; Fig. 2, right), where the contraction of the Fe-N
amide bonds was slightly more pronounced. Thus, it was
suggestive of at least partial metal based oxidation. This was
corroborated by *’Fe Méssbauer spectroscopy showing an IS of
0 =0.21 mm s~ " for [1] (vs. [1]": 0.43 mm s~ ). It is in line with
shorter Fe-ligand bonds and by that with the decrease of the
radial extension of the 4 s wave function in case of the oxidized
species [1]. Further, a negative correlation of the IS with the Fe
oxidation state is usually valid for high spin complexes.** The
Qs for [1] is with |AEg| = 3.56 mm s " (vs. [1] : 4.18 mm s )
only slightly reduced, and indicates a similar electron density
distribution (electric field gradient) in both complexes. The IS
value of [1] is distinct from those of iron(v) imides, which are
found between —0.09 and —0.52 mm s~ *.2%% This precludes for
[1] a formulation as an iron(wv) imide. Accordingly, its IS value is
closer to those of high-spin iron(m) imides (6 = 0.37-0.47 mm
s !, |AEq] = 0 mm s~ at 200 K),**”?® a trigonal intermediate-
spin iron(m) imide (6 = 0.25 mm s~ ', |AEqg| = 1.32 mm s~ ', at
200 K)** or four-coordinate high-spin iron(m) imidyls (e.g
[(dpm)Fe(N{p-Bu-CcH,})CI] 6 = 0.28 mm s, |AEg| = 2.22 mm
s, at 90 K).”®?* Solid state SQUID measurements on [1]
(Fig. 3a) gave a xuT value of 3.3 cm® mol " K (ueg = 5.14 pug) at
210 K with D = —3.5 cm ™" and g = 2.12. These values corre-
spond to an overall S = 2 spin ground state that fits with the
absence of pronounced X-band EPR features. [1] and [1]” are

© 2022 The Author(s). Published by the Royal Society of Chemistry

thus the first isostructural imido metal complexes in two
oxidation states in which both exhibit a high-spin state.

To shed further light on the electronic structures of [1]~ and
[1], DFT-(PBE, TPSSh, PBEO) and CASSCF/NEVPT?2 calculations
were performed.*® All investigated computational methods
afforded good to reasonable agreement with the XRD-,
Mossbauer-, EPR- and SQUID data (bond lengths and angles,
AEq, 0, g, A, D; Tables S3-S61). According to the CASSCF
calculations, in [1]7, six electrons populate the two pairs of m/
m*-interactions between the metal and imido ligand (Fig. 4,
S43-545%).

The two unpaired electrons in the antibonding combina-
tions are thereby once metal centred (d,./m*; Fe : N = 0.8 : 0.2;
Lowdin population analysis) and once rather located at the

Fig. 4 Electronic structure of [1]~ by CASSCF(11,9). Dipp groups were
truncated by methyl groups, hydrogen atoms are omitted for clarity,
one set of bonding and antibonding Dipp-centred m-orbitals is
omitted for clarity.

Chem. Sci, 2022,13, 7907-7913 | 7909
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ligand (t*/d,,; N : Fe = 0.6 : 0.4). This tentatively gives rise to
the electronic structure of an imidyl iron(un) complex for [1]”. An
oxidation state of iron(+II) is also substantiated by the Léwdin
spin density of +0.66 a.u. at the imido nitrogen atom.

Neutral [1] features a quintet ground state (AEq, = +0.55 eV;
AEy/sept = +1.16 eV). The main configuration (¢ = 0.63) predicts
thereby four unpaired electrons in d-orbitals (Fig. 5 and S40-
S427). Further two electrons are paired in the d,, orbital, which
combines with the imido ligand's p, orbital (Fe : N =7: 3) and
to a minor extent with the aromatic mesityl substituent. This
gives overall rise to a formal d® (Fe™) electron configuration of
the metal and an electrophilic nitrene-type ligand. However, the
second most important configuration (¢ = 0.21) relates to the 7
7* transition and thus suggests significant imidyl radical
character.” This is further corroborated by accumulation of spin
density at the imido nitrogen atom (—0.21 a.u.), which is
suggestive of considerable antiferromagnetic character.
Accordingly, the doubly excited resonance structure is also of
relevance (¢ = 0.13), which overall leads to a population of the
LUMO by formally 0.49 e~ and a shift of electron density to the
ligand. Thus, when going from [1] to [1]” the additional electron
populates the antibonding 7* orbital, and weakens the metal-
imido bond by formally —0.5. As such, the calculations high-
light the electronic flexibility of the covalent iron-imido ligand
interaction where the additional electron is not accepted by
either the metal or the ligand, but by both. Since the electron is
shared within the [FeNR] linkage, of course, rather similar
Mossbauer spectroscopic features of [1] and [1] are expected,
which aligns well with the experimental (vide supra) and

® d(yz) / m*
d(z?)

1.51e"
d(xy)/m

Fig. 5 Electronic structure of [1] by CASSCF(10,9). Dipp groups were
truncated by methyl groups, hydrogen atoms are omitted for clarity,
one set of bonding and antibonding Dipp-centred m-orbitals is
omitted for clarity.
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calculated (Table S41) parameters. It is thus reasonable to
consider the imido iron unit in both complexes in its entirety, as
proposed for a linear imido cobalt(un) compound.*” Using the
Enemark-Feltham notation for nitrosyl complexes® this leads
to notations {FeNR}® for [1] and {FeNR}® for [1]7, and by that
avoids singling out or overemphasizing a particular resonance
structure.

Given these computed electronic structures of the “iron(u)
imidyl” [1]™ as well as the “iron(u) nitrene” [1], we were curious
if and how they would translate to differences in chemical
reactivity. Both complexes showed only limited H-atom
abstraction capabilities in case of 1,4-cyclohexadiene (after
24 h: [1]: 39%; [1] : 73%). H atom abstraction from 1-hydroxy-
2,2,6,6-tetramethyl-piperidine (TEMPO-H) was observed for [1]
(24 h: 25% TEMPO by X-band EPR spectroscopy), whereas for
[1]” an ill-defined transformation of the imido complex was
detected, without significant formation of TEMPO. These
observations can be explained by the steric congestion. Possibly
also to the ambivalent electronic nature of both complexes may
contribute to the observed differences in reactivity. Reaction
products of the H atom abstraction, e.g. the corresponding
amides, could neither be identified nor isolated. This is attrib-
uted to subsequent reaction pathways such as scrambling of the
amide ligands, as observed in a related cobalt system.*® Sub-
jecting [1] to an excess PEt; resulted in initial disappearance of
the *'P NMR signal of PEt;. This phenomenon pointed to
reversible coordination of the phosphine to the paramagnetic
metal centre leading to spin polarisation and disappearance of
the *'P signal.* Addition of a stronger donor (2,2"-bipyridine) to
such a reaction mixture after 24 h led immediately to reoccur-
rence of the PEt; signal, and more importantly small amounts
of the nitrene transfer product MesN=PEt; (Scheme 2). This
points to a slightly electrophilic behaviour of [1]. In contrast,
[1]” is completely inert towards PEts, as was also observed for
the related cobalt complex.>® On the other hand [1]™ reacts with
CO to give MesNCO under nitrene transfer, whereas [1] does
not.

Isonitriles (‘BuNC, MesNC) interact with both complexes,
however no reaction product could be identified (ie., the

Nucleophilicity H atom
L /S\ - abstraction
I;e”' C=N-m
/ es
@ s
21
only @ [M]and [1]
(r TCSZ T
I
[1](—)
I
only only
M- |co PEtl 1]
Mes—N=C=0 Mes—N=PEt;
Electrophilicity

Scheme 2 Diverging reactivity of [1] and K{m}[1] towards nucleophiles,
electrophiles, and C—H bonds.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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L

Fig. 6 Solid state structure of K{m}[2]. The K{m} cation as well as H
atoms are omitted for clarity.

presumed carbodiimide RNC=NMes). Probing the nucleophi-
licity using CS, as a substrate revealed that [1] is unaffected for
a prolonged period of time. [1]” on the other hand reacted
readily via insertion into the imido metal bond resulting in the
dithiocarbonimidate complex [L,Fe (n>-S,C=NMes)]”, [2]”
(Fig. 6, Scheme 2). The assembly of a dithiocarbonimidate
ligand via this reaction is remarkable, as in the coordination
sphere of a metal it was only achieved by a [2 + 2] addition of
organo isothiocyanates with transient terminal metal sulfides*®
or oxidation of isonitriles with metal persulfides.** The forma-
tion of [2]” resembles the insertion of a carbodiimide into the
iron(n) imide bond of the nucleophilic [(Ph,B("BulM),)
Fe(NDipp)] ™. In both cases it likely results from an initial [2 + 2]
cycloaddition of one of the C=X bonds with the M-N unit, in
resemblance to the reaction of an imido nickel() complex with
CO, or an imido iron(v) complex with a carbodiimide
(PhNCNPh).>***[2]~ exhibits in solution a magnetic moment of
5.39 up that is close to the spin-value of an S = 5/2 ion (us o, =
5.92 ug). It shows that despite its mostly iron(u) imidyl character
K{m}[1] reacts with an electrophile as an iron(ur) imide, thus
underscoring the electronic flexibility of the imido iron unit.

Conclusion

Concluding, we describe with [Fe(NMes)L,]*~ (L = -N(Dipp)
SiMe;) a pair of isostructural imido iron complexes in two
oxidation states. The electronic structures of the two
compounds were comprehensively assessed, amongst others by
EPR and °’Fe Mdossbauer spectroscopy and magnetometry, and
revealed for both complexes a high-spin state. In line with the
computational analysis and structural features, the neutral
compound shares iron(n) nitrene and iron(m) imidyl character,
whereas the reduced form is described best as an iron(u) imidyl.
The change of the complexes' oxidation state is thus ligand and
metal based, revealing the electronic flexibility of the imido
metal bond. The ambiguity of the [FeNR] unit is reflected best
by [Fe(NMes)L,]” which shows a nucleophilic and electrophilic
behaviour. Upon oxidation to [Fe(NMes)L,]° the nucleophilicity
is lost in accordance with a shift to a more nitrene-like elec-
tronic situation. We foresee these reactivity shifts to be relevant
for directing NR group transfer reactivity of metal imidos
towards different functionalities in organic substrates.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Data availability

All experimental procedures, spectral data, and computational
data are included in the ESI.{ Xyz coordinates may be obtained
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request to C. G. W.
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General considerations

All manipulations were carried out in a glovebox or using Schlenk-type techniques under a dry
argon atmosphere. Used solvents were dried by continuous distillation over sodium metal for
several days, degassed via three freeze-pump cycles and stored over molecular sieves 4 A.
The 'H NMR spectra were recorded on a Bruker AV Il 500 or a Bruker AV 1l 300 NMR
spectrometers. Chemical shifts are reported in ppm relative to the residual proton signals of
the solvent (for 1H) or relative to the signal of the solvent itself (*3C). The 3P NMR spectra were
recorded on a Bruker AV Ill HD 300 and chemical shifts are reported in ppm relative to H3PO4.
w12 is the line width of a signal at half its maximum intensity. Integrals of the broad signals of
the silylamide units were obtained directly ore by peak fitting (in case of overlapping signals)
using the MestReNova software package. IR measurements were conducted on a Bruker
Alpha ATR-IR spectrometer. Elemental analyses were performed by the “in-house” service of
the Chemistry Department of the Philipps University Marburg, Germany using a CHN(S)
analyzer vario MICRO Cube (Elementar). The UV/VIS measurement were recorded on an
Analytik Jena Specord S600 spectrometer using WIinASPECT software and an UNISOKU
CoolSpeK Cryostat. The distinct signal at around 680 nm is assigned to a lamp change.
Solution magnetic susceptibilities were determined by the Evans method.! EPR
measurements considering the conversion of TEMPO-H to the TEMPO radical were carried
out at room temperature at X-band (9.38 GHz) by using a Bruker/Magnettech ESR 5000
spectrometer (experimental parameters: microwave frequency = 9.38 GHz, microwave power
= 1 mW, modulation amplitude = 0.5 G and 2 G, modulation frequency = 100 kHz). 2.2.2-
cryptand (crypt.222), 1,4-cyclohexadiene, 2,2,6,6-tetramethylpiperidinyloxyl, carbon disulfide
(CS,), and tetramethylsilane (TMS) were obtained commercially (Sigma-Aldrich, Acros, Strem,
Alfa Aesar) and -if not noted otherwise- used as received. 1,4-cyclohexadiene and carbon
disulfide were degassed, transferred into a glovebox and stored at -35 °C.
[Fe(N{Dipp}SiMes).],> and 1-azido-2,4,6-trimethylbenzene (NsMes)® and 1-hydroxy-2,2,6,6-
tetramethylpiperidin (TEMPO-H)* were prepared according to the respective literature
procedures.



Synthesis of K{crypt.222}[Fe(N{Dipp}SiMes)]

580 mg (1.05 mmol, 1 equiv.) [Fe(N{Dipp}SiMes),] were dissolved in 20 mL Et,O. Addition of
180 mg (1.31 mmol, 1.25 equiv.) KCg at —30 °C resulted in a color change from red to brown.
After stirring the mixture for 10 minutes the suspension was filtered and the filtrate was layered
with a solution of 414 mg (1.20 mmol, 1.05 equiv.) crypt.222 in 15 mL Et,0O. Storage at —35°C
led to the precipitation of a dark green crystalline solid. After filtration all remaining volatiles
were removed in vacuo to afford 909 mg (0.93 mmol, 89%) of
K{crypt.222}[Fe(N{Dipp}SiMes)2].

H-NMR (THF-ds, 298 K, ppm, 500 MHz): 28.71 (s, Wiz = 367 Hz), 27.35 (s, Wiz = 462.4 Hz),
12.17 (s, Wiz = 166 Hz), 2.76 (S, Wiz = 37 Hz, crypt), 2.70 (s, w1z = 41 Hz, crypt), 1.84 (s, Wi
= 35 Hz, crypt), 1.22 (s, wiz = 9.5 Hz), -0.6 (s, w12 = 950 Hz,), —100.5 (s, wiz = 1420 Hz).

IR (ATR, cm) v: 2942 (m), 2884 (m), 2838 (m), 1577 (w), 1469 (w), 1453 (w), 1448 (w),1423
(m), 1356 (m), 1314 (m), 1294 (w), 1234 (s), 1223 (s), 1193 (m), 1135 (m), 1100 (vs), 1072
(s), 1051 (w), 947 (m), 926 (vs), 880 (w), 836 (vs), 780 (s), 747 (m), 660 (m), 617 (W), 538 (W),
521 (w), 429 (m).

Elemental analysis: calcd. (%) for C4sHssFeKN4OsSi» (968.37 g mol™): C59.54 H9.16 N 5.79;
found: C 59.74 H 9.112 N 5.83.

Solution magnetic susceptibility: per = 4.66 ug (THF-ds+ 1% Si(CHs)4, 500 MHz, 298 K).
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Figure S1. *H-NMR spectrum of K{crypt.222}[Fe(N{Dipp}SiMes).] in THF-ds (298 K, 300 MHz).



Synthesis of K{crypt.222}[Fe(NMes)(N{Dipp}SiMes)2]
(K{crypt.222}[1])

Path A:

80 mg (0.1 mmol, 1 equiv.) K{crypt}[Fe(N{Dipp}SiMes).] were dissolved in a mixture of 2 mL
Et,O and 1 mL THF. Addition of 14 mg (0.1 mmol, 1 equiv.) NsMes at —35 °C resulted in an
immediate color change from green to dark green under concomitant gas evolution. After
stirring the mixture for 5 minutes, the mixture was layered with 3 mL n-pentane and stored at
—-35 °C. After one day, the solution was removed via pipette and the remaining dark green
crystals were rinsed with 2x3 mL pentane. Drying in vacuo yielded 78 mg (0.1 mmol, 86%)
K{crypt.222}[1].

Path B:

100 mg (0.15 mmol, 1 equiv.) [Fe(NMes)(N{Dipp}SiMes)-] ([1]) were dissolved in 3 mL Et,0.
After addition of 49.0 mg (0.14 mmol, 0.95 equiv.) crypt.222 and 22.0 mg (0.16 mmol,
1.1 equiv.) KCg the suspension was stirred for 30 min. Meanwhile, a color change from brown
to yellowish brown was observed. The suspension was filtered, the filtrate layered with 3 mL
n-pentane and stored at —35 °C. After one day, the solution was removed via pipette and the
remaining dark yellow crystals were rinsed with 2x3 mL pentane. The crystals were
characterized through X-ray diffraction analysis and *H NMR spectroscopy.

'H-NMR (THF-ds, 298 K, ppm, 300 MHz): 45.2 (s, wi2= 85 Hz), 11.0 (s, wi2= 1060 Hz), 5.83
(s, wiz = 870 Hz), 3.50 (s, wiz= 21.2 Hz), 2.50 (s, w1z = 14.7 Hz), —3.20 (s, wiz = 475 Hz),
-39.6 (s, wiz2= 470 Hz).

IR (ATR, cm™) v: 2975 (m), 2880 (m), 2973 (m), 1596 (w), 1465 (w), 1425 (s), 1350 (s, 1298
(s), 1240 (vs), 1194 (s), 1090 (vs), 1073 (vs), 946 (s), 900 (s), 825 (vs), 773 (s), 738 (m), 669
(m), 542 (w), 432 (w).

Elemental analysis: calcd. (%) for Cs;HasFeKNsO6Siz (1101.56 g mol™): C 62.15 H 9.06 N
6.36; found: C 61.82 H 8.851 N 6.38.

Solution magnetic susceptibility: per = 5.39 ug (THF-ds+ 1% Si(CHs)4, 500 MHz, 298 K).
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Figure S2. 'H NMR spectrum of K{crypt.222}[Fe(NMes)(N{Dipp}SiMes),] (K{crypt.222}[1]) in
THF-ds (298 K, 300 MHz).
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Figure S3. UV-VIS spectrum of K{crypt.222}[Fe(NMes)(N{Dipp}SiMes),] (K{crypt.222}[1]) in
1,2-DFB.
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Figure S4. ATR IR-spectrum of K{crypt.222}[Fe(NMes)(N{Dipp}SiMes),] (K{crypt.222}[1]).

Synthesis of [Fe(NMes)(N{Dipp}SiMes)2] ([1])

Path A:

50.0 mg (0.05 mmol, 1 equiv.) K{crypt.222}[1] were dissolved in 1 mL 1,2-difluorobenzene.
After addition of 12.0 mg (0.05 mmol, 1 equiv.) AgOTf the solution was stirred for 3 hours. The
solvent was removed in vacuo and the brown residue was dissolved in C¢Ds. The obtained *H-
NMR spectra showed the formation of [1]. No further purification was carried out due to the
high purity of [1] by Path B.

Path B:

300 mg (0.50 mmol, 1 equiv.) [Fe(N{Dipp}SiMes),] were dissolved in 3 mL n-pentane. Addition
of 88 mg (0.50 mmol, 1 equiv.) NsMes at —35 °C resulted in an immediate color change from
red to brown under concomitant gas evolution. After stirring the mixture for 30 minutes, the
solution was stored at —35 °C. After two days, the solution was removed via a Pasteur pipette
and the remaining brown crystals were dried in vacuo yielding 236 mg (0.34 mmol, 64%) [1].



'H-NMR (CsDs, 298 K, ppm, 300 MHz): 78.1 (s, wiz= 141 Hz), 6.82 (s), 6.72 (s), 6.62 (s), 6.55
(s, wi2=4.7 Hz), -12.3 (s, wi2= 670 Hz), -41.7 (s, wi2= 190 Hz).

IR (ATR, cm™) v: 3041 (m), 2951 (m), 2883 (m), 2861 (m), 2816 (m), 1606 (w), 1585 (w), 1476
(m), 1445 (m), 1422 (m), 1313 (m), 1296 (m), 1235 (s), 1132 (m), 1102 (vs), 1077 (s), 1040
(w), 948 (s), 930 (m), 905 (s), 828 (vs), 778 (s), 745 (m), 667 (w), 620 (w), 570 (m), 537 (m),
523 (m), 435 (m).

Elemental analysis: calcd. (%) for CssHssFeN:Si, (685.97 g mol™'): C 68.29 H 9.26 N 6.13;
found: C 68.70 H 9.142 N 6.20.

Solution magnetic susceptibility: peir = 4.98 g (CeDs + 1% Si(CHs)s, 500 MHz, 298 K).
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Figure S5. *H NMR spectrum of [Fe(NMes)(N{Dipp}SiMes)2] ([1]) in CsDs (298 K, 300 MHz).
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Figure S6. UV-VIS spectrum of [Fe(NMes)(N{Dipp}SiMes)] ([1]) in n-pentane.
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Figure S7. ATR IR-spectrum of [Fe(NMes)(N{Dipp}SiMes)2] ([1]).

Synthesis of K{crypt.222}[Fe(N{Dipp}SiMes)2(n>-S2CNMes)]
(K{crypt.222}[2])

40 mg (0.040 mmol, 1 equiv.) K{crypt.222}[Fe(N(Dipp)SiMes)2(NMes)] (K{crypt.222}[1]) were
dissolved in 3 mL 1,2-difluorobenzene. To the solution 3 mg (0.04 mmol, 1 equiv.) CS, were
added. While stirring the mixture for 30 minutes, a color change from dark green to reddish
was observed. The solution was layered with 3 mL n-pentane and stored at —35 °C. After one
day, the solution was removed via a Pasteur pipette and the remaining dark red crystals were
rinsed with 2x3mL pentane. Drying in vacuo yielded 37 mg (0.03 mmol, 80%) K{crypt.222}(2].

H-NMR (THF-dg, 298 K, ppm, 300 MHz): 81.3 (s, w12 = 350 Hz), 15.8 (s, w12 = 218 Hz), 9.64
(s, wiz =720 Hz), 3.67 (s, cryptand), 2.74 (s, cryptand, wie = 49.7 Hz), -5.61 (s, w1z = 2430
Hz), —69.8 (s, w1z = 340 Hz).

IR (ATR, cm™) v: 2954 (m), 2882 (m), 2864 (m), 2813 (m), 1544 (m), 1475 (w), 1457 (m), 1423
(m), 1378 (m), 1353 (w), 1296 (m), 1234 (s), 1205 (m), 1177 (w), 1131 (m), 1101 (vs), 1076
(s), 949 (s), 889 (m), 866 (m), 832 (vs), 778 (vs), 751 (s), 690 (s), 671 (m), 618 (w), 572 (w),
537 (m), 524 (m), 437 (m).

Elemental analysis: calcd. (%) for CsgsHooFeKNs06S2Si, (1177.69 g mol?): C 59.15 H 8.47 N
5.95 S 5.44; found: C 59.51 H 8.431 N 5.67 S 5.65.

Solution magnetic susceptibility: peis = 5.84 ug (THF-ds+ 1% Si(CHs)4, 500 MHz, 298 K).
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Figure S8. M NMR spectrum of K{crypt.222}[Fe(N{Dipp}SiMes)z(n3-S.CNMes)]
(K{crypt.222}[2]) in THF-ds (298 K, 300 MHz).
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Figure S9. UV-VIS spectrum of K{crypt.222}[Fe(N{Dipp}SiMes)2(n>-S.CNMes)]
(K{crypt.222}[2]) in 1,2-DFB.
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Figure S10. ATR IR-spectrum of K{crypt}[Fe(N{Dipp}SiMes)2(n?-S.CNMes)] (K{crypt.222}[2]).



Reactivity of Imido Complexes with Phosphines

Reaction of K{crypt.222}[1] with PEts

To a solution of 30 mg (0.03 mmol, 1 equiv.) K{crypt.222}[1], dissolved in 0.4 mL THF, a
second solution of 6 mg (0.05 mmol, 2 equiv.) PEts, dissolved in 0.2 mL THF, was added. After
stirring the solution for 24 h the reaction mixture was analyzed by *'P NMR. No formation of
EtsP=NMes (§ = 6.8 ppm) was observed. An authentic sample of EtsP=NMes was prepared
via the Staudinger reaction between PEts and N3Mes to confirm this signal. The signal at § =
-16.8 ppm belongs to the employed PEts.
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Figure S11. 3P NMR spectrum of K{crypt.222}[Fe(NMes)(N{Dipp}SiMes)2] (K{crypt.222}[1])
and 2 equiv. of PEt; in THF after 24 h (298 K, 250 MHz).

After addition of the stronger complex agent 2,2 -bipyridin (5 mg, 0.03 mmol, 1.3 equiv.) the
solution was stirred for additional 24 h. No other signals besides that of PEt; could be observed
by 3P NMR spectroscopy (Figure S12).
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Figure S112. 3P NMR spectrum of the abovementioned reaction mixture
(K{crypt.222}[Fe(NMes)(N{Dipp}SiMes),] (K{crypt.222}[1]) and 2 equiv. of PEtz in THF-ds)
which was treated with 2,2’-bipyridin and measured again after 24 h (298 K, 250 MHz).
Independent reaction of EtsP=NMes with [1]- or with the iron(ll) silylamide
K{crypt.222}[Fe(N{Dipp}SiMes),], resulting from a successful nitrene transfer of [1]" to PEts,
gave no interactions by means of P NMR spectroscopy.



Reaction of [1] with PEt;

To a solution of 30 mg (0.04 mmol, 1 equiv.) [1], dissolved in 0.4 mL n-pentane, a second
solution of 10 mg (0.08 mmol, 2 equiv.) PEts, dissolved in 0.2 mL n-pentane, was added. After
stirring the solution for 24 h the reaction mixture was analyzed by 3P NMR with no observable
formation of EtsP=NMes (§ = 6.8 ppm). Only a very broad and small signal of the employed
PEts was observed (Figure S12), which is attributed to reversible binding of the phosphine to

[1].
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Figure S13. 3P NMR spectrum of K{crypt.222}[Fe(NMes)(N{Dipp}SiMes).] (K{crypt.222}[1])
with added 2 equiv. of PEt; in THF-ds after 24 h(298 K, 250 MHz).

After addition of the stronger complex agent 2,2 -bipyridin (8 mg, 0.05 mmol, 1.3 equiv.) the
reversible phosphine coordination is blocked with reoccurrence of a sharp signal for PEts as
well as observation of a signal at § = 6.8 ppm that corresponds to Et;P=NMes (Figure S14).
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Figure S14. 3P NMR spectrum of [Fe(N(NMes){Dipp}SiMes).] [1]) with added 2 equiv. of PEt;
in THF-ds after 24 h(298 K, 250 MHz).

Independent reaction of EtsP=NMes with [1] or with the iron(ll) silylamide [Fe(N{Dipp}SiMes)],
resulting from a successful nitrene transfer of [1] to PEts, revealed no interactions by means of
3P NMR spectroscopy.
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Reactivity towards carbon monoxide

Reaction of K[{crypt.222}[1] with CO

30 mg (0.03 mmol, 1 equiv.) K{crypt.222}{1] were dissolved in 0.5 mL THF-ds in a J-Young
NMR tube and 1atm. CO was added. The green solution was analyzed by 'H NMR
spectroscopy after 24 h. Formation of MesNCO (integrated signals) is visible (Figure 15).°
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Figure S15. *H NMR spectrum of K{crypt.222}[Fe(NMes)(N{Dipp}SiMes),] (K{crypt.222}[1])
24 h after addition of 1 atm. CO in THF-ds (298 K, 300 MHZz).

Reaction of [1] with CO

30 mg (0.04 mmol, 1 equiv.) [1] were dissolved in 0.5 mL Cg¢Ds in a J-Young NMR tube and
1 atm. CO was added. The brown solution was analyzed by *H NMR spectroscopy after 24 h
(Figure S16) yielding only the signature of the employed [1].
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Figure S16. *H NMR spectrum of [Fe(NMes)(N{Dipp}SiMes).] ([1]) 24 h after addition of 1 atm
CO in C¢Dg after 24 h (298 K, 300 MHz).
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Hydrogen atom transfer (HAT) reactivity

Reaction of K{crypt.222}[1] with 1,4-Cyclohexadiene

To a solution of 25mg (0.02mmol, 1 equiv.) K{crypt.222}{1], dissolved in 0.5 mL

tetrahydrofuran-ds, 4 mg (0.04 mmol, 2 equiv.) 1,4-CHD were added. After stirring the solution

for 24 hours formation of benzene (§ = 7.30 ppm, 73 % conversion) was observed by *H NMR

spectroscopy. Attempts for identification and isolation of the presumably resulting iron amide

complex or any other iron containing reaction product via crystallisation was not successful.
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Figure S17. *H NMR spectrum of K{crypt.222}[Fe(NMes)(N{Dipp}SiMes),] (K{crypt.222}[1])
24 h after addition of 2 equiv. 1,4-CHD in THF-ds (298 K, 300 MHZz).

Reaction of [1] with 1,4-Cyclohexadiene

To a solution of 30 mg (0.04 mmol, 1 equiv.) [1], dissolved in 0.5 mL toluene-ds, 7 mg
(0.09 mmol, 2 equiv.) 1,4-CHD were added. After stirring the solution for 24 h formation of
benzene (5§ = 7.12 ppm, 39% conversion) was observed by *H NMR. Attempts for identification
and isolation of the presumably resulting iron amide complex or any other iron containing
reaction product via crystallisation was not successful.
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Figure S18. 'H NMR spectrum of [Fe(NMes)(N{Dipp}SiMes).] ([1]) 24 h after addition of 2
equiv. 1,4-CHD in toluene-ds (298 K, 300 MHz).
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Reaction of K{crypt.222}[1] with 1-Hydroxy-2,2,6,6-tetramethyl-piperidine (TEMPO-H)
To a solution of 30 mg (0.03 mmol, 1 equiv.) K{crypt.222}[1], dissolved in 0.5 mL THF-ds, 4 mg
(0.03 mmol, 1 equiv.) TEMPO-H were added. The conversion was analysed by *H NMR
spectroscopy by calibrating TEMPO-H (6 = 1.08 ppm) versus the cryptand signal. The
conversion amounted to 35% after 24 h (by *H NMR). Attempts for identification or isolation of
the presumably formed iron amide or any other iron containing product was not successful.
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Figure S19. *H NMR spectra of K{crypt.222}[Fe(NMes)(N{Dipp}SiMes),] (K{crypt.222}[1]) in
addition of 1 equiv. TEMPO-H in THF-dg after 15 min (a) and 24 h (b) (298 K, 300 MHz).

In addition to the NMR-experiment a mixture of 7 mg (0.01 mmol, 1 equiv.) K{crypt.222}[1] and
1 mg (0.01 mmol, 1 equiv.) of TEMPO-H, dissolved in 0.4 mL THF, was examined via X-Band
EPR spectroscopy. The time-dependent graph shows initial formation of minor amounts of the
TEMPO radical that vanish over time. Given the significant conversion of TEMPO-H by 'H
NMR spectroscopy (35% after 24 h) this indicates follow-up/side reactions of either TEMPO or
TEMPO-H with either the formed amide or the employed imide.
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Figure S20. Left: X-Band EPR spectrum of K{crypt.222}[Fe(NMes)(N{Dipp}SiMes),]
(K{crypt.222}[1]) with addition of 1 equiv. TEMPO-H in THF recorded after 10 min at 303.75 K
(frequency 9.436407 GHz, 1.0 mW microwave power, 0.5 G modulation amplitude with
100 kHz modulation frequency). Right: Time dependence of the absolute intensity of the the
EPR spectroscopic resonance due to the TEMPO radical, generated from the reaction of
K{crypt.222}[1] with 1 equiv. TEMPO-H.

Reaction of [1] with 1-Hydroxy-2,2,6,6-tetramethyl-piperidine (TEMPO-H)
To a solution of 30 mg (0.04 mmol, 1 equiv.) [1], dissolved in 0.5 mL, C¢Ds 7 mg (0.04 mmol,
1 equiv.) TEMPO-H were added. The reaction was monitored by *H-NMR-spectroscopy.
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Figure S21. *H NMR spectra of [Fe(NMes)(N{Dipp}SiMes)] ([1]) treated with 1 equiv. TEMPO-
H in toluene-ds, measured after 15 min (a) and 24 h (b) (298 K, 300 MHZz), showing the partial
conversion of [1] and appearance of a set of signals ascribed to one or more paramagnetic
species.
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In addition to the NMR-spectroscopic experiments, EPR-spectroscopic examination of a
solution of 4 mg (0.01 mmol, 1 equiv.) [1] and 1 mg (0.01 mmol, 1 equiv.) TEMPO-H in 0.4 mL
toluene was carried out. The EPR spectroscopic resonance of TEMPO generated in this
reaction is shown in Figure S22 (left); a plot showing the intensity of this signal as a function
of the reaction time is shown in Figure S22 (right). In order to evaluate the amount of TEMPO
generated in this reaction, an EPR spectroscopic calibration curve for the TEMPO radical was
recorded, covering the relevant concentration range of the TEMPO radical (Figure S23). Using
this calibration, the conversion of TEMPO-H to TEMPO reached 34% after 24 h. Only minor
changes were observed after that (conversion of TEMPO-H to TEMPO after 47 h: 36%).
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Figure S22. Left: X-Band EPR spectrum of [Fe(NMes)(N{Dipp}SiMes).] ([1]) 10 minutes after
addition of 1 equiv. TEMPO-H in toluene (collected at 303.75 K (frequency 9.436407 GHz, 1.0
mW microwave power, 2 G modulation amplitude with 100 kHz modulation frequency). Right:
Time dependence of the absolute EPR intensity of the TEMPO radical formed from the reaction
of [Fe(NMes)(N{Dipp}SiMes),] ([1]) with 1 equiv. TEMPO-H.
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Figure S23. Calibration slope of absolute intensitiy of the EPR spectroscopic signal of TEMPO
vs. the concentration of TEMPO in toluene (c = 0.01 mg/mL; 0.10 mg/mL; 0.20 mg/mL;
0.667 mg/mL; 0.75 mg/mL; 1.0 mg/mL).
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Cyclic voltammetry

The redox behavior of K{crypt.222}[1] was examined by using a microcell HC “closed” stand
(rhd instruments) in combination with a temperature controller (rhd instruments) and an
AUTOLAB PGSTAT 202 (Metrohm GmbH) potentiostat/galvanostat. The measurements were
performed at 25+0.1 °C, using a TSC 1600 Closed (rhd instruments) Pt cell in a three electrode
configuration with Pt wires acting as pseudo reference and as working electrode. The redox
behaviour of [1] was examined by using a TSC 1600 Closed (rhd instruments) glassy carbon
cell in a three-electrode configuration with an Ag wire acting as pseudo reference electrode
and a glassy carbon working electrode. To secure reproducible conditions the electrodes were
freshly polished, rinsed with THF and dried in vacuo for 2 hours. 2 mm of analyte and 0.1 M
nBusN[PFg], which acted as electrolyte, were used in the default measurement setup. The
[FeCp2] / [FeCp2]* (Fc/Fc*) redox couple was used as internal standard. The measurements
were performed at four different scan rates (50, 100, 200, 500 mV/s), with two full cycles per
scan rate. Peak potentials and currents of the second cycle of each measurement were
determined using the NOVA Software (ver. 2.1.4, Metrohm GmbH).
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Figure S24. Cyclic voltammograms of K{crypt.222}[1] in THF at depicted scan rates (0.1 M
NBusN[PF¢] vs Fc/Fc*). The redox process at —1.40 V is assigned to the [1]7/ [1] couple.
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Figure S25. Randles-Sevcik fit for the electron transfer at E1,=—1.40 V of K{m}[1] in THF.
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Table S1. Electrochemical data for the electron transfer at E1»,=—1.40 V of K{crypt.222}[1] in

THF.
Scan rate /mV/S E1/2 /V Ipa /“.A Ipc /lJ.A ||pa/|pc|
50 “1.42 ~0.25
100 -1.41 0.20 -0.31 1.49
200 -1.40 0.32 -0.43 1.33
500 -1.40 0.60 -0.62 1.03
0
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M nBusN[PFs] vs Fc/Fc™). The reversible redox process is assigned to the [1]7/[1] couple.
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Figure S26. Section of the cyclic voltammogram of [1] in THF at a scan rate of 200 mV/s (0.1
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Figure S27. Randles-Sevcik fit for the electron transfer at Ey» = -=1.72 V of [1] in THF.

Table S2. Electrochemical data for the electron transfer at E1,=—-1.72 V of [1] in THF.

Scan rate /mV/s | Ei IV lpa IHA loc [UA [Tpa/lpc|
50 -1,74 0.053 —-0.065 0.82
100 -1.70 0.072 -0.085 0.85
200 -1.72 0.13 -0.12 1.08
500 -1.71 0.21 -0.18 1.17
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Mossbauer spectroscopy

Mdossbauer spectra were recorded with a ®’Co source in a Rh matrix using an alternating
constant acceleration Wissel Méssbauer spectrometer operated in the transmission mode and
equipped with a Janis closed-cycle helium cryostat. Isomer shifts are given relative to iron
metal at ambient temperature. Simulation of the experimental data was performed with the Mfit
program using Lorentzian line doublets: E. Bill, Max-Planck Institute for Chemical Energy
Conversion, Mulheim/Ruhr, Germany.
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Figure S28. Zero field °’Fe Mdssbauer spectrum of solid K{crypt.222}[1] at 80 K. The green
line represents a fit with 6 = 0.43 mm/s, |AEQ| = 4.18 mm/s, which can be assigned to
K{crypt.222}[1] (91.4%). The blue line represents a fit with & = 0.60 mm/s, |AEQ| =0.80 mm/s,
which assigned to an unknown iron(ll) byproduct (8.6%).
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Figure S29. Zero field °’Fe Mossbauer spectrum of solid [1] at 80 K. The red line represents
a fit with & = 0.21 mm/s, |AEq| = 3.45 mm/s, which can be assigned to [1].
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Magnetic measurements

Temperature-dependent magnetic susceptibility measurements were carried out with a
Quantum-Design MPMS3 SQUID magnetometer equipped with a 7 Tesla magnet in the range
from 210 to 2.0 K at a magnetic field of 0.5 T. The powdered samples were contained in a
polycarbonate capsule, covered with a few drops of low viscosity perfluoropolyether based
inert oil Fomblin Y45 to fix the crystals, and fixed in a non-magnetic sample holder. Each raw
data file for the measured magnetic moment was corrected for the diamagnetic contribution of
the sample holder and the polycarbonate capsule. The molar susceptibility data were corrected
for the diamagnetic contribution.

Experimental temperature dependent and VTVH (variable temperature — variable field) data
were simultaneously modelled by using a fitting procedure to the appropriate Heisenberg-
Dirac-van-Vleck (HDvV) spin Hamiltonian for Zeeman splitting and zero-field splitting, equation

1).
A=gusBS+D [SZZ —25(S+ 1)] (1)

Simulation of the experimental magnetic data was performed with the julX_2s program: E. Bill,
Max-Planck Institute for Chemical Energy Conversion, Milheim/Ruhr, Germany.
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Figure S30. Plot of ymT vs temperature of K{crypt.222}[1] with an applied field B=0.5T. The
green line represents the best fit with the parameters S =5/2, D = 2.5 cm™, g = 2.01.
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Figure S31. Plot of Mmo Vs psB of K{crypt.222}{1] with an applied field B=1T (red), 4 T (blue)
7 T(green). The lines represent the best fit with the parameters S=5/2, D=2.5cm™, g = 2.01.
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Figure S32. Moment vs. field measurement of K{crypt.222}[1] at 100 K. The linear behaviour

(red line, goodness of linear correlation: Pearson R = 0.99999, R? = 0.99997) clearly indicates
the absence of magnetic impurities/nanoparticles.
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Figure S33. Plot of yuT vs temperature of [1] with an applied field B = 0.5 T. The red line
represents the best fit with the parameters S=2,D=-3.5cm™, g =2.12.
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Figure S34. Plot of Mmo Vs psB of [1] with an applied field B =1 T (red), 4 T (blue) 7 T(green).
The lines represent the best fit with the parameters S=2, D =-3.5cm™, g =2.12.
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Figure S35. Moment vs. field measurement of [1] at 100 K. The linear behaviour (red line,

goodness of linear correlation: Pearson R = 0.99996, R? = 0.99993) clearly indicates the
absence of magnetic impurities/nanoparticles.
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Electron-paramagnetic-resonance spectroscopy (EPR)

Helium-temperature EPR spectra were performed on a Bruker EMXplus (X-band) EPR
spectrometer equipped with the Bruker ER4118X-MD5 probe head. The freshly prepared
samples were transferred to J. Young quartz EPR tubes and sealed. The solution in the tube
was frozen in liquid nitrogen and kept frozen until measured.

]

-

— simu.

T T T T
100 200 300 400
Field / mT

Figure S36. X-Band EPR spectrum of K{crypt.222}[1] in frozen THF (frequency
9.354709 GHz, 1.002 mW power, 4.996 G modulation amplitude) collected at 13.0 K (black).
Simulation of data using the program EasySpin (red).[ Fitting parameters: S = 5/2, g1 = 6.5,
02=4.28,093=4.18; A1 = 349.69 G, A, =3.57 G, A3 =42.82 G.

exp.

T T T T
100 200 300 400
Field / mT

Figure S37. X-Band EPR spectrum of [1] in frozen n-hexane (frequency 9.359903 GHz,
1.002 mW power, 5 G modulation amplitude) collected at 12.97 K. The weak signals at g1 =
4.3, g2 = 2.0 are attributed to minimal amounts of an unknown iron(lll) impurity.
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Quantum chemical calculations

The calculations were performed with ORCA v. 5.0.1 and v. 5.0.2. Three computational
strategies were applied, relying either (1.) on the structural parameters from the solid-state
structures, or (2) the structural parameters from the solid state in combination with truncation
of bulky side-groups, or (3.) optimization of all structural parameters without any constraints.
We have applied very similar computational protocols for the analysis of much related
compounds.®

1. The positions of all hydrogen atoms were optimized (optimizehydrogens true) using the
structural parameters from the solid-state structures and thus constraining the positions
of all other atoms (PBE functional). Single point calculations were performed using the
PBE,® PBEO,™ and TPSSh,M functionals. Scalar relativistic effects were modeled
under the Zeroth Order Regular Approximation (ZORA)*? and the ZORA-def2-
TZVPP™ I basis set. The D4 dispersion correction was used. The RI approximation
with the related auxiliary basis sets (SARC/J)*% were used to reduce computation time
of calculations using the GGA functionals. For hybrid functionals, the RIJCOSX
approximation was applied. Tighter-than-default scf (tightscf) criteria were applied.
Mossbauer and EPR parameters were calculated following this approach. In case of
the EPR calculations, 2" order contribution to the HFCs from spin orbit coupling were
considered (aorb). The calculation of the Mdssbauer parameters followed the
procedure developed by Bjornsson et al. using the “full calibration parameter set” and
consequently the functionals TPSSh, BP86 (instead of PBE) and B3LYP (instead of
PBEO).[®

2. The positions of all hydrogen atoms were optimized (optimizehydrogens true) using the
structural parameters from the solid-state structures and thus constraining the positions
of all other atoms (PBE functional). Additionally, the two Dipp groups were truncated by
methyl groups. CASSCF/NEVPT2 calculations were then carried out at the triple-C level
of theory (ZORA-def2-TZVPP, SARC/J, autoaux, RIJCOSX), with active spaces of
(10,9) and (11,9) for [1] and [1], respectively (Table S15).7 The active space was
chosen as to include d-orbitals, ligand centered orbitals and one set of aryl substituent
centered 1 and 1* orbitals (Fig. S76 — S80). Spin-orbit contributions were included by
quasi-degenerate perturbation theory (QDPT). The electronic structure analysis in the
main part of the manuscript relates to calculations without state averaging, whereas
state-averaging was applied to determine the energies of vertically excited states.

3. This approach followed strategy (1), except that the structural parameters were
optimized without constraints using the PBE, PBEO and TPSSh functionals and the
ZORA-def2-SVP basis set (def2-TZVP on Fe). All optimized structures were verified as
true minima by the absence (N™9 = Q) of negative eigenvalues in the harmonic
vibrational frequency analysis. Intrinsic bond orbitals (IBOs, Fig. 64)® were calculated
at the triple-C level of theory and were visualized using Chemcraft and IBOview. The
results obtained with PBE, TPSSh, PBEO were consistent, with each functional giving
rise to one strongly covalent orbital between the imido ligand and the metal. Following
the amount of exact exchange, PBE slightly favors a d®, i.e. Fe'' description for [1],
whereas TPSSh and PBEO slightly favor a d ¢, i.e. Fe'", electron configuration (vide
infra).
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Table S3. Comparison of experimental (XRD) and

lengths and angles of [1]” and [1].

computed (TPSSh, PBE, PBEO) bond

[ [1]
XRD TPSSh PBE | PBEO | XRD TPSSh PBE | PBEO
Fe—Nimiao /A | 1.774 1.767 1.767 1.760 | 1.741 1.738 1.72 1.764
Fe—Namido 1.955 1.944 1.935 1.959 | 1.900 1.876 1.874 1.882
1A
N—Cwes /A | 1.339 1.336 1.335 1.332 | 1.337 1.331 1.342 1.315
N-Fe-N/° | 115.0 113.3 112.4 114.2 | 114.3 115.8 117.5 114.4
Fe—Nimiao—C | 173.6 179.5 173.8 179.2 | 177.5 173.0 173.1 173.5
/O
Table S4. Calculated Méssbauer parameters.
Functional JAE [mm s7%] |§[mm s7Y]
[1] Exp. 3.45 0.21
[1]- Exp. 4.17 0.43
[1] BP86 2.64 0.29
[1]~ BP86 3.86 0.38
[1] TPSSh 2.98 0.78
[1]- TPSSh 3.95 0.88
[1] B3LYP 3.25 0.26
[1]- B3LYP 4.05 0.37

Table S5. Spectroscopic parameters obtained by DFT methods. A-values are given in [MHz].

Ox |9y |9z |Ax(Fe) |Ay(Fe)|Az (Fe) | Ax (Nimido) | Ay (Nimido) | Az (Nimido)
TPSSh//Hopt
[1]- 2.01]/2.01|2.02 4.8 5 8.1 6.3 16.8 9.1
[1] 2.01]2.02|2.02 10.3 11.1 11.5 20.8 10.6 -3.3
PBE//Hopt
1]~ 2.01]2.01[2.02 5.9 6.7 8 6.5 15.4 9
[1] 2.01]2.01|2.02 10 11.7 13.6 21.4 11 2.1
PBEO//Hopt
1]~ 2[2.01]2.02 -4.3 -4.6 -0.5 7.3 18 9.8
[1] 2/2.01]2.02 -1 0.5 0.8 19.8 11.6 -5.5
TPSSh//TPSSh
[1]- 2.01]/2.01|2.02 3.6 3.7 6.6 6.3 16.7 9.2
[1] 2.01]2.01|2.02 10.3 11.2 11.6 19.7 9.7 11.6
Experimental
[1]- 6.5]4.28|4.18 / / / 980 10 120
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Table S6. Spectroscopic parameters obtained by QDPT/NEVPT2/CASSCF. A-values are
given in [MHz], D- and E/D-values in [cm™™].

Ox |9y |9z |Ax(Fe) |Ay(Fe) |Az(Fe) |Ax (Nimido) | Ay (Nimido) | Az (Nimido) | D E/D
[1]7]12.00|2.00|2.04 18.1 -10.6 22.5 2.1 10.5 -2.8| -0.710.186
[1] {2.00]2.00]2.02 13.0 18.8 7.5 21.2 -7.8 1.8(-1.3/0.168

B o

=

Figure S39. Metal-involving IBOs of [1]- (TPSSh//TPSSh).
0.62844 [ 1520]: 222111100
0.20752 [ 1485]: 221111110
0.12910[ 1425]: 220111120
0.01176 [ 967]: 121211110
0.01052 [ 1139]: 202111102
0.00349[ 1079]: 201111112
0.00274[ 1282]: 211111111

Figure S40. Configuration of ground state of [1] as obtained by CASSCF(10,9).
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Figure S41. Entire active space [CASSCF(10,9)] of [1].
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Figure S42. Reduced Loéwdin’s population analysis of active space in CASSCF(10,9) of [1].
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0.08912[ 465]: 211221110
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Figure S43. Configuration of ground state of [1]~ as obtained by CASSCF(11,9).
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Fig. S44. Entire active space [CASSCF(11,9)] of [1]".
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Figure S45. Reduced Loéwdin’s population analysis of active space in CASSCF(11,9) of [1]".

Table S7. Covalency of w-bonds in [1]~ according to Lowdin’s population analysis of the
CASSCF(11,9) calculations.

Fe N
d(yz)/n 68 20
n/d(xz) 22 41
n*/d(yz) 35 50
d(xz)/n* 73 11
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Table S8. Energies as obtained by strategy 1. Values are given in [Eh].

Functional E G E(SP)
[ PBE -3544.58506 -3543.76372 -3546.51764
[1] PBE -3544.50905 -3543.68365 -3546.43757
[1] TPSSh -3547.59864 -3546.75085 -3549.53167
[1] TPSSh -3547.51509 -3546.66455 -3549.44507
[1] PBEO -3544.84374 -3543.98957 -3546.77083
[1] PBEO -3544.75381 -3543.89704 -3546.67833

Table S9. Vertical energy gaps between S = 5/2 (ferromagnetically coupled) and S = 3/2
(antiferromagnetically coupled) states of [1]” as obtained by the PBE, TPSSh and PBEO
functionals or CASSCF/NEVPT2 (strategy 1). Negative energy differences AE indicate

ferromagnetic coupling.

AEin | Léwdin's spin density on | v 0C'rlogen atom of S - | 31in o)
5/2 state in [a.u.]
PBE 0.05 3.61 0.52 93
TPSSh ~0.01 374 0.54 113
PBEO ~0.08 3.85 0.54 +151
SACASSCE | -0.18 3.98 0.66 n.a

Table S10. Electronic structure of broken-symmetry states of [1]” as obtained by the PBE,
TPSSh and PBEO functionals or CASSCF/NEVPT?2 (strategy 1). Negative energy differences

AE indicate ferromagnetic coupling. UCO = unrestricted corresponding orbitals.
Léwdin’s spin density | Léwdin’s spin density Assiagnment of
AE in on Fe of "broken on imido nitrogen atom | UCO g
" ; P " »broken sym-
[eV] symmetry" state in of “broken symmetry"” |overlap «
. metry“ state
[a.u.] state in [a.u.]
Fe' nitrene
PBE +0.05 +2.74 +0.06 0.92 (LMCT state)
TPSSh -0.01 +3.09 -0.14 0.77 Fe!' imidyl
PBEO -0.08 +3.34 -0.28 0.6 Fe" imidyl
saCASSCF/ | _ B -
NEVPT2 0.18 +3.37 0.31 n.a. Fe'' imidyl

Table S11. Vertical energy gaps between S = 5/2 (ferromagnetically coupled) and S = 3/2
(antiferromagnetically coupled) states of [1]” as obtained by the PBE, TPSSh and PBEO
functionals (strategy 3). Negative energy differences AE indicate ferromagnetic coupling.

Léwdin’s Spin Léwdin’s Spin Density on
AE in [eV] | Density on Fe of S= |imido nitrogen atom of S = Jin[cm™]
5/2 state in [a.u.] 5/2 state in [a.u.]
PBE -0.14 +3.62 +0.51 +230
TPSSh -0.18 +3.76 +0.54 +311
PBEO -0.22 +3.87 +0.54 +411
Table S12. Electronic structure of broken-symmetry states of [1]” as obtained by the PBE,

TPSSh and PBEO functionals (strategy 3). Negative energy differences AE indicate
ferromagnetic coupling. UCO = unrestricted corresponding orbitals.
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. Density on Fe of “ uco
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) symmetry state” in metry“ state
state in [a.u.]
[a.u.]
Fe' nitrene
PBE 0.14 +2.78 +0.05 0.90 (LMCT state)
TPSSh -0.18 +3.15 -0.15 0.75 Fe" imidyl
PBEO -0.22 +3.38 -0.28 0.60 Fe" imidyl
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Figure S46. Spin-Density Distribution of S = 5/2 ground state of [1]~ according to calculations
using the TPSSh functional (strategy 1).
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X-Ray diffraction analysis and molecular structures

Data for K{crypt.222}[Fe(N{Dipp}SiMes).] (CCDC 2130486), K{crypt.222}[1] (CCDC 2130485),
[1] (CCDC 2130488) and K{crypt.222}[2] (CCDC 2130487) were collected at 100 K on a Bruker
Quest D8 diffractometer using a graphite-monochromated Mo-K A radiation (A = 0.71073A)
and equipped with an Oxford Instrument Cooler Device. The structures have been solved using

either OLEX SHELXT V2014/1 X and refined by means of least-squares procedures on a F2
with the aid of the program SHELXL-2016/6 [l include in the software package WinGX version
1.63™ or using CRYSTALS.™ The Atomic Scattering Factors were taken from International
Tables for X-Ray Crystallography.™ All non-hydrogen atoms were refined anisotropically. All
hydrogens atoms were refined by using a riding model. Absorption corrections were introduced
by using the MULTISCAN and X-Red program.Xi X Drawings of molecules are performed
with the programs DIAMOND and POV-Ray with 50% probability displacement ellipsoids for
non-H atoms. Depiction of H atoms is generally omitted for clarity.
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Table S12. Crystal data and structure refinement for K{crypt.222}[Fe(N{Dipp}SiMes)-].

Identification code
Empirical formula
Formula weight / g mol™
Temperature / K
Crystal system
Space group

alA

b/A

clA

al®

B/°

y/°

v/ A3

Z

pcalc/ g (-':m_3

g/ mm™

F(000)

Crystal size / mm?®
Radiation

K_crypt_FeNDippTMS
C48H88FGKN4OGSi2
968.35

100.0

monoclinic

P21/n

18.2810(8)
14.0555(6)
22.1239(9)

90

106.2980(10)

90

5456.3(4)

4

1.179

0.443

2100.0

0.499 x 0.411 x 0.214
MoKa (A = 0.71073)

20 range for data collection / °© 4.468 to 53.59

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [I=220 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Figure S47. Molecular structure of K{crypt.222}[Fe(N{Dipp}SiMes).] within the crystal.

-23<h=<22,-17<k<17,-28<1<28
114411

11654 [Rint = 0.0456, Rsigma = 0.0232]
11654/23/507

1.027

R1 =0.0422, wR2 = 0.0955

R1 =0.0548, wR2 = 0.1020

0.64/-0.53
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Table S13. Crystal data and structure refinement for [1].

Identification code
Empirical formula

Formula weight / g mol™
Temperature / K

Crystal system

Space group

alA

b/A

clA

al®

B/°

y/°

VIA®

z

Peaic/ g cm™

g/ mm™

F(000)

Crystal size / mm?3
Radiation

20 range for data collection / °
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I220 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

FeNMes_1

C3oHs3FeN3SI;

685.95

100

orthorhombic

Pbca

19.2646(7)

16.7587(7)

24.9520(11)

90

90

90

8055.7(6)

8

1.131

0.462

2976.0

0.22 x 0.144 x 0.111
MoKa (A = 0.71073)
3.891049.994
-22<h<22 -19<k<19,-29<1<29
76439

7090 [Rint = 0.1078, Rsigma = 0.0499]
7090/0/423

1.042

R1 = 0.0464, wR; = 0.0897
R =0.0651, wR; = 0.0952
0.25/-0.29

Figure S48. Molecular structure of [1] within the crystal.
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Table S14. Crystal data and structure K{crypt.222}{1].

Identification code
Empirical formula
Formula weight / g mol™
Temperature / K
Crystal system
Space group

alA

b/A

clA

al®

B/°

y/°

VIA®

z

Peaic/ g cm™

g/ mm™

F(000)

Crystal size / mm?3
Radiation

20 range for data collection / °

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I220 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

K_crypt_1
Cs7HooFeKNsOgSiz
1101.54

100.00

monoclinic

P2i/c

11.9424(4)

24.7899(9)

22.9964(9)

90

95.9740(10)

90

6771.1(4)

4

1.081

0. 365

2388.0

0.21 x 0.14 x 0.13

MoKa (A = 0.71073)

3.922 t0 56.616
-15<h<15,-33<k<33,-30=<1<28
85806

16789 [Rin: = 0.0388, Rsigma = 0.0346]
16789/0/666

1.047

R1=0.0445, wR, = 0.1018
R1 =0.0571, wR; = 0.1072
0.38/-0.37

Figure S49. Molecular structure of K{crypt.222}[1] within the crystal.
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Table S15. Crystal data and structure refinement for K{crypt.222}[2].

Identification code
Empirical formula

Formula weight / g mol™
Temperature / K

Crystal system

Space group

alA

b/A

clA

al®

B/°

y/°

vV /A

Z

pcalc/ g Cm_3

g/ mm™

F(000)

Crystal size / mm?®
Radiation

20 range for data collection / °
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I=220 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

K_crypt_2
C58H99F6KN506825i2
1177.67

100.00

monoclinic

P21/C

13.8538(8)

24.6616(14)

23.5229(13)

90

90.755(2)

90

8036.1(8)

4

0.973

0.361
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Figure S50. Molecular structure of K{crypt.222}[2] within the crystal.
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