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Exploring the impact of abnormal coordination in
macrocyclic N-heterocyclic carbene ligands on
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The first macrocyclic abnormal N-heterocyclic carbene (aNHC) Fe!' complex, featuring a calix[4]3-methyl-
1,2,3-triazole-5-ylidene ligand system is synthesised and characterised inter alia via EA, SC-XRD, NMR and
UV/vis spectroscopy. Including Méssbauer spectroscopy, SQUID and DFT calculations, the impact of the
aNHC on the Fe'" complex and its corresponding Fe' derivative is investigated. A comprehensive study of
the aNHC Fe complexes in their performance in homogenous epoxidation reactions is reported and
compared to the established benchmark catalysts. The complexes demonstrate efficient and selective
catalytic activity in the epoxidation of cis-cyclooctene with H.O,, with TOFs up to almost 60000 h™2.
Additionally, the epoxidation of more challenging olefinic substrates is possible. The reactivity under
oxidative conditions of both complexes is investigated. NMR measurements reveal the formation of a
mono-oxidised triazole ligand as degradation product. HR-ESI-MS measurements, supported by DFT
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Introduction

Inspired by nature, organometallic iron N-heterocyclic carbene
(NHC) systems have gained attention as attractive alternatives
to established catalyst systems due to their activity in oxidation
reactions.'™ Following the model of cytochrome P450, various
non-heme iron complexes have been designed to mimic its
ability to undergo fundamental chemical transformations such
as the oxidation of hydrocarbons and oxygen transport." This
includes the epoxidation of olefins, which represents an
essential approach for the modification of organic
intermediates in the production of various fine and bulk
chemicals.” In this context, the investigation of the activity of
macrocyclic tetradentate iron complexes in the epoxidation of
alkenes has evoked interest.® Previously, focus was laid
primarily on examining the mechanisms of corresponding
porphyrin-like systems featuring exclusively N-donor ligands.

“School of Natural Sciences, Department of Chemistry and Catalysis Research
Centre, Molecular Catalysis, Technical University of Munich, Lichtenbergstrafe 4,
85748 Garching bei Miinchen, Germany. E-mail: fritz.kuehn@ch.tum.de

b Georg-August-Universitdt Gittingen, Institut fiir Anorganische Chemie,
TammannstrafSe 4, 37077 Gottingen, Germany

t Electronic  supplementary information (ESI) available: 'H-NMR-spectra,
crystallographic data, analytical methods, buried volume and topographic steric
map calculations, thermochromism, magnetic susceptibility, HR-ESI-MS spectra,
DFT calculations. CCDC 2362784. For ESI and crystallographic data in CIF or
other electronic format see DOI: https://doi.org/10.1039/d4cy00992d

This journal is © The Royal Society of Chemistry 2024

calculations indicate the formation of an oxoiron species.

High valent iron intermediates of oxidation state IV or V are
considered to be the active species in these reactions."”
However, most catalytic reactions are starting from iron(u) pre-
catalysts, which requires a pre-oxidation to form an active
iron(u) hydroperoxo species, usually involving an undesired
Fenton-type radical step.>"*™*® The radical formation can affect
catalyst activity, represented by the turnover frequency (TOF)
and stability, represented by the turnover number (TON)."” Even
if the results on mechanistic studies of iron NHC complexes in
epoxidation catalysis are limited,” NHC ligands are expected to
be superior due to their favourable electronic properties as
strong o-donors possessing high kinetic stability.*'®"® The
current benchmark catalyst for homogenous olefin epoxidation
is an iron(u) tetracarbene complex with a ligand system
consisting of four imidazole-2-ylidene units connected via
methylene bridges and two labile acetonitrile ligands in trans
positions to each other (Fig. 1, A).*>*" Complex A reaches a TOF
of ca. 50000 h™ with a TON of 480. The unfavourable Fenton-
type reactivity in the oxidation reaction could be suppressed
applying its iron(m) homologue B (Fig. 1) as catalyst by
increasing the TOF to > 180000 h™.>* Adding Lewis acids like
Sc(OTf); to the catalytic reaction increases activity and stability
of the catalyst significantly (TOF > 400000 h™", TON =~ 1200).>°
These results outperform previous established epoxidation
catalysts based on rhenium (TOFs up to ca. 40000 h™")° or
molybdenum (TOFs up to ca. 50000 h™').>* However, for
application of iron NHC complexes in industrial catalysis, the
stability has to be considerably enhanced without
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Fig. 1 Chemical structure of the precursor of the most active catalyst
Fe'[cCCCClim A in the epoxidation of cis-cyclooctene with H,O, and
its Fe"'[cCCCCl;,, derivative B and the structure of the abnormal
coordinating iron NHC complexes Fe'[cCCCCly,, 1 and Fe"'[cCCCCly,,
2 (this work).

compromising the remarkable activity. The electronic properties
of A and B can be adjusted by introducing substituents into the
NHC backbone, impacting both their respective TON and TOF,
with a lag in activity compared to A and B.”*

Abnormal NHCs (aNHCs) are considered to be stronger
o-donors than normal coordinating imidazole-2-ylidene units
as in complexes A and B.>>*° Introducing aNHCs as ligands
in transition metal catalysis has proven to be effective in
adjusting the electronic characteristics of the central metal
and enhancing its catalytic performance. Among these, 1,2,3-
triazol-5-ylidenes turned out as a promising aNHC subclass
due to their straightforward synthesis via click chemistry.>*>°
In order to deepen the understanding of the influence of the
NHC oc-donor strength on the iron catalyst performance in
oxidation reactions, our group recently designed a ligand
which is geometrically similar to the calix[4]imidazol in
complex A and B. However, the designed ligand differs in its
NHC units and mode of coordination with the metal,
changing from a normal NHC to an aNHC.** To date only
one macrocyclic abnormal coordinating iron NHC complex is
reported in literature (Fig. 1, 1).*> Complex 1 represents a
promising candidate for olefin epoxidation®* due the high
donor abilities of its tetra NHC ligand consisting of 1,2,3-
triazole-5-ylidene moieties.>*>° First epoxidation reactions of
cis-cyclooctene with H,O, applying 1 as pre-catalyst reach
conversions up to 97% with a TOF of 41000 h™" and a TON
of 200.*

In this work, on the one hand, the synthesis and
characterisation of the iron(m) homologue 2 (Fig. 1) of the first
macrocyclic aNHC iron complex 1 is reported. The new
compound 2 and if applicable, 1, are characterised using NMR
spectroscopy, high-resolution electrospray ionisation mass
spectroscopy (HR-ESI-MS), single crystal X-ray diffraction (SC-
XRD), UV/VIS spectroscopy, Mdssbauer spectroscopy, elemental
analysis (EA) and multiple DFT calculations. On the other hand,
catalytic in-depth studies using complex 1 and 2 in the
epoxidation of olefins and the comparison to the so far most
active catalyst allow to gain valuable information for effective
ligand design. Additional DFT calculations regarding the
modification of the triazole ligand backbone provide further
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Scheme 1 Synthesis of iron() complex 2 via the reaction of iron(i)
complex 1 with thianthrenyl hexafluorophosphate as one-electron
oxidant.

information about the theoretical influence of the aNHC
electrons on the iron centre.

Results and discussion

Synthesis and characterisation of aNHC Fe" and Fe
complexes 1 and 2

I

Thianthrenyl hexafluorophosphate proved to be an efficient
one-electron oxidant to oxidise iron(m) complexes to their
iron(u) derivatives selectively and in high yields.*>?*%!
Complex 2 is synthesised by an outer-sphere one-electron
oxidation of 1.00 eq. of the previously reported aNHC iron
complex 1 with 1.00 eq. thianthrenyl hexafluorophosphate
(Scheme 1). 2 can be isolated in 96% yield as yellow solid.
The paramagnetism of complex 2 poses challenges for the
NMR spectroscopy analysis and complicates the comparison
with 1. The 'H-NMR spectrum shows a significant low field
shift of the methylene bridge protons from 6.12 ppm for 1 to
44.33 ppm for 2, confirming its paramagnetism (see ESL}
Fig. S1). Whereas the signal for the methyl substituent
protons with 4.31 ppm is barley shifted (vs. 4.21 ppm for 1).
Single crystals of 2 suitable for SC-XRD were obtained by
the slow diffusion of diethyl ether into a solution of 2 in
acetonitrile under an argon atmosphere. In general, the
crystal structure of 2 differs only marginally from that of
complex 1.>° Similar to its iron(n) counterpart, complex 2
displays a distorted octahedral coordination sphere around
the iron centre (Fig. 2). Axial positions are occupied by two
acetonitrile ligands, while the tetradentate ligand is
coordinating equatorially. The bond angles around the iron
centre in 1 and 2 are very close to the ideal octahedral angle
with a mean deviation of 0.50° for 1 and 0.29° for 2. Varying
from the geometry of previous characterised macrocyclic
tetracarbene iron complexes with imidazole moieties in a
saddle-distorted conformation,® the aNHC ligand exhibits an
ideal square-planar geometry. Selected structural parameters
of complexes A, B, 1 and 2 are summarised in Table 1. The
Fe-Cypic distances of 2 with 1.950(2) and 1.943(3) A are
slightly longer than measured for 1 with 1.925(2) and
1.931(2) A.*° In contrast to the comparison of Fe'[cCCCCli,
complex A (ref. 21) with Fe"[cCCCC]y, complex 1,>° 2 and B
(ref. 22) show similar bond Fe-Cypc length. The geometric
parameters are in conformity with DFT calculated values in
gas phase and solution of both structures 1 and 2 (see ESL}

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 ORTEP-style representation of the cationic fragment of iron(in)
calix[4]3-methyl-1,2,3-triazole-5-ylidene hexafluorophosphate 2.
Hydrogen atoms and PFg™ anions are omitted for clarity and thermal
ellipsoids are shown at 30% probability level.

Table S7). Removing one molecule of acetonitrile as labile
ligand does not affect the geometry of the structure to a greater
extent.

The electronic influence of the ligand in 1 and 2 is
investigated via DFT by calculation of the electronic charge.
Lowdin population analysis®* was applied for that reason.
Although theoretically calculated charge values are not
realistic charge distribution representations, relative trends
can be examined for the comparison of similar molecules.*
Lowdin population analysis revealed a more negative value
for the Fe' centre 1 due to the lower oxidation state, however
with only a difference of 0.32 atomic units compared to 2
(Table 2). Hence the additional positive charge of 2 is not
solely located at the iron atom but compensated by the
ligand system. This is also corroborated by the electrostatic
potential (ESP) mapped total density plots (see ESLj Fig.
S26). As expected, the iron(u) complex features overall a more
negative charge. The removal of one MeCN molecule
increases the Lowdin charge to 0.33 and 0.39 less negative
values for iron(um) and iron(m), respectively. This shows that
not only the equatorial ligand scaffold influences the
electronic characteristics, but also the axial labile ligands.
Their substitution was reported to influence the catalytic
activity of olefin epoxidation not only statistically by vacating
and blocking a catalytic site but also from an electron density
point of view.**

Table 1 Comparison of selected structural parameters of A,?* B,?2 1,%° and 2
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To gain further information about the electronic properties
of 1 and 2, solid material of the complexes was studied using
>’Fe Mossbauer spectroscopy at 80 K. The respective spectra
show a quadrupole doublet with a small isomer shift and a
large quadrupole splitting (Fig. 3). The integer iron(u) spin
system feature a sharp line in its quadrupole doublet. In
contrast, a broadened asymmetric doublet was observed for
iron(ur) complex 2, which is in accordance with Mossbauer
spectra of half-spin systems and can be ascribed to slow
relaxation processes.’® The isomer shifts of both compounds
with 6 =0.13 mm s for 1 and § = -0.01 mm s ' for 2 are in the
range of octahedral iron(u) (§ = —0.18-0.50 mm s ', S = 0)
respectively iron(m) low spin species (6 = -0.18-0.25 mm s, § =
1/2).>3%73% Nevertheless, the isomer shift of 1 is slightly more
positive than for A (ref. 39) (Table 3).

The Fe-ligand bond lengths can have a considerable
influence on the isomer shift through compression of the
s-orbitals resulting in a higher electron density.?” In both cases,
oxidising the iron(ir) complex to iron(m) moves the isomer shift
to lower values, although the length of the Fe-carbene bond
increases. This can be ascribed to the decreased number of d-
electrons, so that less shielding of the core electron density is
obeserved for the iron(m) species. The quadrupole splitting
with |AEg| = 3.34 mm s for 1 and |AEq| = 2.12 mm s™* for 2
are rather large for low-spin complexes, but in line with iron
tetra NHC complexes®®®®” with a heteroleptic ligand
coordination sphere (different equatorial donor atoms and
axial ligands) and an axial elongated octahedral ligand field."’

The magnetic susceptibility of complexes 1 and 2 were
analysed using a SQUID magnetometer (see ESL} Fig. S14 and
S15), confirming the diamagnetic (S = 0) ground state of 1 and
the absence of any SCO in the temperature range from 2-400 K.
This is in line with a strong ligand field induced by the aNHC
ligand and with observations for all related six-coordinate
tetra(NHC) ligated complexes including A.*> The SQUID
measurement for 2 validate its S = 1/2 low-spin state with the
absence of any SCO in the measured temperature area.

In view of occupancy, the molecular frontier orbitals of
DFT calculated structures 1 and 2 were analysed (see ESLj
Fig. S27 and S28). The vacating of one catalytic site by MeCN
dissociation does not notably affect the occupied orbitals of 1
(HOMO - 1 and HOMO, see ESILj S29). Regarding the six-
coordinate complex 1, the LUMO does not exhibit iron(u)
participation, while the LUMO + 1 is of e, symmetry. This
order of the unoccupied orbitals is reversed for the five-

Bond lengths [A]

Bond angles [°]

Fe-Cruc” Fe-NCMe” MeCN-Fe-NCMe Crnc-Fe-Cuct Cnuc-Fe-NCMe?
A 1.907(3) 1.932(2) 177.09(10) 178.93(67) 90.00(66)
B 1.941(2) 1.922(8) 179.04(9) 179.09(8) 90.00(23)
1 1.928(2) 1.9247(17) 180.00 180.00 90.00(8)
2 1.947(3) 1.926(2) 180.00 180.00 90.00(10)

“ Average distance between iron centre and carbene carbon atom. ? Average distance between iron centre and axial ligands. ¢ Average angle
between carbene and the carbene in trans position. ¢ Average angle between carbene, iron centre and axial ligand.

This journal is © The Royal Society of Chemistry 2024
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Table 2 Calculated charges at the iron center of 1 and 2 and the MeCN
dissociated species using the Léwdin charge model

Complex 1 2 1-MeCN 2-MeCN

Lowdin -1.793 -1.475 -1.399 -1.142

Values are given in atomic units and were rounded to the third
decimal digit.

coordinate iron(n) species. A strong electronic influence also
from the axial ligands is inferred.

The generation of an electrophilic oxygen species for catalytic
epoxidation is expected to proceed via overlap of the HOMO of
the incoming oxo species with the five-coordinate iron complex
LUMO. The comparison of 1-MeCN and 2-MeCN show a fairly
similar LUMO, asymmetrically distorted along the z-axis and
with slightly more carbene participation in case of the iron(ur)
centre, attributed to the stabilisation of the additional positive
charge. A direct comparison of the a-HOMOs of 2 with B show
similar symmetry, taking into account the inherent asymmetry
of the triazole rings in comparison to imidazole rings.

Reactivity of aNHC Fe™ and Fe™ complexes 1 and 2 with H,0,

UV/Vis spectroscopy of complex 1 (ref. 30) and 2 was
performed in dry and degassed acetonitrile at 20 °C under an
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Fig. 3 Zero-field >’Fe Mdssbauer spectrum of solid 1 and 2 at 80 K. The
red line represents a simulation with 6 = 0.13 mm s and AEq = 3.34 mm
s (1, top) and § = -0.01 mm s  and AEg = 2.12 mm s (2, bottom).
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Table 3 Selected spectroscopic parameters of A, 23 B,223° 1,30 and 2

OCnuc®  Eip [V]vs. FJE™?  d[mm s |AEq| [mm s™]?
A 205.05 0.15 0.08 3.45
B — — 0.01 3.73
1 190.35 -0.34 0.13 3.34
2 — — —-0.01 2.12

@13 C-NMR carbene signal. ” Half-cell potential in MeCN. © Isomer
shift. ¢ Quadrupole splitting.

argon atmosphere to maintain anhydrous and oxygen-free
conditions. Handling the measurements under these inert
conditions is necessary due to the sensitivity of both the
catalyst precursor and the active catalyst to atmospheric
moisture and oxygen. Two absorption bands and an
absorption shoulder around 337 nm are visible for complex 2
(Fig. 4). The major band seems to be consisting of two bands
in close proximity, appearing at a wavelength of 441 nm. The
second band is observed at 302 nm. In order to gain
information about the formation of the high valent active
catalytic species in the oxidative catalysis with Fe™[cCCCCli,
1.50 eq. of the oxidising agent H,O, was added to the
solution of 2. The UV/vis spectrum shows the disappearance
of the two absorption bands by generating a shoulder around
378 nm and a second one around 450 nm.

Decomposition studies of the iron epoxidation catalyst A,
respectively B identify the Fe-NHC bond as weak spot. Direct
oxidation of one of the carbenes results in metal de-
coordination, which induces protonation of the remaining
NHC moieties.”’ The addition of 10.0 eq. H,0, (50% aq.) to a
solution of iron(m) complex 2 in dry and degassed
acetonitrile under argon is investigated further with "H-NMR
spectroscopy. After 21 h, selective formation of another
species, is detectable. In addition to the paramagnetic
complex broad singlet at 4.34 ppm, three singlets occur at
8.85, 8.69 and 8.42 ppm, each with an integral of 1, which
are assigned to protons in carbene positions of the
diamagnetic ligand (see ESL} Fig. S2). Additionally, four

—1

—2

2+ H,0,, 1 min
2 +H,0, 5min
2+ H,0,, 10 min

absorbance
o
(9]
1

0.0

T T T T T
300 400 500 600 700 800
wavelength / nm

Fig. 4 UV/Vis spectrum of 1 (blue) and 2 (red); ¢ = 0.20 mM, T = 20
°C in MeCN with the addition of 1.50 eq. H,O, to 2 with a reaction
time of 1 min (orange), 5 min (green) and 10 min (yellow) in the
absence of substrate.

This journal is © The Royal Society of Chemistry 2024
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singlets occur at 6.12, 6.09, 5.75 and 5.49 ppm, each with an
integral of 2, which are attributed to the protons of the
ligand bridges. The singlet of the methyl substituents splits
into four singlets at 4.31, 4.28, 4.25 and 3.92 ppm caused by
asymmetric effects of the resulting species. This is in
accordance with the disappearance of the two absorption
bands in the UV/Vis experiment, indicating a direct oxidation
of the complex ligand by H,0,, resulting in the formation of
a mono-oxidised and three-fold protonated ligand, which is
consistent with the observations regarding the degradation of
B under oxidative conditions.**

Decomposition studies of catalyst 1 via HR-ESI-MS reveal
the formation of a mono-deprotonated Fe'™ complex (m/z =
217.56) and an oxidised iron compound (m/z = 225.56) after
adding 10 eq. H,O, to a solution of complex 1 in dry,
degassed acetonitrile (see ESIL;} Fig. S16). Even under ambient
conditions without adding an oxidant, an oxidised iron
compound (m/z = 226.06) was detected, in addition to the
main signal for unreacted complex 1 (m/z = 218.06; see ESL
Fig. S17). According to mechanistic studies regarding iron
epoxidation catalysts with ¢rans labile coordinating sites by
Que et al.,** the reaction between the Fe complex and H,0,
initiates with the formation of a Fe"'~OOH intermediate by a
simple ligand exchange process after a crucial single electron
transfer (Fenton reaction). Mechanistic studies indicate that
this can lead to either a high-valent iron(v) oxo compound or
an iron(iv) oxo species with an oxyl radical, depending on
whether the cleavage pathway is homolytic or heterolytic. The
heterolytic pathway is less favourable, as electron-deficient
oxidants such as H,0, cannot stabilise the resulting radical
so that it cannot attack the oxygen source and the
catalyst.""** The corresponding oxoiron species with the
aNHC scaffold (aNHC-FeV=0 and aNHC-Fe'=O0) are
validated via DFT calculations (see ESIT). The HOMOs of both
proposed species include the Fe=O bond of n* symmetry,
making them capable of n-donation into the alkene m*-
LUMO in order to break the double bond for the epoxide
formation. In contrast, the LUMO of the oxoiron(w)
compound is entirely ligand centered while the iron(v)
species exhibits a metal centered LUMO, rotated by 90° in
comparison to the HOMO (see ESL} S31 and S32).

Catalytic olefin epoxidation reactions

Complexes 1 and 2 were investigated with regard to their
suitability as catalysts for the epoxidation of olefins, with a
comparison to the most active non-heme iron complexes A,
respectively B reported in literature.>® Established standard
conditions for oxidation reactions with iron NHC catalysts
comprise 20 °C, the use of H,0, (101 pumol mL™, 1.50 eq.) as
oxidising agent, MeCN as solvent and cis-cyclooctene (67.3
umol mL™, 1.00 eq.), widely applied as model substrate.”
Hydrogen peroxide was chosen as the oxidising agent due to
its superiority over other common peroxides such as
tert-butyl hydroperoxide (TBHP) or the urea-hydrogen
peroxide adduct in iron-NHC epoxidation catalysis.*>**

This journal is © The Royal Society of Chemistry 2024
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Previous optimising studies revealed that the best results
were achieved with an excess of 1.50 eq. of H,0,.>>** Product
quantification was performed using GC-FID for the model
substrate (cis-cyclooctene) and "H NMR spectroscopy for the
screening of various other olefinic substrates.

Initial evaluation employing the abnormally coordinated
Fe'" macrocycle 1 demonstrate the remarkable difference in
activity and stability of this complex class in comparison to
the iron catalyst A with normal NHC coordination.?*° At 20
°C different catalyst concentrations of Fe"" pre-catalyst 1 are
screened (Fig. 5a). A nearly linear relationship between
catalyst loading and conversion is expected if no degradation
products®>*"** prevent catalytic activity. Nevertheless, this
trend remains imperceptible in this case (Table 4, entry 1-4).
At 0.1 mol% a maximal conversion of 6% (TON = 60) and at
0.5 mol% of 37% (TON = 74) has been detected. However, if
the catalyst loading is doubled to 1 mol%, the maximal
conversion only increases to 49% (TON = 49). At a
concentration of 2 mol% of 1 a conversion of 84% (TON =
42) is reached after 5 min. These results indicate a fast
degeneration, possibly promoted by higher -catalyst
concentrations. A common method to increase the catalyst
lifetime is to reduce the reaction temperature.”>*%*> Hence,
at a catalyst loading of 1 mol% of 1 the conversion and
catalyst stability increases from 84% (TON = 80) for 10 °C
over 92% (TON = 92) for 0 °C to full conversion (TON = 100)
for —10 °C after 10 min with raising the stability respectively
(Fig. 5b and Table 4, entry 2, 5-7). Remarkably, unlike the
constantly increasing TON, the TOF does not necessarily
decrease with lower temperature and can be pushed up to
32100 h™" at 0 °C (Table 4, entry 9). As stability is one of the
biggest challenges of iron catalysts,>****>*® including
complexes with Fe-carbene bonds™*”*® and many iron
complexes decompose rather quickly after the addition of
aqueous H,0,, influenced by the unavoidable presence of
water,"”*>*® TBHP (101 pmol mL™, 1.50 eq.) in n-decane
solution is used in a single reaction with 1 (Fig. 5¢). However,
at standard conditions and a catalyst loading of 1 mol% a
significantly smaller amount of epoxide is formed after 10
min with a TON of 22 (Table 4, entry 12), which is less than
half as much when TBHP is substituted with aqueous H,O,.
All reactions are carried out at atmospheric conditions by
starting the reaction with the addition of the catalyst from a
preformed stock solution in dry and degassed acetonitrile,
which was handled under argon. All experiments achieve a
selectivity of >99% towards the product epoxide.

Regarding mechanistic studies towards non-heme iron
epoxidation catalysts with ¢rans labile coordinating sites (vide
supra) the impact of atmospheric conditions on the catalysis
can significantly affect the reaction outcome. The presence of
oxygen under aerobic conditions enhances the formation of
epoxide products via radical pathways, by suppressing diol
product formation, as oxygen traps the radical intermediates.
Under argon, the reaction is slower and yields less epoxides,
demonstrating the catalysts sensitivity to oxygen.'** To
investigate the influence of atmospheric conditions on 1 a

Catal Sci. Technol,, 2024, 14, 6259-6269 | 6263
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Fig. 5 Time-dependent epoxidation of cis-cyclooctene (67.3 pmol mL™, 1.00 eq.) in MeCN using 1 as catalyst and H,O, or TBHP (101 umol mL™, 1.50
eq.) as oxidant, (a) at different catalyst loadings (20 °C, H,O,, air), (b) at various reaction temperatures (1 mol% of 1, H,O,, air), (c) with different oxidising
agents (1 mol% of 1, 20 °C, air) and (d) at different ambient conditions (1 mol% of 1, 20 °C, H,0O,). Conversions are determined by GC-FID.

catalytic reaction was handled completely under an argon
atmosphere with a catalyst loading of 1 mol% (Fig. 5d). The
TON with 46 vs. 49 and the maximal conversion is
comparable to the reaction under atmospheric conditions
with a high selectivity (S > 99%) for both reactions (Table 4,
entry 2 and 12). The comparable performance under both
conditions suggests a mechanism less dependent on radical
intermediates and a higher iron stabilisation due to the
macrocyclic aNHC ligand system.

The formation of an iron(m) hydroperoxo intermediate
with oxidising agents such as hydrogen peroxide after the
one-electron oxidation of the iron(u) catalyst precursor
appears to be essential for the formation of the active
species.>'"**°° Applying the abnormally coordinated Fe™
macrocycle 2 (0.34 umol mL™", 0.005 eq.) as catalyst precursor
in the epoxidation of cis-cyclooctene with H,0, under
standard conditions achieves a significant higher conversion
within 10 min compared to 1 (Fig. 6a). The maximal
conversion of 71% is reached after 5 min. An initial TOF of
44000 h™" and TON of 142 is achieved (Table 4, entry 16).

Previous catalytic studies have employed strong Lewis acids
such as Sc(OTf); in the oxidation process, utilising the normally
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coordinated Fe" and Fe™ NHC macrocycle A and B as catalysts,

which provides notably enhanced performance.”® Although an
epoxidation mechanism involving iron carbenes as catalyst
precursors remains uncertain, it can be inferred, that st
triggers the in situ oxidation of the Fe" complex to the active
Fe™" catalyst, based on observations of related complexes.*
Furthermore, it might be assumed that heterolytic cleavage of
the O-O bond in a Fe™-OOH species, initially formed upon
reaction of the Fe'" catalyst with H,0,, is facilitated by Sc(OTf);,
resulting in the generation of an active oxoiron(iv) or (v)
species.® ** Additionally, the application of Lewis acids in the
catalytic reaction demonstrated to reactivate p,-oxodiiron(ur)
Fe-O-Fe™ species, which has been identified as a crucial
deactivation product.>*>**** The addition of 0.10 eq. Sc(OTf); to
the reaction with 0.05 mol% of Fe"" complex 1 under standard
conditions results in an extended lifetime of the catalyst (TON =
194 vs. 74). The reaction is completed after 30 min with an
enhanced conversion of 97% (vs. 37%) with a TOF of 40900 h™*
(Table 4, entry 14).*° However, applying Fe'™ complex 2 as
catalyst under the same conditions the reaction is completed
after 10 min with a maximum conversion of 99% (vs. 70%
without additive) and a TON of 197 (vs. 142), which is

This journal is © The Royal Society of Chemistry 2024
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Table 4 Epoxidation of cis-cyclooctene by 1 and 2 at different catalyst concentrations, temperatures, atmospheres, oxidising agents and with or

without additive

Entry Catalyst T [°C] Loading [mol%] Additive X [%] S [%] TOF [h™] TON Oxidant Atmosphere
1 1 20 2 — 84 >99 13000 42 H,0, Air

2 1 20 1 — 49 >99 16 600 49 H,0, Air

3 (ref. 30) 1 20 0.5 — 37 >99 24 500 74 H,0, Air

4 1 20 0.1 — 6 >99 20100 60 H,0, Air

5 1 10 1 — 84 >99 26 500 80 H,0, Air

6 1 0 1 — 92 >99 22,700 92 H,0, Air

7 1 -10 1 — 100 >99 25000 100 H,0, Air

8 (ref. 30) 1 10 0.5 — 49 >99 29900 99 H,0, Air

9 (ref. 30) 1 0 0.5 — 72 >99 32100 145 H,0, Air

10 (ref. 30) 1 -10 0.5 — 89 >99 30200 177 H,0, Air

11 1 -10 0.1 — 20 >99 40 800 202 H,0, Air

12 1 20 1 — 22 >99 6800 22 TBHP Air

13 1 20 1 — 46 >99 14000 46 H,0, Argon
14 (ref. 30) 1 20 0.5 Sc(OTf), 97 96 40900 194 H,0, Air

15 1 20 0.1 Sc(OTf); 25 97 59200 248 H,0, Air

16 2 20 0.5 — 70 >99 44000 142 H,0, Air

17 2 20 0.5 Sc(OTf); 99 97 51800 197 H,0, Air

Reaction conditions: acetonitrile as solvent, cis-cyclooctene (67.3 umol mL™", 1.00 eq.), H,O, or TBHP (101 umol mL™, 1.50 eq.), if stated
Sc(OTf); (6.73 pmol mL™", 0.10 eq.). Selectivity is related to the epoxide. Conversions are determined by GC-FID. TOFs are determined after 10
s. TONs are determined when maximal conversion is reached. T = temperature. X = conversion. S = selectivity, selectivity = yield(epoxide)/

conversion(substrate).
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Fig. 6 Time-dependent epoxidation of cis-cyclooctene (67.3 umol mL™, 1.00 eq.) in MeCN at 20 °C using 1 or 2 (0.34 pmol mL™, 0.005 eq.) as
catalyst and H,O, (101 umol mL™, 1.50 eq.) as oxidant, (a) without additive and (b) with the addition of Sc(OTf)s (6.73 umol mL™, 0.10 eq.).

Conversions are determined by GC-FID.

comparable to the results with 1 (Fig. 6b). In contrast to the
respective experiments with A and B (ref. 20), the TOF is pushed
to 51800 h™" with an increased conversion in the first minutes
of the reaction (Table 4, entry 17), which indicates a slower in
situ single oxidation of 1 to 2 versus the instantaneous in situ
single oxidation of A to B. The observed enhancement in activity
and stability upon the introduction of Lewis acids to the
reaction involving compounds 1 and 2 suggests the potential
regeneration of degraded species, analogous to the mechanism
observed in systems A and B.%* Otherwise, the time-
dependent conversion of cis-cyclooctene is anticipated to be
nearly identical for complex 2 with and without the additive.
Unfortunately, the addition of Sc(OTf); to the catalytic reaction

This journal is © The Royal Society of Chemistry 2024

with 1 or 2 decreases the product selectivity slightly to 96 and
97%, respectively. No byproduct formation other than
1,2-cyclooctanediol was observed.

Epoxides not only serve as final products in industrial
applications but also function as crucial building blocks in
synthetic organic chemistry.”’>* In this context, a screening
of a variety of olefin substrates is conducted using complex 1
for epoxidation catalysis, as the resulting epoxides are of
great value as intermediates in various industrial processes.
Additionally, the catalyst tolerance of different functional
groups is assessed. The resulting epoxides find wide
application as monomers in polymerisation processes,>
stabilisers for halogenated hydrocarbons or oil-soluble bases

Catal Sci. Technol.,, 2024, 14, 6259-6269 | 6265
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Table 5 Epoxidation of various substrates using complex 1 as catalyst
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X0 5 [%] (S) X1 n [%] (5) TOF [h™'] TON X5 min [%] (S)°
O 57 (>99) 97 (96) 40900 194 37 (>99)
@ : 33 (>99) 39 (38) 23800 78 25 (>99)
A~ 0(-) 6 (>99) — 13 0 (-
_A~_OH 21 (0) 34 (11) 15100 67 9 (8)
N 19 (24) 27 (0) 13300 54 24 (89)

o 4(92) 13 (5) 3000 26 2 (83)
g0
NN 6 (> 99) 29 (49) 4100 58 9 (>99)
w 40 (64) 51 (45) 28600 91 27 (96)
AN
P e 6 (>99) 57 (74) 4500 114 11 (>99)

Reaction conditions: acetonitrile as solvent, substrate, (67.3 umol mL™, 1.00 eq.), Fe"" complex 1 (1.35 pmol mL™, 0.005 eq.), and H,0, (50%
aq., 101 umol mL™", 1.50 eq.), using Sc(OTf); (6.73 umol mL™", 0.10 eq.) as additive, 20 °C. X = conversion; S = selectivity, related to the
epoxide. TOFs are determined after 10 s. TONs are determined after 1 h. Conversions are determined by 'H-NMR spectroscopy, applying
benzene as external standard. “ Conversions are determined by GC-FID. ? Without the addition of Sc(OTf).

51754 g5 well as constituents in

5256

in cosmetic formulations,
epoxy resins and as reactive diluents for such resins.

All experiments concerning the epoxidation of various olefin
substrates are performed using 0.5 mol% of Fe" catalyst 1 and
0.10 eq. Sc(OTf); at standard conditions and are analysed via
"H-NMR spectroscopy. Samples were taken after 10 s and 1 h
(Table 5). Catalyst 1 demonstrates the ability to transform all
employed substrates. Highest conversion is obtained for the
benchmark substrate cis-cyclooctene. The smaller ring
cis-cyclohexene is converted to 33% after 10 s (S > 99%), with a
TOF of 23800 h™ and to 39% after 1 h with a significant
decrease in selectivity (38%). The electron density of the double
bond plays a decisive role in the reactivity of the respective
substrate.>® After 1 h, lowest conversion of 6% is achieved for
allyl chloride, but with a high selectivity of >99%. Replacing the
chloride substituent, which possesses an -I effect towards the
double bond, by an electron donating hydroxyl group, a
conversion of 34% is obtained, with a TOF of 15100 h™".
However, the increased electrophilic character of the double
bond likely leads to a reduced selectivity of 11%. Styrene, as
aromatic system is transformed to 27% after 1 h with no
selectivity towards the epoxide due to overoxidation. Catalyst 1
shows rather low reactivity to the more challenging olefinic
systems trans-chalcone, which bears additionally an electron-
withdrawing carbonyl group in proximity to the double bond,
provoking a reduced electron density. Acyclic 1-hexene with its
terminal double bond is converted to 29% after 1 h. Complex 1
exhibits relatively high activity and stability towards cis- and
trans-oct-2-ene (conv. = 57 and 51%, 1 h) attributed to the
enhanced reactivity of the internal double bond influenced by
neighbouring alkyl groups. Notably the TOFs differ significantly
with 28600 h™" for cis-oct-2-ene and 4500 h™* for trans-oct-2-ene.

6266 | Catal. Sci. Technol., 2024, 14, 6259-6269

This preference for cis conversion over ¢rans is also a commonly
observed for other iron epoxidation catalysts.”>***® In order to
determine whether the respective substrates are also converted
without additives, the experiments were carried out under same
conditions without the addition of Sc(OTf); with a reaction time
of 5 min (Table 5, right column). With the exception of allyl
chloride and allyl alcohol, all substrates were successfully
transformed with high selectivity. In general, an increased
nucleophilic nature of the alkene, induced by inductive effects,
correlates with enhanced reactivity towards the epoxide,
consistent with an electrophilic active species.***” A highly
substituted alkene has a higher reactivity than its terminal
counterpart due to the +I effect of the substituents. In addition,
the -M effect of the carbonyl in chalcone reduces the reactivity
of the alkene.>®

Conclusions

In summatry, the first macrocyclic aNHC iron(umr) complex 2 was
successfully synthesised. 'H-NMR spectroscopy confirms the
paramagnetism of 2. Characterisation via SC-XRD analysis
reveals an octahedral geometry with the tetradentate ligand
arranged in an ideal square-planar coordination, as in its iron(u)
counterpart 1. Mossbauer measurements as well as SQUID data
allow to identify both complexes as low spin species (1: S = 0
and 2: S = 3). Epoxidation reactions applying aNHC iron(n) and
(m) complexes 1 and 2 and screening of optimal conditions
show efficient substrate conversion. However, the performance
of the so far most active macrocyclic iron catalyst with classical
NHC coordination could not be exceeded or even reached.
These findings suggest that a more electron rich iron centre is
not necessarily associated with higher activity, due to reduced

This journal is © The Royal Society of Chemistry 2024
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catalyst stability and vice versa. Decomposition studies via "H-
NMR spectroscopy identify the Fe-aNHC bond as weak spot by
detecting the mono-oxidised and three-fold protonated ligand
after the addition of H,0,. HR-ESI-MS measurements supported
by DFT studies imply the possible formation of an oxoiron(w) or
(v) species under oxidative conditions. While these results
provide insights into the correlation between ligand design and
activity in oxidation catalysis of iron NHC complexes, the exact
nature of the active species remains unclear, and further
investigation is necessary. Importantly, this study contributes to
the limited analytical and experimental data available on iron
aNHC complexes, offering valuable information for future
research in this area.

Experimental
General considerations

Unless otherwise stated, all manipulations were performed
under argon atmosphere using standard Schlenk and glovebox
techniques. Dry and degassed solvents were obtained from an
MBraun solvent purification system, degassed via freeze-pump-
thaw (3 cycles) and stored over molecular sieve (3 or 4 A) prior
to use. Fe(btsa),(THF),’>*® thianthrenyl hexafluorophosphate™’
and the iron(u) calix[4]3-methyl-1,2,3-triazole-5-ylidene
hexafluorophosphate complex®® 1 were synthesised according to
literature procedures. All other reagents were purchased from
commercial suppliers and used without further purification.
NMR spectra were recorded on a Bruker Advanced Ultrashield
AV400 (400 MHz) at a temperature of 297 K. Chemical shifts (J)
are reported in ppm and referenced to the residual signal of the
deuterated solvent.* Elemental analyses (C/H/N/S)
performed by the microanalytical laboratory at Technische
Universitdt Miinchen. High resolution electrospray ionization
mass spectrometry (HR-ESI-MS) data were acquired on a
Thermo Fisher Exactive Plus Orbitrap. UV/vis spectra were
recorded on an Agilent Technologies Cary 60 UV/vis
spectrophotometer with a concentration of 0.20 mM complex in
dry and degassed acetonitrile at 20 °C. Solid material of Fe
complexes 1 and 2 was studied using *’Fe Mossbauer
spectroscopy at 80 K. >’Fe Mossbauer spectra were measured
using a *’Co source in a Rh matrix using an alternating
constant acceleration Wissel Mossbauer spectrometer equipped
with a Janis closed-cycle helium cryostat. Transmission data
were collected, and isomer shifts are reported relative to iron
metal at ambient temperature. Experimental data were
simulated with mf2.SL software.®® GC analysis was performed
with an Agilent Technologies 7890B GC-FID system with a
7693A Automatic Liquid Sampler for 150 samples with G4513A
Autoinjector using a HP-5 column (30 m x 320 pm x 0.25 pm).

were

Synthesis of iron(m) calix[4]3-methyl-1,2,3-triazole-5-ylidene
hexafluorophosphate (2)

Under Schlenk-conditions 44.7 mg thianthrenyl hexafluoro-
phosphate (124 pmol, 1.00 eq.) are dissolved in 2 mL dry and
degassed acetonitrile resulting in a dark blue solution. 100 mg of
Fe(u)[cCCCCly,, complex 1 (124 umol, 1.00 eq.) are dissolved in 3

This journal is © The Royal Society of Chemistry 2024
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mL dry and degassed acetonitrile resulting in an orange solution
and added to the thianthrenyl hexafluorophosphate solution.
The dark purple mixture is stirred at r.t. for 1 h. Subsequently,
the addition of 5 mL dry and degassed diethyl ether while stirring
leads to the precipitation of a yellow solid and turns the solution
from dark purple via purple into a colourless supernatant. The
yellow solid is separated from the solution via Whatman-
filtration and washed with dry and degassed diethyl ether (3 x 2
mL). After drying under vacuum, 113 mg of the product (120
umol, 96%) are obtained as yellow solid. "H-NMR (400 MHz, CD;-
CN): J [ppm] = 44.49 (s, 8 H, CH,), 4.38 (s, 12 H, CH,). Analytical
calculation (%) for C,oHyeFigFeN14Ps: C 25.20; H 2.75; N 20.57.
Found: C 24.91 H 2.63; N 19.52.

Catalytic procedures

All catalytic reactions were conducted in a cryostat (JulaboFP-50)
under atmospheric conditions, unless otherwise stated.
Acetonitrile (HPLC-grade) as solvent was applied for all
experiments, which are screened vie GC (substrate:
cis-cyclooctene). The screening of other substrates was performed
using "H-NMR spectroscopy and deuteride acetonitrile as solvent.
The catalyst was added from a preformed stock solution in dry
and degassed acetonitrile, which was handled under argon
corresponding to the appropriate stoichiometry to a solution of
the respective substrate (67.3 pmol mL™, 1.00 eq.). Hydrogen
peroxide (50% aq., 101 pmol mL™, 1.50 eq.) was used as
oxidising agent and, if required, Sc(OTf); as additive 8.41 pumol
mL™, (0.10 eq.). The reaction was started upon addition of the
catalyst stock solution, by adding the catalyst solution all at once.
The reaction was terminated by adding electrolytically
precipitated activated MnO, in order to decompose the excess of
H,O, in the reaction solution. After filtration over activated
neutral alumina (separation of the catalyst), GC samples were
prepared for each experiment using 200 pL filtrate, diluted with
1300 pL. MeCN and p-xylene (0.90 puL. mL™) as external standard
for each chosen time point. For the screening via 'H-NMR
spectroscopy, 500 uL filtrate was added to 1 pL benzene as
external standard. Control experiments without catalyst were
performed for all reactions. An additional blank experiment with
a simple iron salt, iron(u) chloride in the presence of H,O, was
conducted to highlight the importance of iron complexes
associated with NHCs due to minimal product and unselective
side-product formation. All reactions were conducted at least
twice. Analogous, the additive Sc(OTf); itself shows minimal
unselective catalytic activity.>°
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