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Pathways of the Extremely Reactive Iron(lV)-oxido
complexes with Tetradentate Bispidine Ligands

Mahmud Abu-Odeh,” Katharina Bleher*,” Neethinathan Johnee Britto,” Peter Comba,*®
Michael Gast,” Madhavan Jaccob,™ Marion Kerscher,” Saskia Krieg*,” and Marius Kurth®

Abstract: The nonheme iron(IV)-oxido complex trans-N3-[(L")
FeY=0(Ch]", where L' is a derivative of the tetradentate
bispidine 2,4-di(pyridine-2-yl)-3,7-diazabicyclo[3.3.1]Jnonane-1-
one, is known to have an S=1 electronic ground state and to
be an extremely reactive oxidant for oxygen atom transfer
(OAT) and hydrogen atom abstraction (HAA) processes. Here
we show that, in spite of this ferryl oxidant having the
“wrong” spin ground state, it is the most reactive nonheme
iron model system known so far and of a similar order of
reactivity as nonheme iron enzymes (C—H abstraction of
cyclohexane, —90°C (propionitrile), t,,=3.5 sec). Discussed
are spectroscopic and kinetic data, supported by a DFT-based
theoretical analysis, which indicate that substrate oxidation is
significantly faster than self-decay processes due to an

~

intramolecular demethylation pathway and formation of an
oxido-bridged diiron(lll) intermediate. It is also shown that
the iron(lll)-chlorido-hydroxido/cyclohexyl radical intermedi-
ate, resulting from C—H abstraction, selectively produces
chlorocyclohexane in a rebound process. However, the life-
time of the intermediate is so long that other reaction
channels (known as cage escape) become important, and
much of the C—H abstraction therefore is unproductive. In
bulk reactions at ambient temperature and at longer time
scales, there is formation of significant amounts of oxidation
product - selectively of chlorocyclohexane - and it is shown
that this originates from oxidation of the oxido-bridged diiron
(Il resting state.

J

Introduction

High-valent iron-oxygen species have attracted much interest
after the discovery and thorough characterization of non-heme
iron-oxido enzymes and model systems in the early 2000s."
Of particular interest are the diverse reactivities and mechanistic
patterns, that is, electrophilic as well as nucleophilic, hydrogen
atom abstraction (HAA) and oxygen atom transfer (OAT),
derived from numerous mechanistic studies that have led to a
thorough understanding of the structural and emerging
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electronic and spectroscopic properties of enzymes and model
systems and their correlation with reactivities, and consequently
also have initiated applications in organic synthesis and
environmental sciences."® Important and still disputed aspects
are related to the fact that all enzymes have a high-spin (5=2)
electronic ground state, while many model systems are
intermediate-spin (S=1): on one hand, this relates to missing
data and the often underestimated importance of the driving
force (i.e. the Fe""-oxido redox potential, an experimental
parameter that is very difficult to access accurately),®'? and on
the other hand it is associated with the two-state-reactivity
concept (TSR) and the fact that the spin state of the ferryl
complex might be less important than the energy gap to the
high-spin state.*™®

Bispidine-iron(IV)-oxido complexes have been studied
extensively.'” An interesting feature is the rigidity of the
bispidine scaffold that is too large for FeV=0 and therefore
enforces high redox potentials of the ferryl species.”” A range
of easily accessible ligands with differing denticity and donor
sets allows to fine-tune the reactivities of the bispidine-ferryl
oxidants.?#?" Of particular interest is the complex with the
simplest tetradentate bispidine (L' in Scheme 1): after earlier
indications that the corresponding chlorido-ferryl complex is
high-spin (§=2), it recently has been shown to have an
intermediate-spin (S=1) electronic ground state and,*® with
cyclohexane as substrate, [(L')Fe”=0(CI)]" (see Scheme 1)
selectively leads to chlorocyclohexane and is the most powerful
and fastest known low molecular weight ferryl oxidant:?'*" the
chlorido-oxido-complex [(L')Fe" =O(Cl)] * decays at —90°C with
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Scheme 1. Ligands and complexes discussed in this manuscript; X=Cl~ or MeCN (the specification “trans-N3" will generally be omitted for simplicity since

trans-N3-[(L")Fe"' =

a half-life of minutes, only approx. 25 times slower than with
cyclohexane as substrate.®*”

Here, we describe a thorough analysis of the various
pathways of the self-decay reaction by tandem mass spectro-
metry, cryo-stopped-flow kinetics, a mechanistic DFT study, and
the product analysis of bulk reactions with the ferryl complexes
of L' and the isomeric pair of the ligand derivatives L? and L>.

Results and Discussion
Mass spectrometry and crystallography

HR-ESI MS (high resolution electrospray ionization mass spec-
trometry) was used to characterize the products formed in situ
by oxido-transfer reactions to the [(L')Fe"Cl,] precursor with the
soluble iodosylbenzene reagent *PhlO (*PhlO = 1-(tert-butylsul-
fonyl)-2-iodosylbenzene) in acetonitrile (MeCN).?¥ At relatively
low concentration of oxidant (Figure 1; see Supporting Informa-
tion for additional spectra with other oxidant concentrations
and for the simulation of the isotope patterns of the major
signals, Figures S1-S4) unreacted [(L')Fe"Cl,] precursor is a
prominent species (m/z [(L")Fe'CI]™ calcd. 529.0936, obsd.
529.0938), and the other major signal is assigned to the p-
oxido-bridged diiron(lll) decay product [CI(L")Fe"-O-Fe"(L")CI]**
(m/z [CI(L")Fe"-O-Fe"(L")CI** calcd. 537.0910, obsd. 537.0914).
These mono-oxido-bridged diiron(lll) complexes usually are
fairly unreactive. However, depending on the ligand sphere,
diiron(lll) complexes can be oxidized to higher valent species
with high oxidation power (e.g. model systems for the methane
mono-oxygenase active site).?****" The preferential formation
of the dinuclear complex at low oxidant concentrations
suggests that its putative precursor, the iron(IV)-oxido complex

Chem. Eur. J. 2021, 27, 11377 -11390 www.chemeurj.org

O(X)I"* is the relevant species in the context of most discussions below).
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Figure 1. ESI-MS spectra of in situ reactions of [(L')Fe"Cl,] (10 uM in MeCN)
with *PhlO (a: 1.5 eq, b: 3.5 eq, c: 10 equiv. *PhlO) at 298 K (spectra were
recorded after 60 min reaction time). See Supporting Information for the
general procedure and simulated isotopic patterns (Figures S1 - S3).
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[(L"FeV=0(CNHl" is very reactive and that, therefore, the
formation of the diiron(lll) decay product by a second order
reaction from the ferryl complex [(L')Fe"=0(CI]* and un-
reacted iron(ll) precursor is very fast. It emerges that the only
chance to trap [(L")Fe" =0O(Cl)] " is to use an excess of the *PhlO
oxidant in order to significantly accelerate the formation
reaction. Indeed, at higher concentrations of *PhlO, the signal at
m/z=544.0807 becomes the major signal in the ESI-MS spectra
(see Figure 1, m/z [(L'-H)Fe(O)(C)]™ calcd. 544.0807, obsd.
544.0807). The assumed structure of this mechanistically
important species, i.e. [(L'-H)Fe(O)(CI)]™, is included in Figure 1c:
we suggest that it results from intramolecular C—H abstraction
by the ferryl complex at the methyl group at N7, followed by a
rebound step and proton loss. Therefore, formally this species is
an uncharged Fe" complex, which however is observed as a
monocation. One-electron oxidation of neutral species in
positive-mode ESI-MS is not uncommon and has been observed
before in ferryl oxidation chemistry.****

An oxido-bridged diiron(lll) complex of the N7-deme-
thylated bispidine L' and coordinated bromide ions to
complete the coordination spheres of both iron(lll) centers,
[Br(L'*)Fe"-O-Fe"(L'*)Br]Br,-4MeCN, could be crystallized, and a
plot of the molecular cation is shown in Figure2 (see
Supporting Information for crystallographic details). The com-
plex has the coordinated Br~ donors exo to each other and the
structure is centro-symmetric with respect to the bridging oxido
group. The C9 ketone groups are hydrolyzed, as is often
observed with metal complexes of L'** and the structural

parameters of the coordination polyhedra are as expected (see
Supporting Information which, for comparison, also shows
crystal structural data of the iron(ll) precursors with coordinated
Cl~ and Br7, as well as of the diiron(ll) complex with a similar
bispidine

dinucleating ligand (L%, S29,

Table S11)."41

Figures S28,

Figure 2. ORTEP plot of the p-oxido bridged diiron(lll) complex [Br(L'*)Fe"-O-
Fe"(L'*)BrIBr,-4MeCN. Ellipsoids are shown at the 50% probability level; co-
crystallized solvent molecules, counter ions, and hydrogen atoms (except
protons at N7 and N7’) are omitted for clarity. Bond lengths: Fe—N1: 2.128(3)
A, Fe-N2:2.127(3) A, Fe-N3:2.239(2) A, Fe-N7: 2.231(3) A, Fe—Br: 2.5184(5)
A, Fe-0:1.7795(4) A.
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To further investigate the identity of [(L'-H)Fe"(O)(C)I™, we
performed tandem MS (see Figure 3, see Supporting Informa-
tion, Figures S3 and S4, for additional spectra and simulations
of the isotope patterns) in a voltage range of 5-10V. The
isolated [(L'-H)Fe"(O)(C]*™ intermediate decays with CH,O
release to the demethylated iron(lll) complex [(L'*-H)Fe"(Cl)]™
(m/z [(L"-H)Fe"(CN]T calcd. 514.0706, obsd. 514.0708, see
Scheme 1 for the structure of L'?), where N7 is deprotonated.
There are few other examples of ligand-centered N-demeth-
ylation processes of oxygen adducts of transition metal
complexes,”® and N7-demethylation of the coordinated bispi-
dine L' to L™ has been observed before in L'-Co"/H,0,
chemistry.*® N-demethylation was also observed with the less
reactive MeCN-based analogue [(L')Fe"=0(MeCN)]*>* (see Fig-
ure 3c,d; m/z [(L™-H)Fe"(O)(MeO)]**: calcd. 540.1302, obsd.
540.1303, [m/z (L'-H)Fe"(MeO)]*: calcd. 510.1202, obsd.
510.1198, see also Supporting Information, Figure S5; note, that
in the ESI-MS the co-ligand MeCN is substituted to the
negatively charged MeO™ to reduce charge density).*”!

To probe, whether the demethylation process is an intra- or
an intermolecular reaction, the two isomeric mono-N-benzy-
lated ligands L> and L® were prepared, and their iron(ll)
precursors were oxidized in situ with PhlO to trans-N3-[(L?)
Fe"=0(CN]™ and trans-N3-[(L})Fe" =0(Cl)]* and also studied by
tandem MS (see Figure 4). The orientation of the oxido-group in
the two isomers is derived from density functional theory (DFT),
which indicates that the trans-N3-[(L")FeV=0(Cl)]" (n=1,2,3)
geometry generally is more stable than the corresponding
trans-N7 isomers (see Scheme 1).'248l Therefore, in an inter-
molecular process, both isomers, trans-N3-[(L>)Fe" =O(Cl)]™ and
trans-N7-[(L®)Fe" =O(Cl)]* should lead to a fragmentation of the
[(L"-H)Fe"(0)(CN]1T (n=2,3) species with similar ratios of PhCHO
(benzaldehyde) and CH,O (formaldehyde) release and formation
of [(L"-H)Fe"(Ch]* or [(L™-H)Fe"(C]* and the corresponding
benzylated derivatives. In contrast, an intramolecular C—H
activation by the oxido-group should only with trans-N3-[(L?)
Fe"=0(C)]™ produce PhCHO, while trans-N3-[(L})Fe" =0O(Cl)]*
should release CH,O and yield the N3-benzylated iron(lll)
product. From Figure 4c it emerges that the N7-benzylated
ferryl complex (L?) preferentially fragments with benzaldehyde
release, while the isomeric N3-benzylated isomer (L°) in Fig-
ure 4a preferentially fragments with formaldehyde release (see
Supporting Information for more details, also including the
formation of phenol derivatives of the benzylated ligands,
Scheme S1 and Figures S7 and S9).

The conclusion from mass spectrometry is that, under the
conditions of the MS experiments,®® the very reactive ferryl
complex [(LYFeY=0(C)]" and its analogues with L? and L?
decay via two major pathways: (i) reaction of the ferryl complex
with excess iron(ll) precursor to a p-oxido-bridged diiron(lll)
species, i.e. a process with second order kinetics that can be
partially suppressed by increasing the second order rate of the
ferryl complex formation reaction with an excess of the *PhlO
oxidant, and (ii) the ferryl-initiated demethylation, an intra-
molecular process with first order kinetics, see Scheme 2. Note
that the product of the dealkylation process always is an
oxygenated species (rebound to the Fe"-OH subunit, i.e.
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https://doi.org/10.1002/chem.202101045

Chemistry
Europe

European Chemical

Full Paper

Chemistry—A European Journal

doi.org/10.1002/chem.202101045

9.60x10° .
a isolated c isolated
5440807 540.1302
6.40x10° |- 4.60x10°
3.20x10° 2.30x10° -
0.00 L | 0.00 Il-lh
b j)\ 75V d 5V
H H
B e 2
9.40x10° B 4.40x10° -
- H™ "H
514.0706
4.70x10°8 |- 2.20x10° -
510.1196
0.00 |||| ”I . - \ —Lil] 1 0.00 e . l." 1 I'"'I L
500 510 520 530 540 550 500 510 520 530 540 550
m/z m/z

Figure 3. Tandem-MS of in situ reactions of [(L")Fe"Cl,] (a: isolated peak, b: 7.5 V fragmentation voltage) and [(L')Fe"(MeCN),]** (c: isolated peak, 5 V
fragmentation voltage) (10 uM in MeCN) with *PhlO (35 uM) at 298 K (spectra were recorded after 60 min reaction time). See Supporting Information for

general procedures and other voltages used (Figure S5).
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Figure 4. Tandem-MS of in situ reactions of [(L)Fe"Cl,] (10 uM in MeCN): ¢, isolated peak, d, 5 V fragmentation voltage, and of [(L*)Fe"Cl,] (10 uM in MeCN): a,
isolated peak, b, 7.5 V fragmentation voltage, with *PhlIO (35 uM in MeCN) at 298 K (spectra were recorded after 60 min reaction time). For general procedure
and other voltages see Supporting Information (Figures S7 and S9).
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Scheme 2. Formation of [(L')Fe" =0(Cl)]* (k,), its decay to the oxido-bridged diiron(lll) complex (k,), decay by Fe" =0 based C—H activation, leading to

demethylation (k;), and reaction with a substrate (cyclohexane oxidation, k,).

formaldehyde with L' and L?, and benzaldehyde with L?).
Included in addition to these self-decay reactions with rate
constants k, and k;, respectively, is the reaction of the ferryl
oxidant with substrate [cyclohexane, rate constant k,] that will
be discussed in the next section. An important question that
will be further discussed below relates to the relative stability
and reactivity (the life-time) of the ferryl complex [(L")Fe" =
o(cn1.

Kinetics

Cryo-stopped-flow (dry MeCN or EtCN, 180-240 K, Ar) was used
to study the formation and decay kinetics of [(L')Fe"=0(CI)]*
(rates ki, ky, ks, k, in Scheme 2).5%*" A major problem of the
kinetic study is the exceedingly high reactivity of [(L')Fe"=
O(CN17, i.e. the ferryl species can only be prepared in situ and
with an excess of oxidant (see Scheme 2 and Figure 5). For this
reason, it is virtually impossible to study true stoichiometric
processes and the various pathways separately. Therefore, and
due to the relatively unstructured UV-vis-NIR data and complex
kinetic network, attempts for global fitting of the time-depend-
ent spectroscopic data failed (see also Supporting Information).

Formation of [(L")Fe"=0O(Cl)]* with an excess of *PhlO could
be measured by the decay of a charge transfer transition (CT) of
[(L"YFe"Cl,] at 460 nm and therefore at low complex concen-
tration (75 uM) with a large excess of *PhlO (10 eq). Most other
kinetic experiments were done with [(L")Fe"Cl,] concentrations
in the millimolar range and with a moderate excess of *PhlO
(max. solubility in MeCN of approx. 4 mM; time-dependence of
the dd transition of Fe=0 at around 850 nm). All reported
kinetic data are averages of at least 3 experiments and are
reported with the corresponding standard deviations. Electronic
spectra of the relevant ferryl complexes are shown in Figure 5¢
and Figure 6a (parameters are tabulated in the Supporting
Information, Table S10).

Chem. Eur. J. 2021, 27, 11377 -11390 www.chemeurj.org
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An overview of the time-dependent change for the reaction
of [(L")Fe"Cl,] (2 mM) with *PhlO (2 eq) in EtCN at 183 K is given
for the dd transition of the iron(IV)-oxido species at 850 nm in
Figure 5b, and the time dependence of the spectra of the decay
is shown in Figure 5a. The reaction is best described in three
stages: first, the fast oxidation of the iron(ll) complex to the
ferryl species within 4 s, then decay of the Fe¥=0 complex
over approx. 70s by a higher order reaction, whereby an
isosbestic point at 570 nm is observed, and finally a slower
exponential decay (see Supporting Information for the time-
dependent changes of the absorption spectra for the three
phases, Figure S14).

The first reaction phase - fast formation of the ferryl
complex — was also studied at a CT band of [(L")Fe"Cl,] (460 nm)
and therefore at very low concentration of the iron(ll) precursor
(75 uM) and a relatively large excess of °PhlO (10 eq; see
Supporting Information for the kinetic traces, Figure S16). The
kinetics were fitted as a second order process and the resulting
rate constant is k;,=(1.48 +0.06) 10> M~'s™' (the pseudo-first-
order rate constant, estimated from the traces in the Supporting
Information, is k;°>*=1.2s7").

From time-traces of the decay process of [(L')Fe"=0(Cl)]*
at various temperatures and with various *PhlO concentrations
(Figure 5b and Supporting Information) it emerges that there
are two pathways with differing kinetic parameters, and this is
in agreement with the MS data (see above) that suggest a
second-order decay to an oxido-bridged diiron(lll) complex,
competing with the first-order demethylation reaction of the
coordinated ligand. The kinetic analysis indicates that the
second decay phase (dominating the time-traces after approx.
100 sec in the trace in Figure 5b) is the demethylation reaction,
while the first decay phase is dominated by the formation of
the oxido-bridged diiron(lll) complex. On the basis of the
current experimental data, we can only provide indirect kinetic
parameters for the first phase of the decay process, i.e. the
formation of [CI(L")Fe" -O-Fe"(L")CI]**: A comparable dinuclear
complex was synthesized with ligand L* that has an ethyl bridge

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. a) Time-dependent spectra of the decay of [(L')Fe” =O(CI)]* in EtCN at 183 K. Time between each spectrum is 50 s. b) Time-dependent increase and
decay of the absorption band at 850 nm of [(L")Fe"=0(Cl)]" in EtCN at 183 K following oxidation of the iron(ll)precursor (2 mM) with *PhlO (2 eq) )
Absorption spectra of [(L')Fe" =0(Cl)]" (green), [(L'™®)Fe"” =0O(CI)]* (red) and [(L*)Fe" =O(Fe")(Cl),]** (black) in MeCN at 238 K (2 mM Fe" precursor). d)
Comparison of the time-dependent decay of the iron(IV)-oxido absorption band of [(L')Fe" =0O(Cl)]" at 850 nm (red) and [(L'*)Fe" =O(CI)1* at 815 nm (black)

in MeCN at 238 K.
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Figure 6. a) Absorption spectra of [(L')Fe" =O(MeCN)]** (green), [(L")Fe" =0O(CI)]* (red) [(L")Fe¥=0(Br)]* (black) in MeCN at 238 K. b) Comparison of the time-

dependent decay of the iron(IV)-oxido absorption band of [(L')Fe" =
oxidation of the iron(ll) precursor (2 mM) with *PhlO (2 eq).

between the N7 atoms of two L'-derived bispidine pockets. The
oxidation of the precursor [(L*)Fe",Cl,] (2 mM) with *PhlO (5 eq)
results in an oxidation product with an absorption band at
810 nm, assigned to the iron(IV)-oxido species (see Figure 5c¢ for
the UV-vis-NIR spectrum). The decay of the 810 nm transition
was fitted with first order kinetics, and the mass spectrum
confirms the oxido-bridged diiron(lll) complex as the single

Chem. Eur. J. 2021, 27, 11377 -11390 www.chemeurj.org

O(CH]* at 850 nm (red) and [(L")Fe" =O(Br)]* at 900 nm (black) in MeCN at 238 K after

product (see Supporting Information, Figure S10). The rate
constant kg, =(0.13£0.01) s™' can be used as an indication of
the order of magnitude of the formation rate of a dinuclear
complex. At the relatively low concentration of [(L")Fe" =0(CI)]*
(significantly lower than 1 mM) the decay rate of the ferryl
intermediate leading to the formation of the oxido-bridged
diiron(lll) complex k, must be significantly slower.

11382  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Fitting of the kinetic data of the second decay phase to
first-order kinetics (see Figure5d) leads to k;=(5.82+
0.59)-107*s™". This is also supported by kinetics followed at
360 nm with 40 uM Fe" precursor (see Supporting Information,
Figure $18). Temperature-dependent kinetics (180-225 K) have
allowed to determine the activation enthalpy AH*=(41.941.2)
kimol™' and the activation entropy AS™=(-51.1+£5.9)
Jmol™'K™" from an Eyring plot (see Supporting Information,
Figure S19 — S24), and the experimental barrier is in excellent
agreement with that computed with DFT, see below (computed
AGT =52 kimol™). In order to support the assignment of the
slower decay process of the ferryl oxidant as the demethylation
reaction, the self-decay kinetics of [(L')Fe"=0(Cl)]", i.e. the
precursor that does not have a methyl group at N3, was also
measured. Note, that [(L')Fe"=0(Cl)]" obviously has slightly
different electronic properties (i.e. a different ligand field and
hence a different triplet-quintet energy gap), and this is
confirmed by its electronic spectrum shown in Figure 5¢
(absorption maximum at 815 nm vs. 850 nm). Therefore, the
decay of the ferryl complex was significantly slower and
measured at a higher temperature. The comparison with the
time trace of [(L")Fe"=0(Cl)]* shows impressively the effect on
the stability of the iron(IV)-oxido complex when preventing the
demethylation decay path (see Figure 5d).

In order to qualitatively probe the importance of ligand field
effects, we have also prepared the bromido-ferryl complex of L'
and compared its decay rate in preliminary experiments with
that of the analogous chlorido-ferryl complex studied here in
detail (see Figure 6a for the electronic spectra and Figure 6b for
a comparison of the two time-traces). The low energy dd
transition of [(L'")Fe"=0(Br)]", associated with the transition to
d,. is shifted by 50 nm to lower energy with respect to that
of [(L"YFe¥=0(C]™ (900 nm vs. 850 nm), indicating a lower in-
plane ligand field and this leads to a concomitant increase of
the decay rate by about one order of magnitude (see
Figure 6b).5” In a previous publication, we already showed a
similar effect on reactivity when comparing the complexes with
MeCN and CI™ as co-ligand,*® where a shift of the absorption
maxima by about 80 nm to lower wavelengths was observed
(see Figure 6a), as well as a 2000-fold decrease of the decay rate
compared to the CI~ complex. Similar though less pronounced
effects were observed with the Fe"=0 complexes of a pyridyl-
substituted triazacyclononane ligand (Pytacn), also leading to a
cis-disposition of the monodentate co-ligand (MeCN, CI~, Br")
with respect to the oxido group,®” where the MeCN complex
has a 53 nm higher energy d,,,, transition than the CI~
complex, which is 20 nm higher in energy than for the Br~
species (750 nm vs. 803 nm vs. 823 nm), and the chloride and
bromide complexes are a factor 2 to 3 more reactive in C—H
abstraction from 9,10-dihydroanthracene.

While the MeCN complex was known to have S=1
electronic configuration, due to the extreme reactivity, the
chlorido-ferryl complex could only recently be trapped by cryo-
stopped-flow experiments. The DFT-based predictions errone-
ously supported circumstantial earlier evidence for an S=2
ground state, and this could now be clarified.*® The interesting
observation that the chlorido and more so the bromido
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complexes are the most reactive ferryl complexes known so far,
more reactive than S=2 model systems and at least as reactive
as some nonheme iron enzyme systems, raises the question of
the origin of this reactivity.®” While a thorough answer to this
question requires further experimental and theoretical studies,
it is interesting that the triplet-quintet gaps, qualitatively related
the dd absorption maxima assigned to the d,,,d,,—d._,»
transitions at 768 nm, 850 nm and 900 nm for the MeCN, CI~
and Br~ based ferryl complexes, respectively, correlate qualita-
tively with the computed triplet-quintet energy differences of
75.7 kJ/mol and 5.7 kJ/mol for the MeCN and the CI~ based
oxidants, respectively, and a small energy difference to the
quintet spin surface leads - as expected - to high activity.

Double-mixing experiments with cyclohexane were per-
formed to investigate the reactivity of [(L")Fe"=0(C)]" with
respect to C—H abstraction (EtCN, 183 K). The iron(ll) precursor
was oxidized with °PhlO, and cyclohexane (15 equiv.) was
injected after reaching the maximum absorption (after 3s),
which leads to a fast decay of the dd transition at 850 nm with
the observed rate constant k,=0.20+0.02 s~'.%? A first cautious
estimate of the second-order rate can be obtained by varying
the lag time between mixing of the Fe'" precursor and the PhlO
oxidant, and the addition of the cyclohexane substrate, i.e. the
concentration of [(L')Fe"=0(Cl)]" depends on the formation
and the two self-decay rates (see Supporting Information,
Figure $S25-S27, Table S11). Admittedly, the resulting rate
cannot be regarded as very precise but with a value of k,=
(7.55+0.27)-10*M~'s™" this suggests a significantly higher
reactivity in C—H activation than previously known iron(IV)-
oxido complexes, especially since our measurements relate to
lower temperatures than those observed before %354

An overview of the preliminary kinetic data is given in
Table 1 (see Scheme 2 for the numbering of the reaction paths).
Admittedly, this analysis is limited by the fact that not all
reactions are studied under identical conditions, and a more
thorough and complete analysis for k, is in progress. However,
these data allow the conclusions that (i) the kinetic analysis
confirms the results of the MS experiments and shows a self-
decay of the ferryl complex via a fast second-order reaction that
can be attributed to the formation of an oxido-bridged diiron
complex and a parallel slower first-order reaction, attributed to
an intramolecular demethylation process; (ii) ligand field effects
for example due to a variation of the co-ligand or coordination
of a secondary instead of a tertiary amine have a huge impact

Table 1. Overview of the determined rate constants of the reaction of [(L')
Fe'Cl,] with °PhlO at 183 K in EtCN and with further addition of cyclohexane
as substrate (the values in square brackets and italics (pseudo-first-order
rate of k; and second order rate of k,) are derived with approximations and
therefore are less accurate and have to be considered with caution, see
text; the value for k, is only a rough estimate, see text and Supporting
Information, Figure S17).

reaction rates

k,=[1.257"](1.48 £0.06) - 10° M"'s™’

k; < Kginue, =(0.1340.01) s~
k;=(5.82+0.59)-103 s~

k,=0.2040.02 5" [(7.55+0.27)- 10° M"'s"]
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on the reactivity; (iii) [(L")Fe"=O(Cl)]T shows the highest
reactivity ever observed in C—H abstraction of cyclohexane -
importantly, this HAA process selectively forms the chlorinated
product as shown below.

DFT analysis

Density functional theory (DFT) calculations were used to
compute plausible pathways for the demethylation of the
coordinated bispidine L' at N7 (only the trans-N3 isomer was
considered, the corresponding trans-N7 isomer is known to be
less stable,*® and the experimental data (see sections on mass
spectrometry and bulk reactions) show that the relevant isomer
has trans-N3 configuration). Similar intramolecular HAA reac-
tions were described for other ligand-based processes induced
by high-valent metal-oxido species.******® The intramolecular
ligand decay starts with the oxido-group of [(L")Fe"=0O(X)]"*
(X=CI", MeCN), R, abstracting a hydrogen atom from the
methyl group at N7 via transition state ts7, producing int1, an
Fe"-hydroxido intermediate with a ligand-based radical, [(L-H")
Fe"-OH(X)]"" (see Scheme 3). An intramolecular radical rebound
step then leads via ts2 to the Fe'" intermediate int2 with a 4-
membered amino alcohol chelate involving N7 (note that a
derivative of this intermediate was observed by mass spectro-
metry). From int2, there are two possible routes: in pathway a,

there is heterolytic cleavage of the C—N7 bond in the 4-
membered ring, leading over ts3a to the six-coordinate Fe"
intermediate int3a with a coordinated amide anion. Product P,
the iron precatalyst [(L'")Fe"(X)]"* (X=CI", MeCN), and CH,O are
then produced either in a concerted reaction or via two proton
transfer steps via int3a’. In the alternative pathway b, the
alcohol coordinated to Fe" is released (int3b via ts3b), and a
concerted proton transfer leads to P and CH,0.

The computed free energy profile of the demethylation
process of [(L")Fe"=0(Cl)]", involving the three spin surfaces
starting with the singlet, triplet and quintet ferryl species and
including both pathways a and b is shown in Figure 7 - the
corresponding plot for [(L")Fe¥=0O(MeCN)]** is given as
Supporting Information (Figure S31; plots of the optimized
structures of all relevant intermediates and transition states,
together with selected structural data, as well as computed spin
densities are given in Figures S33-539). Note that DFT generally
has problems in predicting the correct spin state energies,*>*"
and a recent DLPNO-CCSD(T) study, also involving [(L')Fe" =
OX)1"* (X=Cl~, MeCN) shows in agreement with experimental
data that the DFT computed spin ground states of the ferryl
complexes are, not unexpectedly, wrong.*® As usual, we
assume, that the computed activation barriers for the various
pathways are nevertheless of acceptable accuracy.

The estimated barrier height for the rate determining C—H
abstraction step at the methyl group of N7 is rather low for the
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Scheme 3. Proposed demethylation/formaldehyde formation mechanism of [(LYFeV=0(X)]"* (X=CI", MeCN).
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Figure 7. Free energy profile for the demethylation of the bispidine based [(L')Fe" =0(CI)]" complex.

chlorido complex (approx. 50 ki/mol) and significantly higher
for the MeCN-based reactant (approx. 80 kJ/mol), indicating
that the chlorido complex is exceedingly reactive and that the
MeCN complex still is an efficient but much slower oxidant. The
computed activation barrier for the rebound process is
predicted to proceed over an S=1 transition state to the rather
stable cyclic rebound intermediate int2. Not unexpectedly, the
strain in the four-membered ring is released at the relatively
weak Fe'-alcohol bond, i.e. pathway b is energetically favored.
A series of fast steps then leads to the iron(ll) catalyst resting
state [(L")Fe"(X)]"" (X=ClI~, MeCN) and the CH,O product. In
earlier studies on cyclohexane halogenation catalyzed by [(L")
FeY=0(Cl)]", the free energy activation barrier for C-H
abstraction from cyclohexane (rate-determining step) was
computed with a slightly different DFT method to be around
50 kJ/mol, comparable to the values obtained here.”” More
accurate studies in progress indicate that the barrier of the
intermolecular HAA is lower than the intramolecular process
described here, and this is in agreement with the kinetic data
above. For cyclohexane hydroxylation with [(L')Fe"=O(OH)],
the computed activation free energy was nearly 15 kJ/mol
higher,” demonstrating the efficiency of the chlorido complex
and supporting the importance of the ligand field strength of
the monodentate coligand (see kinetic data and dd spectra of
the corresponding ferryl complexes above).

Chem. Eur. J. 2021, 27, 11377 -11390 www.chemeurj.org

Bulk reactions

Bulk reactions with [(L"Fe"=0(Cl)]™ (n=1,2,3) in presence of
cyclohexane were performed in support of the proposed
mechanism. As in the ESI-MS experiments, the two benzylated
ligand derivatives were used to assess whether the self-decay
process (demethylation/debenzylation) is an intra- or intermo-
lecular process. Therefore, benzaldehyde formation and, in
addition, the halogenation of cyclohexane were studied
quantitatively by gas chromatography (GC, see Table 1; see
Supporting Information for reaction conditions).?® The data in
Table 1 confirm the results from the MS experiments and the
mechanistic proposal derived from the DFT study: with the [(L?)
Fe'Cl,] precursor, there is formation of benzaldehyde (max.
approx. 50% with respect to the iron precatalyst), while with
[(L})Fe"Cl,] no benzaldehyde is detected. We take this as
evidence for an intra- rather than an intermolecular process for
the ligand degradation. Importantly, this also confirms the DFT-
based suggestion that the active ferryl oxidant has the oxido-
group trans to N3.'21%4%

As expected from earlier work®’ and from the kinetic
analysis above, the data in Table 2 also show that chlorocyclo-
hexane is produced in the presence of excess cyclohexane and,
as noted before,?" the halogenation is selective, i.e. neither
cyclohexanol nor cyclohexanone were observed, and similar
amounts of chlorocyclohexane are formed with all L™ complexes
(n=1-3)). As expected from earlier work,?*¥ with MeCN

11385 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Table 2. Yield of the products from the reaction of [(L")Fe"Cl,] (7 mM, n=
1-3) with °PhIO (10 eq) and with cyclohexane (100 eq) as substrate in MeCN
after 1 or 24 h stirring under Ar atmosphere at ambient temperature (the
percentages are with respect to the amount of iron precatalyst used).

complex t [h] cyCl [%] PhCHO [%]
[(L"YFe"Cl,] 1 224404 -
[(LYFe"Cl,] 1 27.8+3.9 48.6+6.0
[(L3)Fe"Cl,] 1 28.6+0.1 0
[(L"YFe"Cl,] 24 47.0+43 -

instead of Cl~ as co-ligand cyclohexanol instead of chlorocyclo-

hexane is the main substrate oxidation product (a thorough

study of the halogenation reaction will be published sepa-
rately). Measurements at longer reaction times than 1 h show
that the formation of benzaldehyde does not increase further.

From the time-dependent formation of chlorocyclohexane ([(L")

Fe'Cl,]: *PhlO: cyclohexane=1:10:100, see Figure 8) however, it

is concluded that chlorocyclohexane formation under these

conditions is significantly slower, i.e. the final yield of approx.

45% with respect to the iron(ll) precursor is only reached after

24 h,

A disturbing but most interesting observation is that the
lifetime of [(L")Fe" =0O(Cl)]™ is very short, viz. seconds at —90°C
(see section on kinetics), while the reactions discussed here
(bulk dealkylation of the ligand and selective halogenation of
cyclohexane) are studied at ambient temperature over hours.
There are two corollaries, and these are now discussed in detail:
(i) C—H abstraction from cyclohexane by [(L')Fe¥=0(Cl)]* isto a
large extent unproductive and (ii) the slow formation of
chlorocyclohexane (see Figure 8) must emerge from another
pathway.

() The putative direct oxidation of cyclohexane by [(L')Fe" =
O(CN1™ via a selective rebound process produces chlorocy-
clohexane and [(L")Fe"(X)(Y)]"* (X, Y=CI, OH™ or MeCN).
The rate-determining hydrogen abstraction forms a
cyclohexyl radical and [(L")Fe"(CI)(OH)]*, followed by the
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yield chlorocyclohexane [%]
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Figure 8. Time-dependent formation of chlorocyclohexane in the reaction of
[(L")Fe"Cl,] (7 mM) with *PhIO (10 eq) and with cyclohexane (100 eq) as
substrate in MeCN, stirred under Ar atmosphere at ambient temperature.
The percentages are based on the amount of iron(ll) precursor. The red line
is an arbitrary exponential function to guide the eye and indicate that
chlorocyclohexane formation is due to processes with very different rates.
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rebound of the cyclohexyl radical to the Fe"-Cl intermedi-

ate. From the cryo-stopped-flow kinetic analysis it follows
that the three competing decay processes of [(L')Fe"=
O(Ch]* under similar conditions (EtCN, 183 K, [(L"Fe"(Cl),] :
*PhIO : cyclohexane=1:2:15) have pseudo-first-order rate
constants of approx. k,=1-10"" s~ (formation of the oxido-
bridged diiron(lll) product), k;=6-10"2s"" (demethylation),
and k,=2-10"" s (halogenation, see Table 1). In a stoichio-
metric reaction one therefore would expect around 60%
halogenation, 30% formation of the [CI(L")Fe"-O-Fe"(L")CI]**
“resting state” and only traces of dealkylation products
(note however that these are only rough estimates; for
example the “dimerization” rate might be overestimated,
see section on kinetics). The fact that only minor amounts
of halogenation products are observed initially in the
ambient temperature reaction (see Figure 8) indicates that
most of the formed cyclohexyl radicals (we assume at least
90%) decay unproductively, i.e. via “cage escape”, where
the cyclohexyl radicals abstract a hydrogen atom from the
solvent or excess substrate.”'*? An often used test for
“cage escape” is to investigate changes of the product
distribution in HAA and OAT reactions under strict exclusion
or in presence of dioxygen;!'92°%*%26% O, can trap organic
radicals and, with HAA from alkane substrates, the resulting
alkylperoxides form the alcohol and ketone products with a
Russel-type mechanism in a 1:1 ratio.” Indeed, under
ambient atmosphere a mixture of chlorocyclohexane, cyclo-
hexanol and cyclohexanone is observed (see Supporting
Information, Table S6). Since O, may also react with some of
the iron intermediates, which might lead to changes in the
product distribution, we have also performed halogenation
reactions in presence of TEMPO (2,2,6,6-tetrameth-
ylpiperidinyloxyl), which is also known to trap organic
radicals. The reaction products with hydrogen atoms
(deuterium when perdeuterated cyclohexane was used),
methyl radicals and cyclohexyl radicals were identified in
MS experiments and, in presence of 10 equivalents of
TEMPO, the halogenation was completely quenched under
the usual reaction conditions (see Supporting Information
for details, Tables S8 and S9). We take this as evidence for a
“cage escape” pathway although we suggest that “cage
escape” may give the wrong impression because the
concentration dependence of the second order quenching
process of the substrate radical indicates that the quencher
(TEMPO or O, or cyclohexane) rather enters the cage than
the cyclohexyl radical escapes it. This also emerges from
earlier mechanistic studies on the bispidine-iron-induced
epoxidation of cyclooctene.'*% However, the common
observation is that the efficiency of both these non-
rebound pathways increase with increasing lifetime of the
[(L"Fe"(OH)(C]*cyclohexyl radical intermediate, i.e. with
an increase of the rebound energy barrier, and the barrier
in the ferryl systems discussed here is substantial. Note
however, that cage escape has only been substantiated in
the bulk reaction — for technical reasons, product analysis
was not possible in the cryo-stopped-flow experiments.
That is, our interpretation assumes the same [(L")Fe"=
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O(Ch]* oxidant in the low temperature kinetics and the
ambient temperature batch reactions.

(i) The exceedingly fast decay of [(L)Fe"=0O(Cl)]" in presence
of cyclohexane, due to a large ratio of “cage escape”, i.e.
unproductive cyclohexyl radicals, mainly produces [CI(L")
Fe"-O-Fe"(L")CI** and some [(L'*)Fe"(MeCN)(C)]™. The latter
(the N7-demethylated iron(ll) precursor) has a similar
reactivity to that of the L' based complex, i.e. it primarily
produces the corresponding oxido-bridged diiron(lll) com-
plex (see also section on kinetics above). This is a
consequence of the conditions for the bulk reaction: due to
requirements for the product analyses (detection limit of
GQ), the concentration of the iron precursor must be of the
order of 7mM, and the maximum solubility of °PhlO is
4 mM. Therefore, at the beginning of the process, the
concentration of oxidant is lower than that of the iron
precursor. According to the MS experiments and kinetic
analyses this strongly promotes the formation of the oxido-
bridged diiron(lll) complex. Another important observation
is that addition of excess Cl~ leads to reduced yields of
chlorocyclohexane, and this is shown to be due to oxidation
of CI™ to ClIO~ by the ferryl oxidant."® This is supported by
the fact that the dealkylation process selectively leads to
oxygenated products (see section on mass spectrometry).
Therefore, the chlorocyclohexane product must arise from
an Fe—Cl based species, i.e. a rebound pathway. It follows
that after a short initial phase, most of the products
observed in the bulk reactions (benzaldehyde and chlor-
ocyclohexane) emerge from [CI(L")Fe"-O-Fe"(L")CI]** (and its
L' based derivative). The conclusion is that, in the catalytic
halogenation reaction described in this section, most of the
chlorocyclohexane is produced by [CI(L")Fe"-O-Fe"(L")CI]**
as the precatalyst, and we assume that, in presence of *PhlO
this produces in a very slow reaction the ferryl complex as
the active catalyst (see Scheme 4).

SPhIO

O CcoOMe

lkf', ko, k3", ky"

Scheme 4. Formation of [(L')Fe" =O(Cl)] " (k,), its decay to the oxido-bridged diiron(lll) complex (k,), decay by Fe

Conclusion

The data discussed here show that [(L')Fe¥=0(Cl)]" has the
oxido-group trans to N3 (see Scheme 1) and an S=1 electronic
ground state,®” and that, regardless of the “wrong” spin ground
state of the ferryl complex, S=1 [(L"FeVY=0(C)]* has the
highest reactivity for HAA reactions catalyzed by known ferryl
complexes. Also, [(L')Fe" =0(Cl)]" is believed to have (one of)
the highest Fe" =0 redox potentials although one needs to
be cautious with reported Fe"" potentials.*® An interesting
question is, how much the observed reactivity relates to the
Fe"" potential, how much to the electrophilicity of the oxido-
group and how much it depends on the quintet-triplet gap of
the ferryl complex. We believe to have shown with the data
presented here that some of these interesting questions may
be discussed thoroughly with the bispidine-based complexes
studied here.

An initially annoying but important observation is that the
exceedingly high reactivity of [(L')Fe" =O(Cl)]" is unproductive,
i.e. leading to the unwanted side products [CI(L")Fe"-O-Fe"(L")
CI** and [(L")Fe"(MeCN)(CI)]* rather than to chlorocyclohexane
and [(L"Fe"(MeCN)(Cl)]*. Demethylation can be prevented by
using [(L'*)Fe"(Cl),] as precatalyst, and preliminary experiments
indicate that the L' based oxidant has a similar reactivity (note
that for a number of reasons it might be of advantage to use
ligand derivatives that are N3 as well as N7 demethylated and
with reduced C9 ketone and hydrolyzed C1, C5 ester groups,
and these ligands are all available and assumed to lead to ferryl
complexes with similar reactivity). There are possibilities to
prevent formation of the oxido-bridged diiron(lll) complexes
(e.g. by reactions at very high dilution or with more elaborate
systems involving fixation of the iron(ll) precursors at a distance
that prevents interaction of the iron sites). Studies in these
directions may show whether an efficient and stable catalyst
may then be produced.

LFe"-Cl

+
L1Fe'V=o_| él L1Fe"'-O-Fe"'L1—|2+
k K2 \
T Yer él 2 Yo & &

SPhIO

ks

"' C—H activation leading to demethylation (k;),

substrate (cyclohexane) oxidation (k,), and assumed reactivity involving the “self-decay” products.
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Experimental Section

Materials and methods

All chemicals and reagents were purchased from commercial sources
(ABCR; ACROS, Sigma-Aldrich; TCI). Dry solvents were stored over
molecular sieves and, with the exception of propionitrile, were used
without further purification. Purchased propionitrile contains impur-
ities such as isocyanate or cyanate ions, which can interfere with the
reactions by coordinating to the complexes used. For purification,
propionitrile was first extracted with aqueous HCl solution (20%, 2x)
and then with a saturated NaHCO, solution (3x). The solvent was then
pre-dried by addition of Na,SO,. After filtration of the solid, it was
carefully dried over CaH,. After filtration and addition of fresh CaH,,
the solvent was refluxed for 1 day, followed by distillation and storage
over molecular sieve (4 A). Preparation and handling of air-sensitive
materials were carried out using either Schlenk techniques or in a
glovebox under Ar atmosphere.

MS experiments were carried out on a ApexQe hybrid 94 T FT-ICR
from Bruker. For HR-ESI and tandem MS measurements with various
oxidant concentrations the samples were prepared in the glove box.
The measured solutions had iron complex-concentrations of 107> M in
abs. MeCN. Corresponding amounts of oxidant were added. The
reactions were carried out in a total reaction volume of 2 mL. The
reactions were stirred 1 h at rt. Then, 1 mL of the reaction solution
was taken, filtered through a syringe filter and filled into a vial with
septum. Then the measurements were carried out by the Mass
Spectromety Facility, Department of Chemistry, University of Heidel-
berg, Heidelberg, Germany.

Elemental analyses were performed on a CHN-O Vario EL by the
“Mikroanalytisches Labor”, Department of Chemistry, Heidelberg
University, Heidelberg, Germany.

UV —vis — NIR spectra were recorded on an Agilent 8453 spectropho-
tometer equipped with an USP-203-A cryostat from Unisoku. Spectra
were processed with Origin 2019.

X-ray crystallography: see the Supporting Information for the details of
the crystal structure determinations. Plots of the crystal structure
shown in this publication were performed using the programs ORTEP
and POV-Ray.

Kinetik measurements: cryo-stopped-flow measurements were per-
formed with a SFM-4000/S stopped flow mixer from Bio-Logic Science
Instruments. The UV-vis spectra were recorded by using a Tidas MCS
UV/NIR from J&M Analytik AG and the temperature was controlled by
a Thermo Scientific Phoenix Il cryostat. Rate constants were obtained
either by fitting the data with the software OriginPro 2018G or via
global analysis with the software ReactLab KINETICS by Jplus
Consulting.

Bulk reaction to determine benzaldehyde and chlorocyclohexane
formation were carried out in the glovebox with iron complex
concentrations of 7 mM and a total reaction volume of 2 mL (MeCN).
To the iron complex, cyclohexane (100 eq) and *PhlO (10 eq) were
added and after stirring at room temperature for 1 h, to the reaction
mixture the internal standard nitrobenzene for the GC measurement
was added. Then, the reaction solution was filtered over a pipette
column (silica) to remove the iron catalyst. The column was rinsed
with 3mL MeCN. The GC measurements were carried out with a
Varian 3900.

Experiments with TEMPO were carried out with iron complex (7 mM),
cyclohexane (700 mM), PhlO (70 mM) and TEMPO (70 mM), which
were added subsequentially to 2 ml abs. MeCN under Ar atmosphere
and stirred for 24 h at rt. To separate the iron complex, the reaction
mixture was filtered through a pipette column (silica) and rinsed with
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3 ml MeCN. Product analysis was carried out with an Ultra Trace GC
from Thermo Fischer (TG-1701MS column, 30 m, 0.25 mm, 0.25 pum)
with a Single Quadropole MS detector. Helium was used as a carrier
gas and electron ionization was used as an ionization method.

Syntheses

The bispidine-iron(ll) complex and soluble iodosylbenzene (*PhlO)
were synthesized according to literature procedures**73 The
chloride/bromido complexes were prepared as follows: Iron(ll) chloride
or iron(ll) bromide (6.36 mmol) was added to a solution of the
bispidine ligand (6.36 mmol) in dry acetonitrile (60 mL) under nitrogen
atmosphere. After one hour stirring at room temperature, the
precipitated complex was filtered and dried under vacuum.

[(L)FE'(CI),] (640.09 g/mol, CyHsoCl,FeN,Os): HR-ESI MS (pos, MeOH):
[(LOFe"(CN]" calcd. 605.1249, obsd. 605.1264 (100%). Elem. Anal.
(report no. 43066). Calcd for [[(L)Fe"(Cl),] MeCN]: C 54.57, H 4.87, N
10.26%. Obsd: C 54.34 H 4.52, N 10.64%. UV —vis —NIR (MeCN, rt): A
[nm] (e [M~' cm™"]) 427 (2149).

[(L3)Fe”(C/)2] (640.09 g/mol, CyeH3,Cl,FeN,Os): HR-ESI MS (pos, MeOH):
[L)Fe"(CN]* calcd. 605.1249, obsd. 605.1258 (100%). Elem. Anal.
(report no. 43303). Calcd for [[(L2)Fe"(Cl),] 0.5 MeCN]: C 54.44, H 4.80, N
9.52%. Obsd: C 54.36 H 4.95, N 9.54%. UV-vis-NIR (MeCN, rt): A [nm] (&
M~ ecm™]) 413 (1974).

[(L')Fe"(Cl),] (551,20 g/mol, Cy,H,,Cl,FeN,Os): HR-ESI MS (pos,
MeCN): [(L')Fe"(C]* calcd. 515.0779, obsd. 515.0775 (100 %). Elem.
Anal. (report no. 45185). Calcd for [(L')Fe"(Cl),]: C 47.94, H 439, N
10.16%. Obsd: C 47.63, H 4.52, N 10.21 %.

[(L")Fe"(Br),] (651.96 g/mol, C,3H,¢Br,FeN,0s): HR-ESI MS (pos, MeCN):
[(L"YFe"(Bn]* calcd. 573.0431, obsd. 573.0432 (100%). Elem. Anal.
(report no. 45967). Calcd for [[(L")Fe"(Br),] 0.5 H,0 0.5 MeCN]: C
42.16, H 4.20, N 9.22%. Obsd: C 42.20, H 4.34, N 9.16 %.

Crystals of the iron complexes were obtained from concentrated
solutions in MeCN at ambient temperature.

[(L")F€"(Br),]. FeBr, (762 mg, 3.5mmol, 1.0eq) was added to a
suspension of L' (1.511 g, 3.6 mmol, 1.0 eq.) in abs. MeCN (10 ml)
under N, atmosphere and stirred for 16 h at RT. The suspension was
filtered, the residue was washed with cold abs. MeCN (3 ml, 2x) and
then dried in high vacuum to obtain the product as brown solid. The
filtrate and washing solutions were combined, layered with abs. Et,0
(30ml) and stored at RT. Crystal structures for [Fe(L'?)(Br),] and
{[Fe"L"-(OH),)1,(0)(Br),}(Br),] were obtained. The cause of the dimeriza-
tion and hydration is probably FeBr, contaminated with water, which
was used as educt. [(L')Fe"(Br),] (640.11 g/mol, C,,H,,Br,FeN,O,): HR-
ESI MS (pos, MeCN): [(L')Fe"(Br)]" calcd. 559.0274, obsd. 559.0282
(100%). Elem. Anal. (report no. 45184). Calcd for [[(L'*)Fe"(Br),] H,Ol: C
40.15, H 3.98, N 8.51%. Obsd: C 40.06, H 4.10, N 8.41 %.

[(L2)Fe(MeCN),](BF),.[(L)Fe"(Cl),] ( 1.56 mmol, 1.00eq) was dissolved in
15 ml abs. MeCN under ar. Ag(BF,) ( 4.13 mmol, 2.6eq) was added and
the solution was stirred overnight. After filtration and crystalisation,
the product was obtained as greenish solid (0.79 mmol, 50.6%). [[(L?)
Fe'"(BF,),]2 MeCN] (826.22 g/mol, C3Hs¢B,FgFe,Os): HR-ESI MS (pos,
MeOH): [(L)Fe"(F)]" calcd. 589.1544, obsd. 589.1551 (100%). Elem.
Anal. (report no. 43923). Calcd for [[(L)Fe"(BF,),]2 MeCN, 0.6 BF,0OH]: C
45.79, H 4.26,N 9.71 %. Obsd: C 45.46, H 4.30, N 10.03 %.

Computational methods

The molecular structures of all the intermediates and transition states
involved in the self-decay mechanism of bispidine based Fe"=0
complexes were fully optimized in all possible spin states using spin-

11388 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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unrestricted B3LYP functional.”*"® Based on earlier studies, with the
exchange—correlation hybrid B3LYP functional reliable and accurate
electronic structures and energetics, particularly of bispidine-based
transition metal complexes are expected®***>”777¥ The double-{
quality Los Alamos national laboratory (LANL2DZ)®®" effective core
potential was employed to describe the Fe center and the 6-31G
(d,p)®? basis set was used for H, C, N, O and Cl. Vibrational frequencies
were computed to extract thermodynamic details and to verify the
nature of the stationary points. The gas-phase energies were further
improved by performing single-point calculations on the optimized
geometries with triple-{ valence polarization (TZVP)® basis sets for all
atoms including the effect of MeCN solvent. The self-consistent
reaction field-polarizable continuum model (SCRF-PCM)®® was
employed to incorporate implicit solvent effects. The solvation
energies were added with free energy corrections extracted from the
frequency calculation on the corresponding gas-phase optimized
geometries. Therefore, all free energies quoted in present study are
those obtained from PCM (NCMe) B3LYP/TZVP//B3LYP/LANL2DZ(6-
31G(d,p) level of theory at 1atm and 298.15K. The quadratic
convergence keyword was used to facilitate a smooth SCF procedure.
NBO analyses®™?®*¥ were carried out with wave functions generated at
the B3LYP/LANL2DZ(6-31G(d,p) level of theory. The Gaussian09 code
was used for performing all computations.””

Supporting Information

The Supporting Information includes further experimental and
computational details, specifically with respect to the MS, GC,
GC-MS and kinetic experiments. It also includes details of the
crystal structure analyses. Deposition Numbers 2055798,
2055799, 2055800, and 2055801 contain the supplementary
crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.
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