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Spin state and reactivity of iron(IV)oxido complexes
with tetradentate bispidine ligands†‡
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The iron(IV)oxido complex [(bispidine)FeIVvO(Cl)]+ is shown by experiment and high-level DLPNO-CCSD

(T) quantum-chemical calculations to be an extremely short-lived and very reactive intermediate-spin (S

= 1) species. At temperatures as low as −90 °C, it decays with a half-life of approx. two minutes, and this

is the reason why, so far, it remained undetected and why it is extremely difficult to trap and fully charac-

terize this interesting and extremely efficient oxidant. The large difference in reactivity between [(bispi-

dine)FeIVvO(Cl)]+ and [(bispidine)FeIVvO(MeCN)]2+ (at least two orders of magnitude), while both oxido-

iron(IV) complexes have very similar structures and an S = 1 electronic ground state, is presumably due to

the large difference in the energy gap between the triplet and quintet electronic states. In presence of

cyclohexane as substrate, [(bispidine)FeIVvO(Cl)]+ oxidizes cyclohexane with a rate that is approx. 25

times faster than the self-decay of the oxidant, and selectively leads to chlorocyclohexane in moderate

yield. The S = 1 electronic ground state of [(bispidine)FeIVvO(Cl)]+ and a relatively low gap to the S = 2

state (approx. 6 kJ mol−1 vs. approx. 75 kJ mol−1 for [(bispidine)FeIVvO(MeCN)]2+) is also predicted by

DLPNO-CCSD(T) quantum-chemical calculations. The method used was benchmarked with a set of six

ferryl complexes with experimentally known electronic ground states.

Introduction

Mononuclear non-heme iron centers have been described and
thoroughly studied in enzymes and bioinspired low molecular
weight complexes since the early 2000s. They play an impor-
tant role in nature and are of interest in preparative chemistry
and environmentally relevant processes – examples of the
diverse reactions include hydroxylation and halogenation of
unactivated alkanes (hydrogen atom transfer, HAT) and oxygen
atom transfer (OAT) such as epoxidation and sulfoxidation.1–6

The reactivity of non-heme iron(IV)-oxido species is believed to
depend on the spin state of the FeIVvO2+ core (high-spin, S = 2
vs. intermediate-spin, S = 1; low-spin is energetically barely
accessible). The high-spin state is believed to be more reactive,
and this is supported by theoretical considerations.7,8 All
known enzyme sites are high-, while most model complexes

are intermediate-spin. Experimentally, the determination of
the spin state is only trivial for the less reactive FeIVvO2+ com-
plexes that can be isolated in pure form but spectroscopic ana-
lyses of trapped meta-stable intermediates have also allowed to
characterize some of the more reactive and hence more inter-
esting complexes – however, one needs to be cautious with
indirect indications, as will be shown below. The quantum-
chemical prediction of the spin ground state is also proble-
matic, particularly with density functional theory (DFT), where
the description of the wavefunction strongly depends on the
functional,9 and this is particularly problematic for the ener-
getics of the spin states of ferryl centers,10–13 where the ground
state can often only be computed with empirical corrections,14

i.e. predictions have to be considered with great care.
We have extensively studied and reported on bispidine-iron

(IV)-oxido chemistry with penta- and tetradentate bispidine
ligands (the oxido complexes of the simplest tetradentate bis-
pidine discussed here with Cl− or MeCN (acetonitrile) as
monodentate co-ligand are shown in Chart 1). These ferryl
complexes are among the most reactive FeIVvO species and
have very high FeIV/III redox potentials.15–17 While the other
well-characterized bispidine-iron(IV)-oxido complexes are
known to have a triplet ground state (Mössbauer spectroscopy,
electronic spectroscopy [dd transition in the 700–800 nm
range], also supported by DFT calculations, and this includes
the FeIVvO complex with the tetradentate ligand and MeCN as
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co-ligand), the hydroxido-, chlorido- and fluorido-ferryl com-
plexes with the tetradentate bispidine were believed to have a
quintet ground state.18–20 A simple ligand field analysis
suggests that a weak co-ligand in the xy plane (also including
the tertiary amine N7 [see Chart 1 for numbering] with a long
metal-amine bond enforced by the bispidine platform, as well
as the two pyridine donors with likewise sterically enforced
relatively weak bonds) yields a relatively low energy dx2−y2
orbital, resulting in a high-spin ground state, and this was sup-
ported by DFT calculations.18–20 Experimentally, the proposal
of high-spin electronic configuration was corroborated by the
absence of any dd transition in the area of 600–800 nm (while
the corresponding MeCN complex features the expected tran-
sition at 768 nm). Moreover, with cyclohexane as substrate,
[(bispidine)FeIVvO(Cl)]+ was shown to produce chlorocyclo-
hexane with no cyclohexanol or cyclohexanone side products,
and an experimentally determined kinetic isotope effect (KIE)
of 14 suggested that C–H abstraction is the rate determining
step.20–22 These (and few other) experimental results were
taken as supporting evidence for the qualitative ligand field
analysis and the DFT calculations, i.e., suggesting that, while
the corresponding acetonitrile complex [(bispidine)FeIVvO
(MeCN)]2+ has the usual S = 1 ground state, the chlorido
complex [(bispidine)FeIVvO(Cl)]+ has a high-spin (S = 2) elec-
tronic configuration. This assignment is wrong.

Results and discussion
Experimental characterization

Cryo-stopped-flow experiments (MeCN, 238 K or lower) unam-
biguously show that, at low temperature, an extremely short-
lived intermediate is formed that has escaped observation so
far. Shown in Fig. 1 are the UV-vis-NIR spectra of the chlorido-
oxido and the acetonitrile-oxido complexes – the former
recorded in proprionitrile (EtCN) at 183 K, the latter at 238 K
in MeCN, both generated in situ from the bispidine-FeIICl2 or
the bispidine-FeII(Otrif )2 precursors (Otrif− = trifluormethane-
sulfonate), respectively, using an excess of iodosylbenzene
([sPhIO] = 4 mM vs. [FeII] = 2 mM). The time-traces also shown
in Fig. 1, recorded at the maxima of the near infrared dd tran-
sitions (768 nm or 850 nm for [(bispidine)FeIVvO(MeCN)]2+

and [(bispidine)FeIVvO(Cl)]+, respectively), show that the
MeCN complex is moderately stable at 238 K, while the chlor-

ido complex has an extremely short life-time, even at −90 °C
(the observed approx. rate constants for the formation (k1) and
decay (k2, k3) of the two complexes are kCl1 = 1.5 × 103 M−1 s−1,
kCl3 = 5.5 × 10−3 s−1, kMeCN

1 = 2.0 M−1 s−1, kMeCN
3 = 4.1 × 10−4

s−1). Note that the rates were obtained in different solvents
and at different temperatures (see above and caption to Fig. 1),
and that the formation is a second order reaction while the
decay includes more than one process.23 The fact that, at
−90 °C, the chlorido-oxido complex is formed and decays with
half-lifes in the area of less than a second and approx. two
minutes, respectively, explains why this extremely reactive
species that we assume to be responsible for the very high
halogenation and oxygen transfer reactivity, has not been
observed before.16,19,20

For the acetonitrile complex [(bispidine)FeIVvO(MeCN)]2+

there are preliminary data from Mössbauer spectroscopy that
support the assignment of an S = 1 ground state (see ESI‡). For
the chlorido complex, due to the extremely low stability, apart
from the electronic spectra shown in Fig. 1, we have not yet
been able to trap the FeIVvO intermediate for spectroscopy.
However, the observed dd transitions (see Fig. 1) are fully con-
sistent with the assignment of an intermediate-spin (S = 1)
electronic ground state of [(bispidine)FeIVvO(Cl)]+. In accor-
dance with elaborate optical spectroscopy (variable tempera-
ture UV-vis-NIR and MCD in combination with DFT calcu-
lations) of two model S = 1 FeIVvO complexes with similar
pseudo-tetragonal symmetry as the complexes discussed
here,24,25 we assign the band observed at 850 nm to the dxz/yz,
dxy → dx2−y2 transitions (in pseudo-D4h symmetry, z-axis along
FeIVvO), and the shoulder at approx. 592 nm to the dxz/yz →
dz2 transition.

26–30 This is an extremely low energy dx2−y2 tran-
sition of an intermediate-spin ferryl species. A comparable
very reactive pseudo-tetragonal FeIVvO complex with an S =

Chart 1 Structure of the bispidine-iron(IV)-oxido complexes with the
tetradentate bispidine and a monodentate co-ligand (Cl− or MeCN; only
the more stable isomers with the oxido group trans to N3 are shown).

Fig. 1 (a) UV-vis-NIR spectra of in situ generated [(bispidine)FeIVvO
(Cl)]+ (red) in oxygen-free EtCN at 183 K and [(bispidine)FeIVvO
(MeCN)]2+ (black; approx. 2 mM each) in oxygen-free MeCN at 238 K; (b)
time-trace of [(bispidine)FeIVvO(MeCN)]2+ (conditions as above) (c)
time-trace of [(bispidine)FeIVvO(Cl)]+ (conditions as above); (d) time-
trace of [(bispidine)FeIVvO(Cl)]+ after addition of cyclohexane (15 mM),
3 seconds after in situ generation (maximum of the time-trace (c);
183 K); also shown in red is the fit to a pseudo-first-order reaction with
k4 = 0.2 s−1.
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1 ground state and a low ligand field is that with the tetraden-
tate ligand Me3NTB (Me3NTB = tris[(1-methyl-benzimidazol-2-
yl)methyl]amine) with the corresponding dd transition at
770 nm.31 The very low energy dd transition of [(bispidine)
FeIVvO(Cl)]+ at 850 nm supports the earlier analysis that this
complex has a very low in-plane ligand field, leading to a low
energy gap between the dxz/yz, dxy and the dx2−y2 orbitals.
However, in contrast to our earlier conclusion, the ground
state is S = 1 and not S = 2.

Interestingly, the acetonitrile complex [(bispidine)FeIVvO
(MeCN)]2+ is much less reactive (at least two orders of magni-
tude) than [(bispidine)FeIVvO(Cl)]+ (see Fig. 1b vs. 1c; note the
different time axes). The second phase of the self-decay is a
first-order process with a rate constant for the chlorido
complex of kCl3 = 5.5 × 10−3 s−1 (−90 °C, EtCN), that of the
acetonitrile complex is kMeCN

3 = 4.1 × 10−4 s−1 (−35 °C, MeCN).
The approx. decay rate of [(bispidine)FeIVvO(Cl)]+ in presence
of a 15-fold excess of cyclohexane is k4 = 0.2 s−1 (EtCN, −90 °C,
i.e. approx. 25 times faster than without substrate, see Fig. 1c
vs. 1d), and this selectively leads to chlorocyclohexane (approx.
20% yield; slightly different experimental setup, ambient
temperature).18–20 A full kinetic and mechanistic analysis of all
pathways involved in the formation, self-decay and product for-
mation processes is in progress but a preliminary qualitative
interpretation of the striking difference in reactivity, based on
the approx. rates of the two complexes with very similar mole-
cular structures and a supposedly identical electronic ground
state is appropriate.

According to quantum-chemical calculations at different
levels of theory, generally and independently of the spin state
of the ferryl complex, the oxidation of substrates occurs on the
high-spin surface – the only known exception is the carbene-
FeIVvO complex (NHC, see Chart 2 below).4,7,8,11,12,32–35 The
concept of two-state-reactivity illustrates this observation,36,37

and that is supported by a large body of computational and
experimental data.7,38 However, in only few of the studies
spin–orbit coupling has been considered explicitly for the
energetics of the spin crossover.39–43 It has been shown that
the transmission coefficient κSO in the Eyring equation (eqn
(1)) is directly related to the spin–orbit coupling matrix
element, and spin–orbit coupling between the quintet and

triplet states strongly increases with a decreasing energy gap,
i.e. the transmission coefficient κSO increases with decreasing
energy difference of the high-spin and intermediate spin
states.41–43

kðTÞ ¼ κSO ðkBT=hÞexpð�ΔGq=RTÞ ð1Þ
The observed large rate difference between the two inter-

mediate-spin ferryl complexes [(bispidine)FeIVvO(Cl)]+ and
[(bispidine)FeIVvO(MeCN)]2+ therefore suggests that the chlo-
rido complex has a much lower energy gap than the aceto-
nitrile complex, and this agrees with the qualitative ligand
field analysis (see Introduction). Importantly, a thorough
kinetic study of complexes with very similar structures but a
wide variation of the energy gap should allow to obtain quanti-
tative information on the triplet-quintet energy gap of ferryl
complexes and therefore may help to tune quantum-chemical
approaches for spin state energetics. With the bispidine-iron
(IV)-oxido complexes discussed here (see Chart 1) and deriva-
tives with substituted pyridine donors that are available (see
also ESI‡),16,44 a series of ferryl complexes with very similar
structures are available to test these ideas.

Computational analysis

DFT models are known to over-stabilize high-spin configur-
ations. Therefore, it is unsurprising that DFT does not describe
the spin state energetics of FeIVvO complexes correctly.9–12

Coupled cluster calculations are known as the gold-standard
for this type of problem45,46 but the computational cost of
CCSD(T) is still too high for a general application. A number of
methods based on multiconfigurational perturbation theory
have been proposed, and the various approaches have been
compared, specifically also for high-valent iron complexes.46

The combination of CASPT2 calculations, with an error of
approx. 40 kJ mol−1 with respect to CCSD(T), with simplified
CCSD(T) methods (electron correlation for the transition metal
(3s3p) semicore), CASPT2/CC, leads to a reduced error of about
9 kJ mol−1.46 The recently introduced DLPNO-CCSD(T) method
provides a particularly interesting approach to this
problem.47,48 Here we describe an extensive ab initio quantum-
chemical analysis of a series of FeIVvO complexes with tetra-
dentate ligands and experimentally known electronic ground
states, also including the two bispidine complexes with Cl−

and MeCN as co-ligands (see Chart 2) to benchmark the
method used and to address the spin state problem discussed
above, i.e. to reliably calculate the spin state energetics of [(bis-
pidine)FeIVvO(Cl)]+.

The protocol used involves the optimization of the structure
with B3LYP/def2-TZVP (PCM solvation, MeCN), followed by
single point gas phase DLPNO-CCSD(T) calculations to deter-
mine the electronic ground state of the optimized geometries.
Correlation consistent basis sets were used.52,53 These provide
the advantages that it is relatively easy to extrapolate the
energy to the complete basis set limit (CBS) and that they
provide a large basis for the iron center. Moreover, HF orbitals
were taken as starting point for the DLPNO-CCSD(T) calcu-Chart 2 Complexes studied by DLPNO-CCSD(T).32,49–51
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lations, and a well-established protocol was used for the extra-
polation of the calculated energies to the energies at the com-
plete basis set limit (CBS).54 Coupled cluster calculations
depend heavily on the size of the basis set, and care was taken
to increase the size of the basis set such that convergence of
the relative energies was reached (see Table 1 for the results
and the ESI‡ for details of the protocol used as well as detailed
results of the benchmarking; note that solvation effects are not
included in the DLPNO-CCSD(T) calculations, and Table S1‡
also includes DFT gas phase calculations for comparison).

The DLPNP-CCSD(T) method used may give errors of up to
∼20 kJ mol−1.55 Therefore, it is necessary to evaluate the
results very carefully. Importantly, it was possible to predict
the experimentally determined spin state for all of the investi-
gated complexes, specifically also for the two bispidine com-
plexes, where the experimental data suggest a large difference
of the quintet–triplet energy gap, and this also emerges from
the calculations (see Table 1). It is not unexpected that the cal-
culated energy gap strongly depends on the size of the basis
set. The results for the cc-PVDZ, cc-PVTZ and cc-PVQZ basis
sets in Table 1 indicate that a larger basis set on the iron
center is of importance (as specifically observed in the case of
[(bispidine)FeIVvO(MeCN)]2+). It appears that at least a quad-
ruple quality basis set is needed to obtain accurate results. In
addition, the choice of the PNO cutoff is very important. Due
to their different orbital cutoffs the NormalPNO and the
LoosePNO criteria lead to very different energies, especially
in the case of the TMC-S complex. Also, the triple zeta basis
set appears to be too small to describe the Fe–S bond
accurately.

In a recent publication, a similar DLPNO-CCSD(T) approach
was used to evaluate corrections for DFT calculations.
Importantly, that study also involved CASPT2/CC calculations
(see the last column in Table 1).56 It appears, specifically for
the two TMC complexes, that the DLPNO-CCSD(T) results with
our protocol lead to similar spin state energies to those at the
CASPT2/CC level, and this may indicate that the high quality
starting orbitals and large basis sets used here assure accurate
and consistent data. Specifically for [(bispidine)FeIVvO(Cl)]+

(S = 1) but also for all others, this is supported by the experi-
mental data.

Experimental section
Materials and methods

All chemicals and reagents were purchased from commercial
sources. Dry solvents were stored over molecular sieves and
used without further purification. Preparation and handling of
air-sensitive materials were carried out using either Schlenk
techniques or in a glovebox. The bispidine-iron(II) complex
and soluble iodosylbenzene (sPhIO) were synthesized accord-
ing to literature procedures.20,57–60 The chlorido complex was
prepared as follows: iron(II) chloride (0.8 g, 6.36 mmol) was
added to a solution of the bispidine ligand (2.8 g, 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.

Cryo Stopped-Flow measurements were performed 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 II cryostat.

The solution of the Fe(II) complex (4 mM) and the suspen-
sion of sPhIO (20 mM) in dry acetonitrile were prepared in a
glovebox under argon atmosphere. The solutions were filtered
through a syringe filter prior to insertion into the stopped
flow. Mixing was performed in a 1 : 1 ratio with a dead time of
2.1 ms. The addition of cyclohexane was carried out in double-
mixing mode. First, the iron(II) complex was oxidized with
sPhIO in a delay line. After 3s the aged solution was mixed
with cyclohexane in the UV/vis cuvette.

The stability measurements of [(bisidine)FeIVvO(MeCN)]2+

were recorded on an Agilent 8463 spectrophotometer with
cryostat from Unisoku Scientific Instruments.

The rate constants were obtained either by fitting the data
with the software OriginPro 2018G or via global analysis with
the software ReactLab KINETICS.

Computational methods

The optimizations were carried out using the Gaussian16 (Rev.
B.01)61 software package. All geometries were optimized with
the UB3LYP functional62,63 and Ahlrich’s def2-TZVP basis

Table 1 Quintet-triplet energy gap in kJ mol−1 (gas phase energies calculated by a single point calculation: ΔEgas = Equintet − Etriplet, i.e. a negative
entry indicates a quintet ground state, see ESI‡ for details). The CASPT2/CC values are taken from the literature56

DFT (B3LYP)c DLPNO-CCSD(T)

Basis set def2-TZVP cc-PVDZ cc-PVTZ cc-PVQZ cc-PV5Z CASPT2/CC56

TMC (S = 1) 10.3 48.3 40.2 41.0 42.0 42.7
TMC-S (S = 1) −16.3 21.0 17.0a 17.8 — 23.0
NHC (S = 1) 109.0 154.0 157.7 185.5 — 123.9
TMG3tren (S = 2) −96.5 −137.3 −109.0 −107.6 −114.4 —
[(Bispidine)FeIVvO(Cl)]+ (S = 1) −12.1 22.2 11.4 5.7 0.0 —
[(Bispidine)FeIVvO(MeCN)]2+ (S = 1) −2.6 22.7 −29.3 (83.3b) 75.7 —

a Loose criteria for the DLPNO-CCSD(T) calculation (the default criteria for the DLPNO-CCSD(T) calculation is NormalPNO). b cc-PVQZ basis set
on Fe. cOptimization with the PCM solvent model (MeCN).
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set.64,65 Solvation effects were included with acetonitrile as
model solvent (polarized continuum model, PCM).66,67

To verify minima on the potential energy surface, frequency
calculations were carried out for all optimized structures.
The structures were then used for DLPNO-CCSD(T) single
point calculations with the correlation consistent basis sets of
Dunning et al.,52,53 the TIGHTSCF criteria and the RIJCOSX
approximation68,69 The DLPNO-CCSD(T) calculations were
carried out using the ORCA 4.0.1.2 program package.70 CBS
extrapolation was performed using the result of three
different basis set calculations (e.g. double zeta, triple zeta
and quadruple zeta) and a published implementation (eqn
(2)).54,71

EX ¼ ECBS þ Be�αX ð2Þ
Our DLPNO-CCSD(T) calculations are based on HF orbitals

and generated by a previous HF calculation. These starting
orbitals are therefore different from the UKS starting orbitals
in reference.56 Another important difference is the use of
different basis sets. The comparison between the different
DLPNO-CCSD(T) calculations indicate, that the HF orbitals
might be a better starting point for the DLPNO-CCSD(T) pro-
cedure (see Table S1‡). This is further supported by the low
values for the T1 diagnostic (see Table S2‡). The T1 diagnostic
is an indicator for the quality of the CCSD(T) calculation and
an empirical way to judge its reliability. A high T1 value indi-
cates that there is a multireference problem that cannot be
treated by CCSD(T), while a low number indicates an accepta-
ble quality of the calculation. Note also that solvation (PCM
model) in the DFT calculation results in a difference of ∼5 kJ
mol−1 in comparison to the gas phase (single point on the
solvent-optimized structure).

Conclusions

An important conclusion is that spin state energies can be cal-
culated with high accuracy with DLPNO-CCSD(T), and this alle-
viates the problem of incorrect spin-state predictions from
standard DFT calculations. While DFT fails to describe the
correct spin state for TMC-S (see Table 1), the double zeta
basis set DLPNO-CCSD(T) calculation can already correct this.
As expected, it appears that optimization at the DFT level, fol-
lowed by a DLPNO-CCSD(T) single point calculation, even with
a moderately sized basis set, produces much more reliable
spin state predictions than DFT. At least for the systems
studied here, the quality of the starting orbitals is of impor-
tance, quadruple zeta basis sets seem to be a good balance
between computational cost and accuracy, and the number of
orbitals and the threshold for the PNO localization need to be
selected carefully.

The other important conclusion is that, with bispidine
ligands, so far there are no high-spin FeIVvO complexes avail-
able. However, the very small quintet-triplet energy gap for
[(bispidine)FeIVvO(Cl)]+ with an S = 1 ground state leads to an
extremely reactive oxidant, by far the most reactive ferryl

complex reported so far. Also, derivatives of the tetradentate
bispidine with slightly smaller ligand fields are available, and
it will be interesting to probe with more examples than those
discussed here, how the gap between the spin states of ferryl
complexes quantitatively influences the reactivity.
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