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A family of ionic ferric catecholate complexes 1-4 bearing a disubstituted 3,6-di-tert-butyl-catecholate
ligand (3,6-DBCatH,) and tetradentate tris(2-pyridylmethyl)amine (TPA) was prepared and its spin tran-
sitions were investigated. Variation of the outer-sphere counteranions (PFg, BPh,, ClO4 BF,) is
accompanied by changes in the magnetic behavior of the compounds under consideration. The crystal
structures of complexes 1, 3 and 4 were determined by single crystal X-ray diffraction analysis at 100 K
and 293 K. The complexes were characterized by the occurrence of a thermally induced spin-crossover
process in the solid state with different degrees of completeness, which was confirmed by the compre-
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hensive spectroscopic investigation (EPR, magnetic susceptibility, Mdssbauer, and XAS) of the isolated
compounds. Complex 4 containing BF4 anions was found to demonstrate valence tautomeric transition
along with spin-crossover. This finding makes compound 4 the first salt-like mononuclear ferric catecho-
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Introduction

Metal complexes with redox-active ligands are attracting con-
siderable attention from scientists in the last 40 years.'™ It is
caused by the unique ability of such types of ligands, being co-
ordinated to the metal center, to change their oxidation state
reversibly. Redox-active ligands can be used as reservoirs of
electrons, for designing highly-active catalysts for bond-
forming or bond-breaking chemical reactions,®*° for generat-
ing ligand-centered radicals applied in the directed prepa-
ration of polyspin systems—building blocks of molecular
magnets.'°
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late complex exhibiting valence tautomerism.

Among the variety of magnetically active compounds, a
fairly commonly used structural motif is 3d-metal ionic com-
plexes consisting of one redox-active ligand (usually dioxolene)
and a tetradentate nitrogen-containing base (tris(2-pyridyl-
methyl)amine (TPA), N,N'-dialkyl-2,11-diaza[3.3]-(2,6)pyridino-
phanes and others).'®"’

Increased attention to the ferric catecholate (Cat) systems is
caused by their capability to act as promising functional
models of intra- and extradiol catechol dioxygenases.'®>?
Presently, a number of Fe™ complexes chelated by tetradentate
N-donor bases and various functionalized Cat-ligands have
been prepared and their catalytic ability in oxygenative aro-
matic C-C bond cleavage reactions has been studied. It was
established that the presence of electron-donating substituents
in the Cat moiety increases the accessibility of the Fe"-SQ (SQ
—radical-anionic semiquinonate form of dioxolene) state
responsible for the reaction of ferric catecholate complexes
with dioxygen.>**

On the other hand, such types of complexes were found to
exhibit magnetic bistability caused by the spin-crossover (SCO)
phenomenon, consisting of reversible changes in the spin
state of the metal ion.>*® A number of papers on iron(u) cate-
cholate complexes with the general formulae [(TPA)Fe(R-Cat)]"
bearing substituted catecholates (R = H, alkyl, alkoxy, Cl, NO,)
were published.>’*° The molecular and electronic structures
of these compounds were analyzed by a variety of spectro-
scopic and computational methods. It was revealed that the
electronic properties of the substituents in the Cat-ligand have
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a significant influence on the SCO equilibrium between the
low-spin (S = 1/2) and high-spin (S = 5/2) states. Moreover, a
detailed computational density functional theory (DFT) study
points to a significant quantum mixing of close by energy Fe™'-
Cat and Fe"-SQ electronic configurations, and the insertion of
electron-donating groups into the Cat moiety increases the
contribution of the Fe-SQ state. An electron paramagnetic
resonance (EPR) investigation of the electronic structure of
such types of ferric complexes in the low-spin state confirmed
this assumption. The anisotropy of the g-tensor is markedly
reduced when the dioxolene varies from 4,5-di-nitro-catecho-
late to 3,5-di-tert-butyl-catecholate (3,5-DTBCat), which corres-
ponds to the increase in the Fe™-SQ character in the mixture
with the Fe'-Cat configuration.*

Recently, a comprehensive investigation of the SCO iron(u)
catecholate complex [(TPA)Fe™(CAT-NN)]BPh, functionalized
with a stable nitronylnitroxide radical (NN) was described.*?
Upon excitation of the ligand-to-metal charge transfer band
(LMCT), a short-lived Fe"-SQ state is populated, which rapidly
relaxes into a metastable 1s-Fe™Cat (Is = low-spin) state fol-
lowed by the repopulation of the hs-Fe™Cat (hs = high-spin)
ground state. It was found that insertion of the NN-radical in
the catecholate ring increases the multiplicity of the system,
but has a negligible effect on the SCO and photophysical
processes.

Another promising feature of ionic metal complexes with
catecholate ligands is their capability to exhibit the redox-iso-
merism (or valence tautomerism (VT)) phenomenon. This
process is well known for cobalt systems and involves a revers-
ible intramolecular electron transfer between the metal center
and a redox-active ligand (Is-Co™-Cat 2 hs-Co"-SQ) induced by
variation of external stimuli (temperature, pressure or light
irradiation).**** At the same time, despite numerous discus-
sions, the VT phenomenon has not yet been observed in ionic
ferric catecholate compounds.

Additionally, there are some studies regarding N,-Fe dioxo-
lene complexes with other than Fe™-Cat charge distribution.
The unusual hs-Fe"-Cat species bearing the methylated
Me;TPA ligand and 3,5-DTBCatH monoanion were found to be
catalytically active in extradiol-cleaving reactions.’*?® Rare
examples of dicationic Is-Fe™-SQ complexes consisting of 3,5-
DTBSQ?” and imSQ*® (where 3,5-DTBSQ = 3,5-di-tert-butyl-
semiquinonate and imSQ = 4,6-di-tert-butyl-2-iminosemiquino-
nate) have been prepared and studied. It was shown that the
compounds are diamagnetic (S = 0) due to the strong antiferro-
magnetic coupling of the low-spin Fe'™ (S = 1/2) and SQ-radical
(S = 1/2) paramagnetic centres, which makes them inactive
towards the catechol cleavage reactions. Nevertheless, a recent
DFT theoretical investigation®® has revealed the possibility of
thermally initiated SCO in such types of compounds.

In this paper, we report a comprehensive study of the ionic
ferric complexes 1-4 [(TPA)Fe(3,6-DBCat)]X (where X = PFq,
BPh,, ClO,, and BF,) based on the symmetrically substituted
3,6-di-tert-butyl-catechol ligand (Scheme 1). The spin intercon-
versions were investigated through variable-temperature
single-crystal X-ray diffraction, DFT calculations, and mag-
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Scheme 1 Ferric complexes under investigation.

netic, Mossbauer and X-ray absorption spectroscopy (XAS)
measurements. It should be noted that complex 2 containing
the BPh, anion was earlier prepared in ref. 22 and studied in
terms of its catalytic activity as catechol-dioxygenase, while its
magnetic properties were not investigated.

Experimental
Materials and methods

All manipulations were carried out under vacuum using stan-
dard Schlenk techniques. The solvents were purified using stan-
dard methods. The reagents FeCl;, Fe(ClO,);-6H,0, NaBF,,
NaBPh,, and KPF¢ were purchased from Alfa-Aesar and used
without any additional purification. The TPA ligand*® and 3,6-
di-tert-butyl-catechol*’ were synthesized according to the
reported procedures. EPR measurements were carried out using
an X-band spectrometer Bruker EMX Plus. The theoretical spec-
trum was calculated using the Bruker WinEPR Simfonia v.1.25
program. High-resolution mass spectra were recorded using a
Bruker maXis Impact UHR-TOF mass spectrometer (electrospray
ionization). The elemental analysis was performed using an
Elementar Vario EL cube elemental analyzer.

Magnetic measurements

Magnetic susceptibility measurements were performed using a
Quantum Design PPMS-9 susceptometer in the temperature
range of 2-300 K at an applied magnetic field of 5 kOe. The
measurements were carried out using polycrystalline samples
covered with mineral oil and sealed in a polyethylene bag in
order to prevent field-induced torquing of the crystals. The
magnetic data were corrected for the contributions from the
sample holder and mineral oil and the intrinsic diamagnetism
estimated from Pascal’s constants.

Mossbauer measurements

Mossbauer spectra were recorded using an MS1104Em spectro-
meter. The *’Co in the Rh matrix was used as a source of
gamma radiation. During cooling, the samples were placed
into the camera of a CCS-850 helium cryostat. The isomer
shifts 6 are given relative to o-Fe.

Crystallography

The X-ray diffraction datasets were recorded using an Agilent
SuperNova diffractometer using a microfocus X-ray radiation
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source with copper anode and Atlas S2 two-dimensional CCD
detector. The reflections were recorded and the unit cell para-
meters were determined and refined using the dedicated
CrysAlisPro 171.41.93a software suite.*” The structure was
solved with the ShelXT program®® and refined with the ShelXL
program.**

XAS measurements

In situ X-ray absorption spectroscopy study was performed at
the beamline “Structural Materials Science”*® using the equip-
ment of Kurchatov Synchrotron Radiation Source (Moscow,
Russia). The storage ring with an electron beam energy of 2.5
GeV and a current of 40-80 mA was used as the source of radi-
ation. All the spectra were collected in the transmission mode
using a Si(111) channel-cut monochromator. Three ionization
chambers were used to monitor the intensity of the X-ray
beam and measure the spectra of the sample simultaneously
with Eu,0; as the reference for energy calibration. The sample
pellet was placed in an SRDK-408D2 cryocooler of Sumitomo
Heavy Industries to cool down to the liquid helium
temperature.

IR and UV-vis measurements

The infrared spectra were recorded using a Vertex 70 (Bruker,
Billerica, MA, USA) spectrometer equipped with a MCT
(mercury-cadmium-telluride) detector. A Praying Mantis low-
temperature reaction chamber (Harrick Scientific Products
Inc., New York, USA) installed in the spectrometer was used to
record the diffuse reflectance infrared Fourier-transform
(DRIFT) spectra at variable temperatures. All measurements
were performed under a nitrogen atmosphere inside the reac-
tion chamber at temperatures ranging from 300 K down to
123 K using a powdered sample thoroughly milled in a mortar.
All spectra were recorded with a 1 ecm ™" energy resolution for
64 scans and transformed into absorption spectra using the
Kubelka-Munk function.

The UV-vis spectra were recorded in acetone using a dual-
beam optical spectrophotometer UV-2600 (Shimadzu) with a
single monochromator. The measurements were carried out in
the transmittance mode within 300-900 nm at a step of 2 nm
with subsequent conversion to absorption.

Computational details

The density functional theory calculations were performed
using the Gaussian 16 program package’® with the UTPSSh
functional”” and the 6-311++G(d,p) basis set including the
diffuse and polarization functions of all atoms. The stationary
points of the potential energy surfaces (PESs) were located by
full geometry optimization with the calculation of force con-
stant matrices indicating the correspondence of the structures
obtained to the minima on the PES and checked for the stabi-
lities of DFT wave function.

Synthetic procedures

Complex 1 Anhydrous FeCl; (0.084 g, 0.52 mmol) was placed
in an ampoule and dissolved in 5 ml of methanol. To this
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ampoule, a solution of TPA (0.15 g, 0.52 mmol) in the same
solvent (10 ml) was added and the reaction mixture was stirred
at 70 °C for 30 min. After this it was treated with a solution
containing 3,6-DBCatH, (0.115 g, 0.52 mmol) and triethyl-
amine (0.15 mL, 1.0 mmol) in methanol (10 mL). An immedi-
ate color change from orange-yellow to intense blue occurred.
The reaction mixture was stirred for another 1 h and a (1:1)
water-methanolic solution of KPF¢ (0.15 g, 0.80 mmol) was
added. The ampoule was placed in a refrigerator (—4 °C) and
kept undisturbed for 1 day. Dark-blue needle-like crystals of
complex 1 were isolated by vacuum filtration, washed with
methanol and dried under vacuum. Yield 0.303 g (82%).

Complexes 2 and 4 were prepared according to the pro-
cedure described above with NaBPh, (0.27 g, 0.80 mmol) and
NaBF, (0.09 g, 0.80 mmol) as the sources of desired counter-
ions. Yields: 0.368 g (80%) for 2 and 0.264 g (78%) for 4.

Complex 3 was prepared using Fe(ClO,);-6H,O salt as a
starting material. Fe(ClO,);-6H,O (0.24 g (0.52 mmol) was
placed in an ampoule and dissolved in 5 ml of methanol. To
this ampoule, a solution of TPA (0.15 g, 0.52 mmol) in the
same solvent (10 ml) was added and the reaction mixture was
stirred at 70 °C for 30 min. After this it was treated with a solu-
tion containing 3,6-DBCatH, (0.115 g, 0.52 mmol) and triethyl-
amine (0.15 mL, 1.0 mmol) in methanol (10 mL). An immedi-
ate color change from light-yellow to intense blue occurred.
The reaction mixture was stirred for 15 min, placed in a
refrigerator (—4 °C) and kept undisturbed for 1 day. Dark-blue
block-shaped crystals of complex 3 were isolated by vacuum fil-
tration, washed with methanol and dried under vacuum. Yield
0.294 g (85%).

1: Anal. Caled for Cj,HjzgFsFeN,O,P-(H,0)05: C, 53.42; H,
5.46; N, 7.76. Found: C, 53.32; H, 5.56; N, 7.70.

ESI-MS (m/z): 566.23 [M]".

UV-vis (acetone) Amay, NM (€): 593 (1675), 893 (2210).

2: Anal. Caled for Cs¢HsgBFeN,O,: C, 75.94; H, 6.60; N,
6.33. Found: C, 75.84; H, 6.71; N, 6.24.

ESI-MS (m/z): 566.23 [M]".

UV-vis (acetone) Apyay, DM (€): 580 (1710), 881 (2190).

3: Anal. Caled for Cz,H33ClFeN,Oq:(H,0)o5: C, 57.03; H,
5.83; N, 8.31. Found: C, 57.14; H, 5.92; N, 8.25.

ESI-MS (m/z): 566.23 [M]".

UV-vis (acetone) Amay, NM (€): 590 (1680), 897 (2230).

4: Anal. Caled for Cj3,H;3gBF FeN,O,-(H,0)05: C, 58.12; H,
5.94; N, 8.47. Found: C, 58.22; H, 6.02; N, 8.37.

ESI-MS (m/z): 566.23 [M]".

UV-vis (acetone) Amay, NM (€): 587 (1667), 892 (2160).

Results and discussion
Crystal structures

Compounds 1-4 under study were prepared through the reac-
tions commonly used for the synthesis of the (TPA)Fe™(Cat)
complexes.>”° At the first stage, ferric chloride reacted with
the TPA ligand in a methanol solution. Further reaction with
deprotonated 3,6-DBCatH, is accompanied by a colour change

Dalton Trans., 2022, 51,10909-10919 | 10911
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from yellow to dark blue-violet. Metathesis reactions with the
corresponding KPF¢, NaBPh,, and NaBF, salts result in the
precipitation of the desired compounds 1, 2, and 4 as dark-
blue crystals. In the case of complex 3, ferric perchlorate salt
was used as the starting material (Scheme 1).

Single crystals of complexes 1, 3 and 4 suitable for X-ray
diffraction analysis were obtained after storing the reaction
mixtures in a refrigerator at —4 °C for 1 day. Compounds 1, 3
and 4 were found to contain half of solvate H,O molecules per
complex in the crystal cell. The molecular structures of 1, 3
and 4 were determined at two temperatures (7; =293 K and T,
=100 K). In all the cases, a slight disorder of counterions was
observed, and additionally, in 3 and 4 the pyridine moieties of
TPA are disordered. Compound 1 crystallizes in the ortho-
rhombic space group Phcn (Z = 8, Z' = 1), while 3 and 4 are
described by the P1 triclinic space groups (Z = 2, Z' = 1) with
close unit cell parameters. Selected bond lengths and angles
are listed in Table 1. The crystal structure of complex 2 was
determined earlier®” at 223 K only.

According to the X-ray diffraction data, the metal centre in
all six-coordinate iron complexes 1, 3 and 4 possesses a dis-
torted octahedral geometry composed of four nitrogen atoms
of the tetradentate TPA ligand, and two oxygen atoms of the
catecholate ligand (1, Fig. 1). The structure of the obtained
compounds contains one outer-sphere anion (PFs, ClO,4, and
BF,) and the 1+ charged [(TPA)Fe(3,6-DBCat)] core. Analysis of
the crystal packing of complexes under study revealed the pres-
ence of weak intermolecular interactions of various nature:
H,O---anion, CH---anion, H,0---HC, and, additionally, n-x
stacking interactions (~3.6 A) between pyridine moieties of
adjacent TPA ligands (see ESI, Fig. S1 and S21).

Analysis of metrical parameters collected at 293 K clearly
indicates the inclusion of the metal centre in compounds 1, 3
and 4 in the high-spin state (Table 1). The average interatomic

Dalton Transactions

Fig. 1 X-ray structure of the cationic part of 1 at 293 K. The PFg anion
and H-atoms are omitted for clarity.

distances for 1 (Fe-O = 1.907 A and Fe-N = 2.161 A), 3 (Fe-O =
1.902 A and Fe-N = 2.161 A), and 4 (Fe-O = 1.898 A and Fe-N =
2.165 A) are characteristic for previously described hs-ferric
catecholate compounds.”®*® Analysis of the N3-Fe-N4 angles
between the metal ion and the two opposite N donor atoms of
TPA (153° for 1, 156° for 3, and 151° for 4) reflects the signifi-
cant distortion of the coordination polyhedron from the ideal
octahedron (180°).

It is interesting to note that the coordination of 3,6-di-tert-
butyl-catecholate dianions to metal centres in all compounds
under consideration was found to be slightly asymmetric. The
differences in Fe-O1 and Fe-O2 bonds amount to 0.009 A for
complex 1, 0.027 A for 3, and 0.035 A for 4.

In complex 1 the C-O (~1.34 A) and ring C-C (~1.40 A)
bond lengths in the catecholate moiety indicate the dianionic
nature of the redox-active ligand.*® In 2012, Brown proposed to
use the “metrical oxidation state” (MOS) approach to deter-
mine the redox state of the dioxolene ligands.*® According to
this, the catecholate MOS index is —2; for semiquinonate, it is
—1 and it is 0 for quinone ligand. The calculated MOS for

Table 1 Selected bond lengths (A) and bond angles (°) of complexes 1, 3 and 4

1 3 4

T/K 293 100 293 100 293 100

Fe-0O1 1.912(1) 1.916(1) 1.916(1) 1.902(1) 1.916(2) 1.898(2)
Fe-02 1.903(1) 1.903(1) 1.889(2) 1.854(1) 1.881(2) 1.857(2)
Fe-N1 2.130(2) 2.113(1) 2.151(2) 1.965(1) 2.151(3) 1.966(2)
Fe-N2 2.201(2) 2.186(2) 2.171(2) 1.995(2) 2.175(3) 2.001(2)
Fe-N3 2.163(2) 2.133(1) 2.170° 1.970(2) 2.160(3) 1.979(3)
Fe-N4 2.151(2) 2.145(1) 2.154(2) 1.961(2) 2.173° 1.966(3)
C1-01 1.340(2) 1.343(2) 1.342(2) 1.336(2) 1.338(3) 1.337(3)
C2-02 1.347(2) 1.351(2) 1.348(2) 1.342(2) 1.356(3) 1.337(3)
C1-C2 1.428(3) 1.424(2) 1.423(3) 1.425(2) 1.423(4) 1.425(4)
C1-C6 1.399(3) 1.407(2) 1.401(2) 1.416(2) 1.412(4) 1.415(3)
C2-C3 1.400(3) 1.406(2) 1.398(3) 1.413(2) 1.395(4) 1.409(4)
C3-C4 1.394(3) 1.397(2) 1.377(3) 1.386(2) 1.390(5) 1.385(4)
C4-C5 1.388(4) 1.394(3) 1.389(4) 1.401(3) 1.389(6) 1.400(4)
C5-C6 1.391(3) 1.393(2) 1.389(3) 1.390(3) 1.383(5) 1.388(4)
01-Fe-02 84.59(6) 84.79(5) 84.80(6) 85.84(5) 84.88(1) 85.94(8)
N2-Fe-N1 80.52(6) 80.97(5) 80.34(7) 85.59(6) 80.08(1) 85.64(9)
N3-Fe-N4 153.05(7) 154.21(6) 155.9(2) 165.57(6) 151.11° 165.4(1)
N1-Fe-02 96.16(6) 94.88(5) 93.94(7) 94.38(6) 93.48(1) 94.19(9)
N2-Fe-01 99.00(6) 99.57(5) 100.93(6) 94.20(6) 101.56(1) 94.24(9)

% Average value was taken due to a slight disorder in TPA.
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complex 1 is —1.80, which allows us to refer it as catecholate.
The same situation was found in the cases of complexes 3 and
4, where the MOS parameters are slightly lower and amount to
—1.77 and —1.70 respectively. Nevertheless, it should be noted,
that the deviation of the calculated MOS parameters from —2
points to the small “semiquinone-like” alteration of catecho-
late bonds. Such distortions were discussed previously in**?°
and explained as a quantum mixing of possible Fe™-Cat and
Fe'-SQ electronic configurations.

Significant changes in the metal-donor atom bond lengths
of the FeN,O, cores (Table 1) were found in the X-ray diffrac-
tion data of complexes 3 and 4 collected at 100 K, which can
be attributed to the hs-to-ls conversion. Spin transitions are
accompanied by shortening the characteristic interatomic dis-
tances by about 0.189 A (Fe-N) and 0.023 A (Fe-O) in complex
3, and 0.185 A (Fe-N), and 0.020 A (Fe-O) for complex 4. The
average <Fe-N> = 1,97 A and <Fe-O> = 1.83 A bond lengths for
the compounds 3 and 4 are comparable with the described
low-spin ferric catecholates,”®*® and it allows one to assign
them as Is-Fe™ states. Remarkably, the characteristic N3-Fe-
N4 angles also changed upon lowering the temperature (165°
for 3, and 166° for 4) leading to a less distorted octahedron in
comparison with the structural data at 293 K (about 10°).

The calculated MOS indexes at low temperature in the case
of 3 (—1.64) and 4 (—1.63) point to the catecholate nature of
the redox active ligand, but in comparison with MOS at 293 K,
the alternation of C-C bonds is slightly larger, which reflects
the stronger quantum mixing of the Cat-Fe™ and SQ-Fe" con-
figurations.”® Thus, the metrical data obtained clearly indi-
cates the temperature induced spin-crossover (S =5/2 - S =1/
2) transition in compounds 3 and 4.

In contrast to the mentioned above, lowering the tempera-
ture does not significantly change the Fe-N and Fe-O intera-
tomic distances in complex 1. The average Fe-N = 2.144 A
bond length is slightly shorter than that obtained at 293 K
(2.161 A) but longer than that discussed previously for 3 and 4.
The Fe-O bonds remain practically unchanged. Such relatively
small bond contraction (only 0.017 A) can be explained by the
appearance of the Is-fraction, having shorter metal-donor
atom bonds, due to the incomplete spin-crossover in 1. This
assumption is in good agreement with magnetic and
Mossbauer data, demonstrating the 92% hs to 8% Is ratio at
100 K (see below).

Structural data published®® on complex 2 (collected at
223 K) was found to be intermediate between the 1s-Fe™ and
hs-Fe'" states. The average Fe-O (1.891 A) and Fe-N (2.056 A)
bond lengths are shorter than those in the pure hs-state but
longer than those characteristic for the Is-Fe'™ catecholate
complexes®® and 3, 4. These deviations are in accordance with
the Mossbauer data, which indicate the presence of the Is frac-
tion (about 25%) at 225 K (see below).

UV-vis measurements

For synthesized complexes 1-4, the UV-vis spectra were
recorded in acetone at room temperature. All solutions are
characterized by intense dark-blue coloration. As reported for
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many catecholato iron(m) complexes having an octahedral geo-
metry, 1-4 exhibit typical two intense absorption maxima in
the visible (~580 nm) and near-IR (~890) regions assigned for
Cat — Fe LMCT transitions.*>**?? The spectrum of complex 4
is presented in Fig. S3.t

EPR of low-spin isomers of 3 and 4

With the aim to shed light on the electronic structure of low-
spin (S = 1/2) isomers of compounds 3 and 4, X-band EPR
measurements were performed. Previously a considerable
dependence of the anisotropy of the g-tensor of unpaired elec-
trons on the electronic properties of the coordinated catecho-
late ligand in [(TPA)Fe(R-Cat)]X systems was described.*! Using
the more electron-withdrawing 3,4-dinitro-substituted Cat
ligand leads to an increase in anisotropy, while in the case of
donating  3,5-di-tert-butyl-catecholate, the anisotropy of
g-tensor is reduced. As we discussed above, this finding can be
described by the strong quantum mixing of the possible Fe™™-
Cat and Fe"-SQ electronic configurations. The electron-donat-
ing ability of the redox-active ligand directly affects the degree
of delocalization of the unpaired electron over the metalla-
cycle, and therefore, the contribution of the two discussed
states.

The corresponding spectra of Is isomers of 3 and 4 were
registered in frozen CH,Cl, solutions at 100 K. During the
cooling of the samples, the colour gradually changed from
dark blue to dark green. The obtained EPR spectrum of com-
pound 4 is presented in Fig. 2. Complex 3 is characterized by a
similar spectrum (see Fig. S47), and here only the spectrum of
4 is discussed.

The Is (S = 1/2) signal is shown to be pseudo-axial with g, >
g)- Analysis of the data obtained allowed us to extract experi-
mental g parameters: g, = 2.116 and g, = 1.980. Anisotropy was

exp

sim

g-factor

2.3750 22218 2.0872 1.9679 1.8615 1.7661

Fig. 2 EPR spectrum of the low-spin isomer of 4 in frozen CH,Cl, solu-
tion at 100 K.
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estimated as (g, — g) and amounts to 0.136. It should be
noted that in comparison with the previously published EPR
data on ferric catecholate systems,?’ our complexes on the
basis of 3,6-di-tert-butyl-substituted catechol were found to
demonstrate reduced anisotropy. For example, evaluated an-
isotropy in the close by structure 3,5-di-tert-butyl-catechol
complex was found to be 0.233. According to the data obtained
we can conclude that in our case compound 4 is characterized
by the increased contribution of the Fe'-SQ state.

Magnetic susceptibility measurements

Magnetic susceptibility plots of 1-4 are shown in Fig. 3. In
Table 2 the y\T values observed at the high and low tempera-
tures are gathered. The yuT of compound 1 shows an almost
constant value of 4.42 cm® K mol ™" in the temperature range
of 300-200 K, which corresponds to 100% of the hs-Fe™ (S = 5/
2) configuration.”®*® Further decreasing the temperature to
30 K leads to the minor lowering of the yyT value to 4.21 cm®
K mol ™, which can be explained by the presence of an ls-Fe™
fraction at this temperature due to the incomplete spin-cross-
over (~11% according to Mossbauer data). It is in good agree-
ment with the X-ray diffraction data demonstrating insignifi-
cant changes in coordination bond lengths upon cooling. The

5
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o
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- %
o L2
£
£ 2 .
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>
+
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1
ot
° L ]
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0 50 100 150 200 250 300
T(K)

Fig. 3 Temperature dependence of the ymT values of the solid samples
of 1 (W), 2(A), 3 (@), and 4 (@).

Table 2 Experimental ymT values measured at low and high
temperatures
Compound T (K) T (em® K mol ™)
1 300 4.42
50 4.25
2 300 4.34
50 2.84
3 300 4.03
50 0.43
4 300 4.20
50 0.69
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T value of complex 2 at 300 K amounts to 4.34 cm® K mol™?,
which is close to that found for 1 and points to a pure high-
spin (S = 5/2) Fe'" state. At lower temperatures, the y\T value
shows a gradual decrease and reaches the value of 2.62 cm® K
mol ™" at 30 K. In this case, incomplete spin transition (S = 5/2
— S = 1/2) takes place and the hs:ls ratio can be estimated as
50:50. The detailed analysis of the Mossbauer data confirms
this estimation, indicating the presence of 55% of low-spin
state in the mixture with 45% of hs-Fe at a given temperature
(see below).

More substantial changes in magnetic susceptibility were
observed in the cases of compounds 3 and 4. Similar to the
abovementioned data, the high temperature y\T values amount
to 4.03 cm® K mol ™" and 4.20 cm® K mol ™, respectively, which
are close to that expected for the hs-state. The y\T value of com-
pound 3 shows an insignificant lowering of the temperature in
the range of 300-170 K, but further cooling is accompanied by a
sharp decrease and the value of y,T at 100 K equals to 0.45 cm®
K mol™'. This value is characteristic of low-spin catecholate
ferric systems with S = 1/2.%* The T, defined as the tempera-
ture at which the hs and Is fractions are the same, is 150 K.
Thus, the magnetic susceptibility of 3 reflects the change in the
spin state from the low-spin iron(m) at lower temperatures to
high-spin iron(m) at higher temperatures. An analogous behav-
iour was observed in complex 4. The y\T value of 4 shows an
almost unchanged value of 4.03 cm® K mol ™" in the temperature
range of 300-200 K. At lower temperatures, the y,T value
demonstrates a sharp decrease to reach a plateau (at 100 K)
with a value close to 0.69 cm® K mol™, characteristic of the ls-
Fe™ (S = 1/2) configuration. A slight deviation of the obtained
result from complex 3 and the literature analogues®®*° can be
explained by the presence of about 13% of molecules trapped in
the hs-state at 14 K, according to the Mossbauer data. The esti-
mated T;,, is equal to 155 K.

It should be noted that the analysis of magnetic suscepti-
bility data does not allow ones to unequivocally distinguish
two possible Cat-Fe'™ and SQ-Fe'' electronic configurations,
which are characterized by the same multiplicity. In the first
case, all five unpaired electrons are localized on the ferric
centre Sre = 5/2, while the second system can be described as
4/2 + 1/2 (from hs-Fe'" and SQ-radical). According to the litera-
ture, the exchange interactions between the two paramagnetic
centres bear a ferromagnetic character, leading to the total § =
5/2 state.'” Nevertheless, this situation can be clearly solved by
performing Mossbauer measurements, which are very sensitive
towards the spin and oxidation states of the iron centre.

Mossbauer measurements

Variable temperature >’Fe Mossbauer spectra were recorded
for complexes 1-4. The least square fitting parameters are pro-
vided in Table 3. The Mdssbauer spectra of compound 4 are
shown in Fig. 4. The spectra of 1, 2 and 3 can be found in the
ESI (Fig. S5-S71).

In the case of complex 1, the spectrum at 300 K exhibits a
well-resolved quadrupole doublet (D1), with a value of the
isomer shifting (IS) § = 0.40 mms™" and the quadrupole split-
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Table 3 Selected °’Fe M&ssbauer fitted parameters of compounds 1-4

6+0.02 AEG+0.02  Ax1

T (K) Component  (mm s (mm s™) (%) Fe state
Complex 1

300 D1 0.40 1.42 100 hs-Fe™

160 D1 0.50 1.47 96 hs-Fe'"!
D2 0.23 1.86 4 Is-Fe™

14 D1 0.52 1.54 87 hs-Fe'"!
D2 0.25 1.94 13 Is-Fe'™
Complex 2

300 D1 0.40 1.30 100 hs-Fe™

160 D1 0.41 1.55 61 hs-Fe'"!
D2 0.26 1.76 39 Is-Fe'™

14 D1 0.44 1.54 45 hs-Fe'"!
D2 0.27 1.82 55 Is-Fe™
Complex 3

300 D1 0.42 1.44 100 hs-Fe™

160 D1 0.42 1.42 12 hs-Fe'"!
D2 0.26 1.63 59 1s-Fe™

14 D1 0.42 1.34 6 hs-Fe'"!
D2 0.28 1.66 94 Is-Fe'™
Complex 4

300 D1 0.39 1.32 54 hs-Fe™
D2 0.85 0.81 46 hs-Fe''

160 D1 0.42 1.45 66 hs-Fe™
D2 0.78 0.68 12 hs-Fe''
D3 0.26 1.64 22 Is-Fe™

14 D1 0.42 1.36 9 hs-Fe'"!
D2 0.75 0.69 4 hs-Fe!
D3 0.27 1.67 87 Is-Fe'™

Transmission, %
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Fig. 4 Variable temperature >’Fe Mdssbauer spectra of 4 (green — Is-
Fe" red — hs-Fe", and blue — hs-Fe").
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ting (QS) AEq = 1.42 mms™"

. These values are comparable to
those given for previous ferric catecholate®®?*® studies and
some biological systems®® and correspond to the hs-Fe™ state.
It should be noted that in the high-spin Fe™ state, different
broadening of the lines with decreasing temperature was
observed, which can be explained by its slow paramagnetic
relaxation. The subsequent lowering of the temperature up to
14 K is accompanied by the appearance of the other quadru-
pole doublet (D2) (in addition to that observed at 300 K) with §
=0.25 mms ™" and AEq = 1.95 mms ™', which is characteristic
of the Is-Fe™ isomer. The ratio of the intensities of the two
found signals was estimated as 87% hs-Fe™ and 13% of Is-
Fe'™, indicating the incomplete SCO transition.

Almost similar behaviour was found for compound 2. At
300 K the spectrum of 2 also shows a single quadrupole
doublet with § = 0.40 mms™" and AE, = 1.42 mms™ ' consistent
with the hs-Fe'™ state. At 14 K, the spectra are composed of
two quadrupole doublets with § = 0.41 mms™" abd AE, =
1.54 mms™' (45% area, A) and § = 0.27 mms™ ' and AE, =
1.80 mms ™" (55% area) corresponding to the ferric high- and
low-spin states, respectively. The data obtained points to the
incomplete SCO in complex 2.

The spectra of 3 at 14 K exhibit two well-resolved quadru-
pole doublets. The major species with 6 = 0.28 mms™" and
AEq = 1.66 mms™ ' are comparable with the literature data***°
and account for 94% of the Is-Fe™ in the sample. A minority
species with a 6% relative area has an isomer shift of
0.42 mms™" and AE, of 1.34 mms~' and was assigned to the
hs-Fe™ component. The 300 K spectrum is similar to com-
plexes 1 and 2 and can be unambiguously referred to as pure
hs-Fe'" (6 = 0.42 mms™" and AEq = 1.44 mms ™). Thus, in the
case of compound 3 we can conclude that virtually a complete
(94%) spin-crossover transition (S = 1/2 — S = 5/2) takes place,
and only 6% of molecules are trapped in the hs-Fe™™ state at
14 K. The slight asymmetry of the quadrupole doublets, which
disappears upon lowering the temperature, may be attributed
to the Goldanskii-Karyagin effect.”* The Mossbauer data are in
good agreement with the structural and magnetic measure-
ments presented above.

A remarkable result was obtained after the detailed analysis
of the Mdssbauer spectra of complex 4 (Fig. 4 and Table 3). At
300 K, the spectrum is characterized by the presence of the
two quadrupole doublets. The first one with § = 0.39 mms ™"
and AE, = 1.32 mms™' corresponds to the hs-Fe'"" configur-
ation, while the second one with § = 0.85 mms " and AE =
0.81 mms™ "' is attributed to hs-Fe".>> The relative areas of
these two signals are estimated as 54 :46, respectively, which
point to the almost equimolar mixture of the discussed states
at 300 K. Cooling to 170 K leads to the change in the ratio of
the two observable components to 86 :16. Further lowering of
the temperature is accompanied by the appearance of the
additional doublet with an IS of 0.26 mms™ and QS of
1.64 mms™ ', belonging to the ls-Fe" configuration. In the
temperature range of 160-100 K, the almost complete SCO
transition of hs-Fe™ to ls-Fe'™ takes place. The low temperature
data at 14 K point to the presence of three different signals
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corresponding to the Is-Fe™, hs-Fe™ and hs-Fe" fractions with
87%, 9% and 4% relative areas, respectively. The analysis of
the obtained results allows us to assume that all the changes
found in complex 4 can be divided into two elementary steps:
(1) almost complete SCO (Is-Fe™ to hs-Fe™) in the 15-170 K
temperature range; (2) valence tautomeric transition (hs-Fe™'-
Cat to hs-Fe"-SQ) above 170 K leading to the formation of the
ferrous semiquinonate isomer. This finding makes compound
4 the first mononuclear ferric catecholate system demonstrat-
ing VT transition alongside SCO. It should be noted that analo-
gous spin transitions were observed recently in dinuclear (Fe—
Co) tetraoxolene-bridged complex demonstrating pyroelectri-
city upon heating.>®

This assumption is additionally confirmed by IR spectral ana-
lysis, which is known to be an effective tool for the investigation
of metal dioxolene complexes.”**” It can provide information on
the ligand-related processes in the system as each oxidation state
of the ligand displays a characteristic pattern of peaks. For
instance, coordinated semiquinonate and catecholate ligands
display vibrations of C-O bonds in the ranges of 1500-1400 and
1300-1250 cm ™", respectively. Analysis of the experimental data
obtained for the solid sample of compound 4 (Fig. S87) revealed
the intense vibrations at 1290 cm™' and 1488 cm™, which
points to the presence of the Cat and SQ states of the dioxolene
ligand in 4. Decreasing the temperature to 123 K is accompanied
by the minor changes in the intensities of these two bands,
which most likely can be attributed to VT dynamics.

DFT calculations

With the aim to get deeper insights into the electronic struc-
tures of the complexes under study, the DFT calculations
(UTPSSh/6-311++G(d,p)) were performed. This approximation
is known to provide a correct reproduction of the energy and
magnetic characteristics of the complexes demonstrating mag-
netic bistability.”*>°

The optimized geometries of complexes 1-4 in the high-
spin and the low-spin states are in good agreement with the
experimental data (Fig. S97). A slight elongation (~5%) of the
coordination bond lengths is caused by the fact that the DFT
calculations were performed on the isolated molecules,
without taking into account the crystal packing forces. The cal-
culated energy gaps between the high- and low-spin isomers of
all compounds do not exceed 11 kcal mol™*, which within the
framework of this approximation points to the high probability
of the thermally initiated SCO.

The analysis of the calculated C-O and C-C bond lengths
in the catecholate moieties of [(TPA)Fe(3,6-DBCat)]" revealed
bond alternation in the hs- and Is-states comparable to the
X-ray diffraction data. Thus, the computed values of the intera-
tomic distances are intermediate between the pure catecholate
and the o-semiquinonate forms of the redox-active ligand."*
This finding is in good agreement with the published data***’
and points to the large mixing of the possible Fe'"-Cat and
Fe"-SQ configurations in both the hs- and Is-states.

According to the DFT calculations, the spin density distri-
butions of all the complexes under consideration are similar,
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Fig. 5 Spin density distribution (contour value = 0.03 e A in two
isomers of complex 4 according to DFT (UTPSSh/6-311++G(d,p)).
Hydrogen atoms and counterions are omitted for clarity.

which points to the minor influence of the nature of countera-
nions on the electronic structures of 1-4 (Fig. 5). The calcu-
lated gf¢ values at the high-spin metal centres are equal to
3.82, which is less than the value expected for 5 unpaired elec-
trons. A significant part of the metal spin density is deloca-
lized over the donor atoms ().g5 = 0.56) and C1-C6 of the aro-
matic ring (g™ = 0.33) of the coordinated Cat ligand. The
same situation is observed in the low-spin states: the obtained
values are g = 0.46, Y¢° = 0.38 and Y gi"¢ = 0.28. Thus, the
calculated g£¢ values are too high to be assigned to the pure
hs-Fe"" state and too low to be assigned to the pure hs-Fe™
state. This finding confirms the assumption of mixing Fe'-Cat
and the close by energy Fe"-SQ configurations.

XAS measurements

In situ temperature dependent Fe K-edge spectra of complex 4
demonstrated reversible changes in the spectral shape upon
cooling and heating, indicating the transformation to the Is-
Fe'" ground state (Fig. 6). The principal component analysis

Normalized XANES, p-x

7140 7160 7180

nergy, e

7100 7120

Fig. 6 Temperature-resolved Fe K-edge XANES spectra measured for
the solid sample of compound 4 from room temperature (RT) to 20 K
and back.
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(PCA) of the series of spectra allowed us to distinguish three
independent components (Fig. 7a), which were also detected
by the Mossbauer spectroscopy measurements. In a second
step, we performed the target transformation of the mathemat-
ical components and compared the resulting spectra with the
literature references. We selected the hs-Fe™ and Is-Fe'"
spectra of the two six-coordinated complexes Fe(acac); and [Fe
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Fig. 7 (a) Three principal components derived from the series of
experimental XANES spectra compared to the reference spectra of ls-,
hs-Fe"' and hs-Fe'"; (b) difference in the spectra of the principal com-
ponents and references; (c) concentrations of the three principal com-
ponents derived from the series of experimental XAS spectra compared
to the concentrations obtained from Mdssbauer spectroscopy.
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(HB(pz)3),](ClO,) from Westre®® and the six-coordinated hs-
Fe" complex [Fe"(5NO,-salaep),] from Rakotonandrasana®' as
references (see Fig. S10 and S11f with all the studied
references).

Fig. 7b shows the difference in the XANES spectra calculated
for the PCA components and the corresponding references.
Such a comparison confirms that the third component PCA3
can be described as in the hs-Fe" state, while the PCA1 and
PCA2 components are in the ls-Fe™ and hs-Fe'™, respectively.
The concentrations of the principal components derived from
the series of the XANES spectra are in good agreement with the
results obtained by the Mossbauer spectroscopy (Fig. 7c). Thus,
the X-ray absorption spectroscopy confirms the presence of the
SCO + VT changes in complex 4 in the solid state.

Conclusions

The octahedral iron(m) complexes [(TPA)Fe(3,6-DBCat)]X on
the basis of the 3,6-di-tert-butyl-catecholate ligand and tetra-
dentate TPA with different anions (X = PFs, BPh,, ClO,, and
BF,) have been prepared and characterized. The molecular and
electronic structures of the compounds under consideration
were investigated through variable-temperature single-crystal
X-ray diffraction analysis, DFT calculations, magnetic suscepti-
bility measurements, and EPR, Mdssbauer and XAS spec-
troscopy. All complexes were found to demonstrate magnetic
bistability caused by the thermally induced SCO process (S = 1/
2 — S =5/2) in the solid state with different degrees of comple-
teness, depending on the anion used. Complex 1 with the PF¢
anion exists almost completely in the high-spin Fe'" state in
all temperature ranges with a small sign of SCO (13% of low-
spin Fe™) at 14 K. At the same time, compound 2 with BPh,
demonstrates a deeper hs-Fe™ to 1s-Fe™ conversion with a
practically equimolar ratio of the discussed states at 14 K. In
the case of compounds 3 (ClO,) and 4 (BF,), a virtually com-
plete (>90%) SCO process takes place. Such an unexpected
magnetic behaviour is most likely caused by the differences in
the crystal packing of molecules in 1-4. Primarily, compounds
2,°> 3 and 4, in addition to a variety of weak solvent---anion,
CH---anion, and solvent---HC interactions, are characterized by
the presence of n-r stacking interactions (~3.6 A) between the
pyridine moieties of the adjacent TPA ligands. According to
the literature, such types of m-m stacking interactions are
known to play an important role in SCO properties.”>?® At the
same time, the n-n stacking is absent in the crystal cell of
complex 1.

The unique result was obtained for complex 4, which was
found to demonstrate the valence tautomeric transition along-
side with SCO. At lower temperatures (14-170 K), an almost
complete SCO (Is-Fe'™ to hs-Fe™) takes place, while above
170 K, the VT transition (hs-Fe™-Cat to hs-Fe"-SQ) is revealed,
giving rise to the ferrous semiquinonate redox isomer. The for-
mation of the new hs-Fe"-SQ state was unequivocally proved by
variable temperature Mossbauer and XAS spectroscopy. This
finding makes compound 4 the first salt-like mononuclear
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ferric catecholate complex exhibiting valence tautomerism. It
should be noted, that the possibility of the VT phenomenon in
salt-like ferric catecholates was discussed earlier,?®>°*! but
was not observed. We assume, that the realization of the VT
transition in [(TPA)Fe(3,6-DBCat)|BF, became possible due to
the features of the used 3,6-di-tert-butyl-catecholate ligand. In
contrast to the previously studied ferric complexes bearing
substituted catecholates (H, alkyl, alkoxy, Cl, and NO,), 3,6-
DBCat is characterized by reduced redox-potential (close to
3,5-DBCat, but slightly lower)®* and differs by steric
properties.®*®* This hypothesis is confirmed by the performed
EPR investigations, which revealed the reduced anisotropy of
the g-tensor in comparison with the literature.*" All these fea-
tures, most likely, favour the accessibility of the Fe-SQ state
and, therefore, the possibility of VT transition.
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