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First coordination {Crypt[2.2.2](K*)},{Fe"(TI*-)(TI>")},-2CsH,Cl, (1)
complex of iron(ll) containing radical anions and dianions of
thioindigo (TI) was obtained. Complex has two high-spin Fe'"
centers bound by two oxygen atoms and the TI*- radical anions
are coordinated to each Fe'. As a result, the the 4-spin system
consisting of TI*= (S = 1/2) - Fe" (S=2) - Fe" (S =2) - TI*- (§ =1/2)
coupled spins is formed within a dimer with strong Fe'- Fe" (J/kg =
-51.1 cm™) and weaker Fe'" - TI* interactions of J/kg = —35.4 cm™.

Organic dyes are used not only as colorants? for clothes but can also
serve as electronic materials, photoconductors? and yield transition
metal complexes3. For example, indigo forms complexes with one
or two transition metals in its deprotonated state.3?3¢ Indigo and
related thioindigo (Scheme 1) can change conformation from trans-
to cis- under reduction allowing coordination of both oxygen atoms
to metal centers3™3. Optical and magnetic properties of such
coordination complexes can be modified corresponding to
oxidation states of the ligands. Especially when they accommodate
unpaired electrons, magnetic properties will be drastically
modulated3d. It should be noted that complexes obtained till now
with the indigo-type ligands contain mainly diamagnetic neutral
dyes or dye anions® in spite of that both indigo and thioindigo
(Scheme 1) can form radical anions under reduction in solution* or
in solid state3s >,

In this work we study {Cryptand(K*)},{Fe"(TI°*7)(T1%7)},:2CsH4Cl,
(1) complex between thioindigo (TI) anions and Fe' cations. In this
complex, each metal center coordinates two differently charged Tl
ligands in cis-conformation (Scheme 1), and these units are bound
to form dimers through the z2-oxygen bridges. This is the first
coordination complex containing only dye ligands of one type since
previously only mixed ligand complexes with such dyes were
obtained3. Molecular structure, optical, and magnetic properties of
1 are discussed. Unusually strong magnetic coupling is observed
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between two Fe' centers (S = 2). Paramagnetic TI*~ radical anions (S
= 1/2) additionally coordinate to the Fe' centers and are involved in
this coupling forming the TI*~- Fe' - Fe" - TI*~ magnetic chains.

Synthesis of 1 was carried out by the interaction of chemically
generated salt {cryptand(K*)}(TI*) with Fe3(CO);, at a 2:1 molar
ratio. {Cryptand(K*)}(TI*-) was obtained by the reduction of pristine
Tl with potassium graphite in the presence of one equivalent of
cryptand to form red-violet solution. Addition of this salt to
Fe3(CO)1, vyields brown solution from which the crystals of
{cryptand(K*)},{Fe"(TI*")(T1>7)},-2CsH4Cl, (1) were obtained under
slow mixing with n-hexane. It can be concluded from the analysis of
magnetic behavior of 1 that Fe" is formed (magnetic behavior of 1 is
presented below). The formation of Fe' is understood as the result
of electron transfer from Fe® to TI*~ represented as Fe® + 2(TI*") —>
Fe'' + 2(T1>7). The mixture of Fe", TI*- and TI* ions is formed from
which complex 1 crystallizes as pure phase by slow mixing with n-
hexane. Interaction of pristine Tl with Fe;3(CO);, provides no
crystalline products.

There are two {Crypt[2.2.2](K*)} cations per {Fe'(TI*)(TI>")},
dimer in 1 indicating that dimer has dianion state, and each Fe(Tl),
unit correspondingly has monoanionic state. Depending on charge
distribution between the components, various kinds of
combinations are possible such as {Fe(TI)(TI*")}, {Fe!(TI*),},
{Fe"(TI*)(TI1)} or {Fe"(TI*),}. To clarify acceptable ionization
patterns, all optical, magnetic and structural data was examined.
EPR data are of particular importance since each charged state of Fe
and Tl has individual clear magnetic state to show characteristic EPR
spectra.

IR and optical spectra of pristine trans-Tl, reference
compounds, and complex 1 are listed in Table S1 (Figs. S1 and S2)
and Fig. 1, respectively. Position of the band of carbonyl C=0
stretching vibrations for trans-Tl is at 1657 cm™ (Fig. S1). This band
is strongly red shifted (1586 cm™) and decreases in intensity in the
spectrum of the TI*~ salt. In the spectrum of 1, highest-energy
absorption band of weak intensity is observed only at 1522 cm™.
Probably reduction and formation of coordination bonds with iron
affects essentially the C-O vibrations. Optical spectrum of 1 shows
the band of Tl at 370 nm and a broad band of relatively low
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intensity with maximum at 740 nm. The latter band extends up to
1100 nm (Fig. 1). It is seen that reduction and coordination to iron
shifts the lowest energy band of pristine Tl (541 nm) to red side.
Similar red shift of the lowest energy Tl band was also observed at
the formation of {Cp*Cr"'(TI>7)}, (Fig. 1)8. According to calculations,
broad bands observed in the coordination complexes of indigo and
Tl were attributed to charge transfer bands from metal to the dye
ligand. For example, these bands are observed in the spectra of the
{Cp*Cr" Cl(cis-Indigo)°} and {Cp*Cr'(TI27)}, (Fig. 1) complexes at 820
(1002) and 594 nm, respectively3” &,

Compound 1

{Cp*Cr'(TI*)},

Absorbance, arb. units

Thioindigo

600 800 1000 1200 1400
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400

Fig. 1 Experimental UV-visible-NIR spectra for pristine thioindigo (trans-form) measured
in KBr pellets; coordination complex {Cp*Cr"(TI>")},;3 and coordination complex 1
obtained in this work. Spectra of latter two complexes were measured in the anaerobic
conditions.

Crystal structure of 1 was determined from X-ray diffraction at
120(2) K.¥ The system consists of two pairs of thioindigo species
having different geometry which most probably can be attributed
to Tl with dianion and radical anion character, enclosing a cluster-
like [(up-0O),Fe,0¢] assembly formed by Tl oxygens coordinated to
iron(ll) atoms. The distance between metal centers bridged by two
oxygen atoms is 3.31 A that is slightly longer as compared with
previously reported chromium-containing dimer of thioindigo (3.13
A)ze.

Previously it was shown that pristine thioindigo has planar
shapel®l. However, the population of LUMO at the reduction, which
is antibonding for the central C=C bond, provides elongation of this
bond and facilitates rotation of two halves of the molecule around
this bond (see data for radical anions and dianions of Tl in Table 1).
As a result, the Tl species attributed to the dianions have a rotation
angle of two halves of the molecule around the central C-C bond of
31.16-31.79° indicating a single bond (Scheme 1) and nearly free
rotation around this bond. Similar rotation is also possible for
radical anions but this rotation is generally smaller in comparison
with those for the dianions (14.33 and 19.19°in case of 1). Radical
anions can also have different length of the C=0 and C(0)-C(=)
bonds within one unit in accordance with Scheme 1. That is really
observed for isolated cis-TI*~ radical anions in {Crypt(Na*)}(TI*")3
(Table 1). Similar geometry is also observed for one of two TI*"in 1
(Table 1). It should be noted that the difference between the length
of the C=0 and C(O)-C(=) bonds is also observed for the Tl species
attributed to the dianions in 1 and also for {Cp*Cr'"(TI?)}, (Table 1).
But this difference can be attributed most probably to different
coordination z?- and g-modes for two oxygen atoms of TI.

Expectedly, oxygen atom involved in the z2-coordination forms
longer C-O bond (Table 1).

Each iron atom forms four coordination bonds with oxygen
atoms of two Tl units and one oxygen atom of TI>~ becomes a -
bridge between two iron atoms providing coordination number of
five for iron atoms (Figs. 2 and S4). The average O(TI)-Fe bonds of
1.87-1.90 A are short indicating effective coordination of T oxygen
atoms to iron. Only in case of the z2-oxygen bridge, the lengths of
the coordination bonds are elongated to 1.97-1.99 and 2.09-2.11 A
(Fig. 2 and Fig S4).

Table 1. Bond length (in A) and angles (in ©) in the thioindigo units in reference
compounds and compound 1 studied in this work.

Charge and Central Cc=0 C(0)-C(=) Dihedral

conformation C=C bond bonds bonds angle

Pristine neutral | 1.34(3) 1.21(3) 1.54(3) 0

trans-TI®

trans-TI*~ in 1.411(8) 1.270(18) | 1.356(15) | 6.40

{Crypt(Na*)}(TI*-)% 1.34(3) 1.331(11)

cis-TI*" in 1.411(8) | 1.330(8) | 1.305(12) | 7.46

{Crypt(Na*)}(TI*)% 1.377(12) | 1.331(8)

cis-TI in | 1.445(2) | 1.314(2) | 1.384(2) | 19.7

{Cp*Cri(TI)}, 38 1.351(2) | 1.371(2)

cis-TI*- in | 1.448(5) 1.309(4) 1.393(5) 19.19

{Crypt(K*)}, 1.336(4) | 1.375(5)

{Fe"(T1*)(TI)},* 1.450(5) | 1.322(4) | 1.382(5) | 14.33
1.328(4) 1.386(5)

cis-TI- in | 1.450(5) | 1.332(4) | 1.367(4) | 31.79

{Crypt(K*)}, 1.352(4) | 1.373(4)

{Fe(TI*°)(T1)},* 1.444(5) 1.327(4) 1.369(5) 31.16
1.343(4) 1.367(5)

* Information is given for two independent units 1 and 2; formula is given
without C¢H,Cl, molecules

Further investigation of the crystal structure of 1 reveals that
the {Fe'(TI*7)(TI>)}, dimers form two-dimensional layers with
channels available for accommodation of bulky {cryptand(K*)}
cations (Fig. S5). There are several S---S approaches between Tl units
from different dimers of 3.67-3.68 A length. However, those are
only side-by-side approaches.

Fig. 2 Geometry, bond length and some angles for one of two independent
{Fe'(TI*)(TI>)}, dimers. Only half of the dimer is crystallographically independent.
Geometry of another dimer is shown in Fig. S5. Carbon is brown, oxygen is red, iron is
orange, and sulfur is yellow. Errors for the bond length are 0.002 A for the O-Fe bonds,
0.004 A for the C-O bonds, and 0.005 A for the C-C bonds.
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Fig. 3 Magnetic data for compound 1: (a) temperature dependence of reciprocal molar
magnetic susceptibility of polycrystalline 1 and the determination of Weiss
temperature; (b) fitting of the experimental data by the PHI program for the 4-spin
system consisting of TI*- (S = 1/2) -Fe" (S = 2) - Fe" (S = 2) - TI*~ (S = 1/2) coupled spins®.

Magnetic properties of 1 were studied by SQUID and EPR
techniques. EPR spectra for a polycrystalline sample of complex 1
shows an intense narrow asymmetric signal which can be fitted well
by two lines with g; = 2.0021 and the linewidth (4H) of 0.48 mT,
and g, = 2.0025 and A4H = 0.49 mT at room temperature (Fig. S6,
spectrum at 272 K is shown) and can unambiguously be attributed
to cis-TI*~ radical anions. Similar parameters of EPR signal were
previously found for the radical anion {Crypt(Na*)}(TI*) salt.
Integral intensity of this signal corresponds to the contribution of
about one S = 1/2 spin per Fe'(TI*")(T12") fragment. Any other signals
including broad signals from paramagnetic Fe are not found in the
high-temperature EPR spectrum of 1, most probably due to short
spin-lattice relaxation times for Fe' 7. At the same time the
contribution from Fe' should be rather small below 50K due to the
antiparallel arrangement of Fe' spins in the dimers. Such behavior
indicates the formation of even spin iron species and the absence of
odd spin Fe' and Fe'" but does not contradict with the presence of
diamagnetic TI?~. EPR signal from TI*~ supports the {Fe’(TI)(TI*")}~
and {Fe'(TI*")(TI*)}~ configurations. Taking into account essential
contribution to magnetic susceptibility from iron (that is not
possible for Fe?), only the {Fe'"(TI*-)(TI>")} configuration with Fe' (S
= 2) can form in 1. Structural data also support the formation of
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{Fe(TI*")(TI1*")}~ due to the presence of Tl with slightly different
geometry. EPR signal from TI*~ in 1 shows nearly temperature
independent parameters down to 50 K but below this temperature
both lines are strongly broadened (up to 10 times), and g-factors of
the lines are noticeably shifted to the opposite directions (Fig. S7).
That indicates the inclusion of TI*~ in strong magnetic coupling of
spins within the dimer. Integral intensity of EPR signal reaches
maximum at 30 K and decreases strongly below this temperature
(Fig. S8) indicating antiparallel arrangement of TI*~ spins within the
dimer (as shown above).

Magnetic susceptibility of 1 has two contributions: from the
Curie impurities (2.6% of S = 1/2 spins per half of dimer) and from
the {Fe'(TI*)(TI*)}, dimers which can be obtained after the
subtraction of the Curie impurities contribution from the
experimental data (Figs. 3b and S9). Crystal and magnetic data show
that there are two high-spin (S = 2) iron(ll) atoms linked by two
bridging oxygen atoms belonging to diamagnetic TI?~ dianions, and
two TI*~ radical anions additionally coordinate to each iron(ll) atom.
As a result, four spin TI*"- Fe" - Fe'' -TI*~ system is formed within
each dimer. The yuT value for 1 is 2.82 emu-K-mol~* at 300 K per
Fe'(TI*-)(TIZ) fragment, and this value decreases even below 300 K.
Calculated magnetic moment is 3.0 emu-K-mol~ per one high-spin
iron(ll) (S = 2) and 3.37 emu-K-mol per system of non-interacting
one S = 1/2 spin from TI*~ and one high-spin iron(ll) (S = 2). It is seen
that the observed value of 2.82 emu-K-mol™! is lower than the
calculated value of 3.37 emu-K-mol~! and that can be explained by
substantial antiferromagnetic coupling of spins. Indeed, Weiss
temperature © = —490 K extracted from the 1/x plot is very negative
(Fig. 3a).

The susceptibility of the dimer was modeled using the program
PHI®. The best fit (residual R = 0.018) for the 4-spin system
consisting of two S = 1/2 and two S = 2 spins yielded the exchange
constants of J(Fe"-TI*")/ks =—35.4 cm™ and J(Fe"-Fe")/kg = —51.1 cm’
1, as well as spin-orbital coupling parameter 1 = — 48.2 cm™ (-
0.00598 eV), the combined orbital reduction value of ¢ = 0.88 and g
= 2.04 for the two HS Fe'" atoms, while g-factor for each of the
radicals was fixed at g = 2.0. The values obtained follow similar®
coordination compounds and indicate that there is indeed a degree
of SO interaction present!® in the system. On the whole, the
{Fe"(TI*")(T1*")}, dimers show strongly negative Weiss temperature
and large exchange interactions. Nevertheless, the magnitude of
those interactions in 1 are still smaller than those reported for
other high-spin Fe(ll) complexes!t. That could be attributed to the
nature of bridging ligand as well as the overall distance between the
magnetic centers.

In order to evaluate interdimer interactions, the intermolecular
overlap integrals were examined by the extended Hiickel method?*?
based on the refined crystal structure. The obtained overlap value
of 0.2x1073 between frontier orbitals supports the assumption that
coupling between the dimers is essentially lower than the intra-
dimer one.

As a conclusion a complex of iron(ll) has been obtained
with anionic thioindigo ligands. That is a rare example of the
coordination complex with differently charged ligands of the
same chemical species. Oxygen atom of diamagnetic TI>~
becomes a bridge between two iron(ll) atoms and the TI*-
radical anions become end groups in the discrete species made
of four TI*" (S = 1/2) - Fe"' (S = 2)- Fe' (S=2) - TI* (S = 1/2)
coupled spins. As a result, two types of distinct interactions are
observed in the dimers: the first ones are in the Fe'" - Fe' pairs
and are described by the exchange value of (J/kg (Fe" - Fe'') = —
51.1 cm™? and the antiparallel arrangement of the TI*~ spins is
occurring through the Fe,0, unit with J(Fe"-TI*")/kg = —35.4 cm™.
Thus, organic radicals are involved in strong magnetic coupling
of spins observed in the inorganic Fe,0, subsystem. The study
of other metal-dye magnetic systems is now in progress.
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First coordination complex of iron(ll) with both radical anion and dianion of thioindigo
{Crypt[2.2.2](K*)}x{Fe!(TI*-)(TI2)},-2C¢H4Cl> (1) was obtained. Complex has two high-
spin Fe'' centers separated by two oxygen atoms, and two TI*- radical anions are
coordinated to each Fe' to form 4-spin system TI*—-Fe'l- Fe!-Tl*- of coupling spins.
Strong Fe'- Fe' (J/kg = -51.1 K) and weaker Fe'- Tl*- interactions (J/kg = -35.4 K) are
observed in these chains.



