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Trigonal-Bipyramidal vs. Octahedral Coordination in Indium(lil)
Complexes with Potentially S,N,S-Tridentate Thiosemicarbazones

Federico Salsi,'?) Maximilian Roca Jungfer,® Adelheid Hagenbach,’® and Ulrich Abram*[a

Abstract: Three bis-chelates of indium(lll) with (partially fluor-
inated) S,N,S-tridentate thiosemicarbazones (H,L) were pre-
pared and their structures were studied in solution and in the
solid state by NMR, ESI MS and single-crystal X-ray diffraction.
The three compounds are isostructural in solution with five-
coordinate In"" ions and two differently coordinated thiosemi-
carbazonato ligands, [In(L)(HL)]. A temperature-dependent 'H
\NMR study reflects the presence of dynamic processes in the

molecules such as the resolution of hindered rotation around
CN bonds with partial double-bond character and the pH-
triggered isomerization between 5- and 6-coordinate species.
The latter is confirmed by the isolation of compounds with dif-
ferent solid-state structures, [In(L)(HL)] and [In(L),]-, depending
on fluorine-substitutions in the periphery of the thiosemicarba-
zones.

/

Introduction

Main medical applications of In"' complexes are currently re-
lated to the use of the isotope ''In (electron capture with
gamma emissions of 171 and 245 keV, t;,, = 67.4 h) in diagnos-
tic radiopharmacy,l'* where it is frequently used for the imag-
ing of infection and inflammation sites. Additionally, "''In is un-
der discussion for cancer therapy, since it also emits Auger elec-
trons, offering a method to achieve DNA damage and eventual
cell death.’! Non-radioactive indium(lll) compounds also
present a number of pharmacological applications. Complexes
with phthalocyanines are under study as photo-sensitizers in
photodynamic therapy for cancer treatment and other in-
dium(lll) complexes have also been proven to exhibit antimicro-
bial and antiproliferative activities.l°-'"

The development of metal-based radiopharmaceuticals re-
quires a thorough knowledge of the coordination chemistry of
the metal, in order to optimize the ligand design. Like for the
related medicinally relevant metal gallium, the only stable
aqueous oxidation state of indium is +3. In this oxidation state,
indium is a hard Lewis acid with high affinity for water. Hence,
hydrolysis of indium complexes in the biological medium is a
primary concern in practical applications. The coordination
chemistry of indium is, in many cases, unpredictable because
of its high diversity. Indium complexes present coordination
numbers from 3 to 8 with a large variety of geometries. For
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applications in radiomedicine, a high stability and/or inertness
of the complexes is required. In order to avoid hydrolysis and
afford sufficient stability in the biological medium, polydentate
ligands are commonly used. Despite its importance, the coordi-
nation chemistry of indium with multidentate ligands is still a
mostly unexplored field.'>'3! Frequently used chelators in ra-
diomedicine are polyamino acids, e.g. EDTA, DTPA, DOTA, TACN.
Their high coordination numbers (6-8) and the hard character
of the donor sites affords stabilisation through electrostatic and
unspecific ligand-ion interactions."¥ On the other hand, indium
is also capable to form stable adducts with softer bases or bases
with intermediate character (P, S, Cl, Br, 1), which might allow
the formation of bonds with a higher degree of covalence and
specificity. An interesting and versatile class of ligands with soft
sulfur donor atoms are thiosemicarbazones, but there are only
a few examples of related indium complexes.'>2"1 Some sys-
tematic studies with thiosemicarbazonato chelates of indium(lll)
with regard to medical applications have recently been done
by H. Beraldo et al.?2-2"! The promising results of these investi-
gations stimulated us to undertake some experiments with po-
tentially S,N,S-tridentate thiosemicarbazone ligands derived
from N,N-dialkyl-N"-benzoylthioureas (see Scheme 1).

R3 =
R o RT NC_/
[ ‘—RS s
-~ 0
NH S NH 8
HN HN
e \TAS
\
2 1=
R R' = Alkyl, CQOH.COOR, HLH - R=H
OR, halide etc.

H,LF : R=p-F
R2, R% = Alkyl, aryl HoLCF3: R = p-CF,

Scheme 1. Structural versatility of potentially tridentate S,N,S-thiosemicarbaz-
one ligands derived from N,N-dialkyl-N"-benzoylthioureas and specification of
the compounds used in the present work: H,L", H,LF, H,LCF3,
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Scheme 2. Synthesis of the In"" complexes with S,N,S-tridentate thiosemicarbazones.

Such compounds are very versatile chelators with intermedi-
ate hard-soft properties. They can deprotonate once or twice
affording very flexible charge compensation of the metal ion.
Besides, the high degree of electronic delocalisation in the li-
gand affords an efficient distribution of the negative charge all
over the system, yielding stability.?>) The organic residues can
easily be functionalized and some of their metal complexes
show promising anti-parasitic activity.26-2%!

For the present structural study on related indium com-
plexes, we used three ligands with different substituents on the
phenyl ring: H,L", H,LF and H,L " (for formulae see Scheme 1).

Results and Discussion

The addition of two equivalents of the thiosemicarbazone H,L"
to a solution of InClz in methanol gives an insoluble colorless
solid, which is probably a less-defined, polymeric compound,
which resisted any structural characterization. The addition of a
supporting base such as NEt; together with H,LH or directly
thereafter results in the re-dissolution of the intermediately
formed solid and the formation of a yellow solution, from which
a light-yellow precipitate deposits within a few seconds
(Scheme 2). Solutions of the resulting solid in CHCl3 are unsta-
ble at room temperature and slowly decompose with formation
of a white insoluble material. Such a behavior has been ob-
served before for the non-coordinated, fluorine-substituted li-
gands.[?%! A considerable stabilization could be achieved by the
complexation on rhenium(V) or gold(lll) centers,'?’-2°! but not
with In", However, solutions of the In'"' complexes are stable at
0 °C to perform all necessary chemical manipulations and at
-20 °C for an indefinite time. The "H NMR spectrum of the com-
pound at room temperature in chloroform confirms that the
thiosemicarbazone is coordinated to the metal. All signals are
shifted and change their multiplicity in comparison to the unco-
ordinated ligand. A more careful analysis shows the presence
of two coordinated, non-equivalent ligands in a 1:1 ratio. This
becomes obvious by the presence of two singlets related to the
NMe, groups of the ligand at about 3 ppm. The asymmetry of
the complex is also reflected in the region of the aromatic pro-
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tons by an increase of the complexity of the signals. A signal at
9.25 ppm can be assigned to a single NH proton. This is consist-
ent with the formation of a bis-chelate, in which one ligand
molecule is dianionic (both NH deprotonated) and the other
one is monoanionic (only one NH deprotonated): [In(L")(HL™)].
The resulting neutral In"' complex should be poorly soluble in
MeOH, which explains its precipitation from the methanolic re-
action mixture. Moreover, no signals of a potential (organic)
counterion can be detected in the 'TH NMR spectrum of the
product.

The aliphatic region of the "H NMR spectrum of [In(L")(HLH)]
shows four broad signals in the range between 3.3 and 4.0 ppm
for the CH, protons of the diethyl amino groups. The non-
equivalence of the protons in the ethyl chain is due to a hin-
dered rotation around the C-N bond, which has a partial dou-
ble bond character. This is frequently observed for complexes
with this class of ligands.[?>! Each non-equivalent ligand gener-
ates two multiplets, corresponding to the two methylene
groups. The signals at highest field are the CH; of the diethyl
amino groups, which consist in two overlapping peaks with in-
tegral ratio 1:1. One is a well-defined triplet, the other one is a
broad signal with undefined multiplicity. The broadening indi-
cates that the methyl groups of one of the two chelating li-
gands are involved in a dynamic process. The measurement of
temperature-dependent 'H NMR spectra confirmed this as-
sumption. The temperature was varied from +20° to -30° C in
intervals of 10 degrees (see Figure 1 and Supporting Informa-
tion). At —-20° C the broadened signals split into the correspond-
ing resolved multiplets. The region between 1.13 and 1.40 ppm
shows a set of six triplets corresponding to six methyl groups
of the ethyl chains. Between 3.24 and 4.05 ppm appear eight
multiplets corresponding to the eight non-equivalent protons
belonging to the same ethyl group. As a consequence of the
partial double bond character of C-NEt, bonds, the methylene
groups cannot rotate; each proton has a different chemical shift
and couples with the adjacent methyl protons and with the
geminal proton. The CH; groups can rotate, but they are
blocked in fixed positions, so each of them has a different envi-
ronment and gives a triplet with different chemical shift. Solu-

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Chemistry
Europe

European Chemical
Societies Publishing

Full Paper
doi.org/10.1002/ejic.201901356

Eur]JIC

European Journal of Inorganic Chemistry

WM

nitrogen atom N9 (Figure 2). Such a coordination mode results
in the formation of a distorted trigonal-bipyramidal coordina-
tion sphere for the indium ion, where the trigonal basal plane
is formed by the three sulfur atoms and the apical positions are
occupied by the nitrogen donors. Selected bond lengths and
angles are summarized in Table 1.

o°c Table 1. Selected bond lengths /A and angles /° in the indium(lll) complexes
under study. The values for (HNEt3)[In(L™),] are taken from two crystallo-
graphically independent species.
Zw (In(LM(HLM)] INLHHLA]  EGNH)INLE),)
:m e TR In1-S1 2.4855(6) 2.4533(7) 2.568(1)/2.603(1)
. 4.00 . 3 3 3 3.50 X ..
chamical shit{ppem) In1-S3 2.4280(6) 2.4466(8) 2.534(1)/2.552(1)
In1-S4 - - 2.611(1)/2.569(1)
Figure 1. Temperature dependence of the "H NMR signals belonging to the  In1-S6 2.4527(6) 2.4580(7) 2.539(1)/2.526(1)
methylene groups. In1-N3 2.254(2) 2.239(2) 2.295(4)/2.295(4)
In1-N8 2.284(2) 2.331(2) 2.269(4)/2.269(4)
C1-S1 1.784(2) 1.796(3) 1.749(5)/1.751(5)
i H H 13
tions of [In(L ).(IjiL )] are .not stable enough to record "'C NMR  ; 13003) 1307(4) 1361(5)/1.326(6)
spectra of sufficient quality. N2-C2 1.3723) 1.364(4) 1.372(6)/1.358(6)
Elemental analysis confirms the purity of the obtained prod-  C2-N3 1.307(3) 1.307(4) 1.306(6)/1.300(6)
uct. The most intense signal in the ESI+ MS spectrum of Ei_gg ngg; 1'22281 138;2;:‘:8;?;

H H . . — . . . .
[In(L™)(HL ?] is the peak of the protonated molecular.lon. Also C3-53 1.770(2) 177003) 1.752(5)/1.755(6)
adducts with Na* and K* ions and some fragmentation prod- 454 1.668(2) 1.673(3) 1.746(5)/1.753(5)
ucts could be identified. C4-N7 1.390(3) 1.396(4) 1.315(6)/1.303(6)

The IR spectrum of the solid shows the presence of the NH g_ﬁg 12(7)‘318 1%2&? l;gzgmgig
. . B . . - . . . .
stretch of the thlosemlc.arbazone at 3.238 cm™' and an intensive o\ 139303) 139403) 1.412(5)/1.415(4)
band at 1493 cm™', which can be assigned to the C=N stretch.  no_cg 131203) 1311(4) 1.319(6)/1.303(6)
Single crystals of [In(LM)(HL")] were obtained from a satu-  C6-56 1.759(2) 1.751(3) 1.734(5)/1.760(5)
rated solution of the complex in benzene. An X-ray structure ~ $1-In-S3 135.15(2) 125.42(3) 154.53(5)/153.07(5)
determination confirms the results of the spectroscopic studies, 2?::::22 119'10(2) 126’98(3) ;219'5(7;)5/);;0;6'?3(5)
that the product is a neutral compound with two differently ¢4, _c4 105.50(2) 106.34(3) 93.32(4)/93.46(4)
bonded thiosemicarbazonato ligands (Figure 2). One of the li-  s1-In-N3 85.20(5) 86.92(6) 81.9(1)/80.3(1)
gands is doubly deprotonated and binds to the metal tridentate ~ S6-In-N3 104.05(5) 94.46(6) 100.8(1)/102.6(1)
via its S,N,S donor atom set, while the second ligand establishes 53-In-N3 80.06(5) 78.95(6) 75.0(1/74.7(1)
N3-In-N8 176.39(7) 158.26(8) 173.7(2)/174.2(2)

only one five-membered chelate ring via the nitrogen and
sulfur atoms of the thiosemicarbazone moiety. The sulfur atom
of the thiourea unit remains uncoordinated and the adjacent
nitrogen atom remains protonated. The corresponding hydro-
gen atom establishes an intramolecular hydrogen bond to the

Figure 2. Ellipsoid representation of the molecular structure of [In(L™)(HL™)].
Ellipsoids are drawn at the 50 % probability level. Hydrogen atoms (except
H23) are omitted for clarity.
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The C-N bond lengths inside the chelate rings of the {HL"}-
and {L"}*~ ligands are equal to a large extent. This proves the
presence of extended m-systems, which also include the exocy-
clic C1-N1, C3-N5 and C6-N10 bonds. Similar bonding situa-
tions have been found in rhenium, technetium and gold com-
plexes with such ligands.!?>272 Also the C-S bonds in the che-
late rings of [In(LY)(HL")] are widened to values between 1.759
and 1.786 A, while the corresponding C-S bond of the non-
coordinating sulfur atom is clearly shorter.

Although the coordination chemistry of the p-block element
indium is dominated by six-coordinate complexes, compounds
with the coordination number 5 are not rare, and there exists
particularly a number of complexes with three trigonal sulfur
and two axial nitrogen atoms,['>393¢] 3 constellation, which is
also observed in [In(L")(HL")].

The basal plane of the trigonal bipyramid is distorted with
S-In-S angles between 105.50(2) and 135.15(2)°, while the N3-
In-N8 angles of 176.39(7)° come close to the ideal linear ar-
rangement of the two nitrogen donors. The In-S bond lengths
are between 2.4280(6) and 2.4855(6) A, while the In-N distances
are around 2.2 A. These values are in the characteristic range
for In thiosemicarbazone complexes.3”? All C-N bond lengths

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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are in the range between 1.300 and 1.393 A irrespective to the
fact if they are included into chelate rings or not. This suggests
that the electron density shows a high degree of delocalization
and the negative charge(s) of the ligand(s) is (are) widely dis-
tributed on the whole m-system. The respective bond orders
are between double and single bonds.

The molecular structure of the uncoordinated compound
H,L" has also been determined by X-ray diffraction and dis-
cussed in a previous report.?! In the solid state, the molecule
is found in its “thiosemicarbazide” tautomeric form, in which
the two nitrogen atoms of the N-N group are protonated and
the PhC-N bond of the benzoylthiourea moiety has predomi-
nantly double bond character. Upon coordination and forma-
tion of the dianion, the two negative charges are delocalized.
The C=S bonds are slightly elongated with a consequent in-
crease of the thiolate character of the sulfur donor atoms. In
the monoanionic ligand of [In(L")(HL™)] the non-coordinating
C4-54 bond is shortened in comparison to H,L". The thiosemi-
carbazide moieties of both ligands are essentially planar, while
the thiourea C=S group of the dianionic ligand deviates
strongly from the planarity in order to accommodate the geo-
metrical demands of the metal center. The sulfur atom S4 of the
non-coordinating thiocarbonyl group shows a Z arrangement to
the coordinating sulfur atom and the backbone of the related
molecule is almost planar with slightly deviations for the sulfur
atoms. The hydrogen atom on N7 points towards N9 with for-
mation of a hydrogen bond that establishes a planar five-mem-
bered ring (see Figure 2). The H23-:N9 distance is 2.09 A and
the bonding angle between donor and acceptor is 114.07°. The
formation of this relatively strong intramolecular hydrogen
bond in the solid state may contribute to the stabilization of
the pentacoordinate isomer of the complex. Our attempts to
enforce a second deprotonation of this ligand and the forma-
tion of an octahedral indium(lll) complex by the addition of a
base such as NEt; to solutions of the pentacoordinate com-
pound in organic solvents failed.

A similar procedure as described for the synthesis of
[In(L")(HL™)] was applied for the reaction of InCl; with the para-
fluorinated thiosemicarbazone H,LF and led to the formation of
a yellow solid, which precipitated from a solution of the reac-
tants in MeOH.

The results of elemental analysis, mass spectrometric and IR
spectroscopic studies suggest a composition of the product,
which is similar to that with H,L", having two differently
bonded thiosemicarbazones in the coordination sphere of the
indium(lll) ion: [In(LF)(HLM)]. Although the compound is spar-
ingly soluble in common solvents and slowly decomposes in
solution, 'H and "°F NMR spectra of reasonable quality could
be recorded and allow conclusions concerning the structure of
the compound. The 'TH NMR spectrum of the product is very
similar to that of [In(L™)(HL")] with the signals of the aromatic
protons being distributed over a large range. Couplings with
the '°F nucleus of the fluorine substituent allow the assignment
of signals belonging to two non-equivalent coordinating thio-
semicarbazones. Also the "F NMR presents two multiplets with
an integration ratio of 1:1, corresponding to the two differently
coordinated ligands.
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The conclusions drawn from the spectroscopic studies are
confirmed by X-ray diffraction. The solid-state structure of
[IN(LF)(HLH)] does not differ significantly from that of
[In(L")(HL™)]. The indium atom is pentacoordinate with a trigo-
nal bipyramidal geometry, in which the edges of the basal
plane are occupied by the sulfur atoms and the apical positions
by the nitrogen atoms. Since the molecular structure of
[IN(LF)(HLM)] is virtually identical with that of the non-fluorinated
complex, there is no extra figure given here. But Table 1 con-
tains selected bond lengths and angles of this compound and
an ellipsoid representation is depicted in the Supporting Infor-
mation.

The fluorine substitution seems to induce a sensibly stronger
distortion from the ideal geometry. While the N3-In-N8 axis is
almost linear in [In(LY)(HL™)], this angle is reduced to a value of
158.26(8)° in the complex with the fluorinated ligand. However,
no remarkable effects on the bond lengths could be identified.
Similar findings have been reported for oxidorhenium(V) com-
plexes with fluorinated thiosemicarbazones.*”! The characteris-
tic intramolecular hydrogen bond observed in [In(L")(HL™)] is
also found in [In(LF)(HLF)]. Here, the H23.-:N9 distance is 2.044 A
and the angle between donor and acceptor is 116.99°.

An unexpected result was obtained from the reaction of
InCl; with the trifluoromethyl-substituted ligand H,L3. Apply-
ing the same reaction conditions as for the reactions with H,L"
and H,LF, no precipitation of a solid was observed, but a clear,
deep yellow solution was formed. A considerable decomposi-
tion of the dissolved product was observed at room tempera-
ture according to the recorded NMR spectra. At temperatures
between -20 and 0 °C, however, the product is stable in solu-
tion. After concentration in an ice-bath and storing at -20 °C
for three days, bright yellow crystals precipitated. They were
dried under vacuum and re-dissolved in cold CDCl; for spectro-
scopic studies.

At first glance, the "H NMR spectrum of the product does
not present significantly different features from the previously
described complexes. A broad NH signal, which corresponds to
a protonated thiosemicarbazone in the ligand is found at
9.35 ppm. Moreover, it is possible to distinguish two coordi-
nated thiosemicarbazone ligands with different 'H chemical
shifts. It is, hence, strongly indicated that the structure of the
complex is — at least in solution — the same as those observed
for the related products with H,L" and H,L". The "°F NMR spec-
trum of the product confirms this hypothesis: it contains two
signals with a 1:1 ratio corresponding to two differently coordi-
nating fluorinated ligands (see Supporting Information). De-
spite these striking similarities, some extraneous signals are ob-
served in the aliphatic region: a quadruplet at 2.81 ppm and a
triplet at 1.22 ppm, indicating the presence of NEt; or HNEt;*
cations. The ESI+ mass spectrum confirms this assumption and
a peak at m/z = 102.1283 can unequivocally be assigned to
HNEt;*. In addition, also the presence of [In(LF3)(HL™)] is
clearly detected by an intense peak at m/z = 923.1428 (M +
HI*). This is in accord with the detection of corresponding
molecular ion peaks [M + HI* in the spectra of [In(LM)(HL™)]
and [In(LF)(HLM)] at m/z = 787.1677 and 823.1390, respectively.
However, the negative mode ESI mass spectrum of the indium

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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complex with the CFs-substituted thiosemicarbazone shows a
signal at m/z = 921.1252, which perfectly fits with an [In(LF3),]-
anion.

The formation of a complex anion with two {L°3}*~ ligands
is finally confirmed by single-crystal X-ray diffraction.
(HNEt3)[IN(L<3),] crystallizes in the triclinic space group PT with
each two complex anions and triethylammonium cations in the
asymmetric unit. The two tridentate thiosemicarbazonato li-
gands coordinate facially and form a strongly distorted octahe-
dral coordination sphere around the indium ion, in which the
four sulfur atoms are found in one plane. An ellipsoid represen-
tation of the complex anion is given in Figure 3a. Main distor-
tions are due to the angular restrictions induced by the facial
arrangement of the chelating ligands. The formation of each
two five- and six-membered chelate rings results in angles be-
tween adjacent donor atoms in the range from 74.7(1) to
102.6(1)°. It is remarkable that the In-S bond lengths increase
upon the formation of the octahedral complex from values be-
tween 2.428(1) and 2.485(1) A in [In(LM)(HL")] and [In(LF)(HLF)]
to the range 2.526(1) - 2.603(1) in [In(L°™3),]".

Ellipsoid representation of the complex anion of

Figure 3. (a)
(HNEt3)[In(LSF3),]. Ellipsoids are drawn at the 50 % probability level. Hydrogen
atoms are omitted for clarity. (b) Hydrogen bonds established between sol-
vent methanol and the HNEt;* cation and the [In(L“3),] anion.

There are no appreciable direct intermolecular interactions
between the [In(L°"3),]~ anions and the (HNEt3)* counterions in
the solid-state structure of the complex. But the co-crystallized
methanol establishes hydrogen bonds between the two ions as
is shown in Figure 3b. Hence, the trifluoromethylation of the
thiosemicarbazone can only be regarded as one of the reason
for the preference of a six-coordinate indium(lll) complex with
this particular ligand.

It has been previously observed that the fluorination of the
phenyl group of such thiosemicarbazones exerts some influ-
ence on the structure of the compound, e.g. the preference of
the “thiosemicarbazone” tautomer over the “thiosemicarbazide”
form upon CF; substitution,?®! but only a minor influence on
the coordination behavior of fluorinated thiosemicarbazones in
related rhenium(V), technetium(V) and gold(lll) complexes was
observed.[?72!

In order to get a deeper insight into the observed equilib-
rium between [In(LF3)(HL )] and [In(L°F3),]~, we performed
some DFT calculations on the B3LYP level. We first optimized
the systems “NEtz + [In(L)(HL)]” vs. “(HNEts)* + [In(L),]™" for
H,L = H,L", H,LF and H,LF3 in the gas-phase. In the gas-phase,
we found an energetic preference for the neutral species NEt;
and [In(L)(HL)] compared to the (HNEts)[In(L),] salts for all three
thiosemicarbazones. We then recalculated these pre-optimized
structures for both the associated and the fully separated pairs
in methanol solution. We found an energetic preference in the
free energy for the non-interacting species both for the triethyl-
ammonium salts (between 28 and 42 kJ/mol) and the neutral
species (between 53 and 57 kJ/mol). Therefore, we assume that
mainly non-aggregated compounds are present in solution. In
the separated, solvated molecules, we found a preference in
the free energy for the pentacoordinate, neutral species in all
cases (12 to 27 kJ/mol depending on the substitution). This is
consistent with the experimental observation of pentacoordi-
nate species in solution and the observed deprotonation of
(HNEt;)* by [In(LF3),]- with formation of NEt; and
[IN(HL"3)(LF3)] upon dissolution. As the salt (HNEt3)*[In(L<"3),]
was observed in the solid state, where the molecules are defi-
nitely closer and undoubtedly more likely to interact with each
other, we reinvestigated the free energy differences between
the salt and the neutral species in the solvated associated pairs
of molecules. For the CFs-substituted complexes, a preference
in the free energy of ca. 4.7 kJ/mol for the salt structure was
found, while for H,L" both structures are isoenergetic and for
H,LF a slight preference of only 1.9 kJ/mol for the neutral spe-
cies were found. The relevant free energies are shown in
Table 2.

Table 2. Free energies AG at 298.15 K after quasi-harmonic Grimme correction (free-rotor treatment of frequencies below 500 cm~" with harmonic approxima-
tion of the remaining frequencies) calculated for the NEt; + [In(L)(HL)] vs. (HNEt3)* + [In(L),]~ equilibrium in the MeOH solution for both associated and fully
separated moieties. The energies of the most stable side of the equilibrium are bold.

“NEts , [In(HL)(L)]" “(HNEts)* + [In(L),]™ A(AG)/kJ mol™
associated separated associated separated associated separated
H,L" AG/Hartree -3602.924861 -3602.94652 -3602.924862 -3602.93629 0 26.9
H,LF AG/Hartree -3801.410308 -3801.43049 -3801.409594 -3801.42559 1.9 12.8
H,LF3 AG/Hartree -4276.995318 -4277.01639 -4276.997116 -4277.0077 47 22.8
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Overall, the aggregation in the solid state is the most proba-
ble driving force in the formation of the salt, albeit the ener-
getic differences between neutral and charged species upon
aggregation are small in solution, the complexes derived from
H,LF3 appear to be the most favorable to form [In(L),]". The
observed hydrogen bonding might further stabilize the solid-
state structure of (HNEt3)*[In(L<3),]~.

As we only prepared three derivatives of the present com-
plexes, we additionally performed calculations on the hypo-
thetical complex pairs of H,L, H,LB", H,L' and H,L"3, We calcu-
lated their theoretical thermodynamic K., at T = 298.15 K
[In(Keg)= —AG/(RT); R = 0.008314 kJ mol™' K™'] to establish a
Hammett relation between the acidities of the complexes and
the electronic properties of the substituents. The different theo-
retical acidities of the pentacoordinate In"' complexes (in the
form of the theoretical K, in the described equilibrium) of the
fluorinated ligands do not correlate well with the electronic
Hammett parameters (o = 1.7, R = 0.12). This suggests only a
minor electronic influence of the CF5 and F substituents on the
acidities, which finally also agrees with the similar chemical
shifts of the related protons in the "TH NMR spectra. However, for
the complexes of the hypothetical heavier halogen and methyl-
substituted ligands an excellent correlation between the Ham-
mett parameters of the substituents with the acidities is found,
when the anomalous fluorine-containing derivatives are ne-
glected (o = 4.5, R?> = 0.95). The respective p value suggests a
reasonably strong electronic influence of the para-substituent.
The correlation holds true for both, the o, and the corrected
op*/0p~ Hammett parameters. Further information on the calcu-
lations is provided in the Supporting Information.

The re-conversion of the octahedral complex into the more
stable five-coordinate compound upon dissolution can be
avoided, when the anion is precipitated with a non-protic coun-
terion such as NBu,™. In this case, the octahedral structure is
maintained in solution, which can be verified by the appear-
ance of only one "°F NMR signal for the dissolved tetrabutylam-
monium salt. A corresponding NMR experiment on a mixture
of (NBuy)[In(LF3),] and (HNEt3)[In(LF3),] confirms this finding.
Both complexes form the octahedral isomer in the solid state.
After dissolution in CDCls, only the fraction, which corresponds
to the used amount of HEt;N* salt shows isomerization to the
five-coordinate complex by the appearance of two 'F NMR
signals (see Supporting Information). This confirms the triethyl-
ammonium ion as proton source for the observed partial proto-
nation of the {L"3}?~ ligand.

Conclusions

Reactions of InCl; with three potentially S,N,S-tridentate thio-
semicarbazones derived from differently substituted N,N-di-
ethyl-N’-benzoylthioureas gave pentacoordinate, neutral bis-
chelates of the composition [In(L)(HL)] in solution. A tridentate
coordination of one and a bidentate S,N-coordination of the
second ligand was deduced from the IR, 'H/'°F NMR and ESI-
MS spectra of the products. DFT calculations confirm the high
stability of the five-coordinate compounds with one non-coor-
dinated thiocarbonyl group. The formation of an anionic, six-
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coordinate indium complex was only observed for the trifluoro-
methyl-substituted ligand. In the solid state, an [In(L"3),]~ com-
plex with a distorted octahedrally coordinated In" ion is
formed. Upon dissolution, the HNEt;* salt of this complex re-
forms the more stable, neutral [In(L"3)(HL )] complex under
deprotonation of the triethylammonium cation.

Experimental Section

All chemicals and reagents were purchased from commercial sour-
ces and used without further purification. The thiosemicarbazone
ligands were synthesized according to the procedure described in
the literature.l29!

NMR spectra were recorded with a JEOL 400 MHz multinuclear
spectrometer. Positive- and negative-mode ESI mass spectra were
measured with an Agilent 6210 ESI-TOF (Agilent Technology) mass
spectrometer. Elemental analysis of carbon, hydrogen, nitrogen and
sulfur were performed using a Heraeus elemental analyzer. For the
IR spectra a Nicolet iS10 FT-IR spectrometer was used.

The intensities for the X-ray determinations were collected on a
Bruker D8 Venture instrument with Mo-K,, radiation. Structure solu-
tion and refinement were performed with the SHELX program pack-
ages.1383% Hydrogen atoms were placed at calculated positions and
treated with the “riding model” option of SHELXL, except those of
the NH groups of the thiosemicarbazones. Their positions of were
taken from the Fourier map. The representation of molecular struc-
tures was done using the program DIAMOND (vers. 4.5.1).4° Addi-
tional information on the structure determinations is contained in
the Supporting Information.

CCDC 1966320 {for [In(HLY)(L™M]-1.5benzene}, 1966321 {for
[IN(HLR)(LM1, 1966322 {for (HNEts)[In(LCF5),]-MeOH} contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre.

DFT calculations were performed on the high-performance comput-
ing systems of the Freie Universitat Berlin ZEDAT (Curta) using the
program packages GAUSSIAN 09 and GAUSSIAN 16.14142 The gas
phase geometry optimizations were performed using coordinates
derived from the X-ray crystal structures or have been modelled
with the use of crystal structure fragments using GAUSSVIEW.[43]
The calculations in solutions were performed on structures, which
were previously optimized in the gas-phase. The polarizable contin-
uum model (PCM) with the integral equation formalism variant
(IEFPCM) was used to implicitly simulate the solvent methanol. The
calculations were performed with the hybrid density functional
B3LYP.44-46 The Stuttgart double-C relativistic large core (RLC) basis
set with the respective effective core potential (ECP) was applied to
In.[4748] For |, the 6-311G* basis set was applied.*”! The 6-31G* basis
set was applied for all other atoms,'*°-53! except for H, for which
the smaller 6-31G was employed.> The Stuttgart RLC, 6-31G* and
6-31G basis sets as well as the RLC-ECP were obtained from the
EMSL database.> The convergence of the structures was verified
by frequency calculations. No negative frequencies were obtained
confirming the optimized geometries as energetic minima. The en-
tropic contribution to the free energy was corrected for low-energy
modes using the quasi-harmonic approximation of Grimme!®® as
implemented in the freely accessible python code GoodVibes of
Funes-Ardoiz and Paton with a cut-off at 500 cm~".>”! The op and
the corrected op*/0p™ Hammett parameters were taken from a tabu-
lated review article.l®!

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.201901356
http://www.ccdc.cam.ac.uk/structures
http://www.ccdc.cam.ac.uk/structures

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Eur]JIC . ..
doi.org/10.1002/ejic.201901356

European Journal of Inorganic Chemistry

[In(LY)(HLY)]: InCl; (22 mg, 0.1 mmol) was dissolved in 3 mL of
MeOH and cooled to 0° C. Subsequently, H,L" (69 mg, 0.2 mmol)
and NEt; (101 mg, 1.0 mmol) were added. Upon addition of the
base, the suspension turned into a clear yellow solution, which was
stirred until the formation of a yellow precipitate. The precipitate
was filtered off and dried under vacuum. Single crystals suitable
for X-ray structure determination were grown from a concentrated
benzene solution at 6° C. Yield: 98 %. Elemental analysis: Calculated
for C3oH4sN10S4In: C 45.7, H 17.2, N 17.8, S 16.3 %; found C, 44,1; H
53,N17.2,5 155 %. IR (v in cm™): ¥ = 3238 w (NH), 2968 m, 2928
m, 2869 m, 1585 w, 1561 w, 1493 s (C=N), 1455 m, 1414 m, 1374
m, 1351 s, 1305 m, 1253 5, 1212 w, 1177 w, 1128 5, 1094 s, 1071 s,
1027 m, 1000 m, 906 s, 854 m, 772's, 725 s, 694 s, 646 m. 'H NMR
(CDCl5, ppm): & = 9.26 (s, 1H, NH), 7.82 (m, 2H, Ph), 7.53-7.40 (m,
5H, Ph), 7.28-7.22 (s, 3H, Ph), 4.04-3.52 (broad, 8H, N-CH,), 6.36
(broad m, TH, N-CH,), 3.19 (s, 6H, N-CHs), 2.93 (s, 6H, N-CHs), 1.22
(m, 12H, CH,-CHs). MS ESI+ (m/z): 787.1677 (calc. 787.1683) [M +
HI*, 809.1480 (calc. 809.7929) [M + Nal*, 825.1219 (calc. 825.1242)
[M + KI*, 714.0778 (calc. 714.0792) [M - NEt,]*, 234.1062 (calc.
234.1065) [C;5H16N3SI* (imidium ion of the benzoylthiourea).

[In(LF)(HLF)]: InCl5 (22 mg, 0.1 mmol) was dissolved in 3 mL of
MeOH and cooled to 0 °C. Subsequently, H,LF (71 mg, 0.2 mmol)
and NEt; (101 mg, 1.0 mmol) were added whilst stirring. Upon addi-
tion of the base, the suspension turned into a clear yellow solution
and a yellow solid starts to precipitate after a few seconds. The
precipitate was filtered off and dried under vacuum. Single crystals
suitable for X-ray structure determination were grown by slow diffu-
sion of pentane in a CH,Cl, solution at —20 °C over a period of 2
weeks.  Yield: 78%. Elemental analysis: Calculated for
C3oHa1F5INN;0S4: C 43.8, H 5.0, N 17.0, S 15.6 %; found C 42.5, H 5.1,
N 17.0, S 15.5%. IR (v in cm™): ¥ = 3225 w (NH), 2940 w, 1597 w,
1560 w, 1525 m, 1495 s (C=N), 1458 m, 1451 m, 1431 m, 1412 m,
13535, 1311 m, 1264 m, 1229 m, 1219 m, 1182 w, 1141 m, 1087 m,
1077 m, 1053 w, 1027 w, 1000 w, 1010 w, 939 w, 909 m, 898 w, 865
m, 856 m, 847 m, 831 m, 816 w, 803 w, 789 w, 766 w, 747 w, 732
w, 715 w, 689 m, 649 m, 639 m, 626 m, 613 m. '"H NMR (CDCls,
ppm): 6 = 9.30 (s, TH, NH), 7.88 (m, 2H, Ph), 7.46 (m, 2H, Ph), 7.12
(m, 2H, Ph), 6.94 (m, 2H, Ph), 3.87 (broad, 4H, N-CH,), 3.66 (broad
4H, N-CH,), 3.19 (s, 6H, N-CH3), 2.96 (s, 6H, N-CHs), 1.33-1.17 (broad,
12H, CH,-CHs). '°F NMR (CDCls, ppm): 6 = —108.74 (m, 1F), -111.94
(m, 1F). MS ESI+ (m/z): 823.1390 (calc. 823.1484) [M + HI]".

(HNEt;)[In(L<F3),]: InCl; (22 mg, 0.1 mmol) was dissolved in 3 mL
of MeOH and cooled to 0 °C. Subsequently, H,L"> (81 mg,
0.2 mmol) and NEt; (101 mg, 1.0 mmol) were added. The suspen-
sion was stirred until a clear yellow solution was obtained. Concen-
tration under vacuum in an ice bath followed by standing at -20 °C
for 1-2 days led to the formation of yellow crystals, which were
dried under vacuum. Single crystals suitable for X-ray structure de-
termination were grown from MeOH at -20 °C. Yield: 95 %. Elemen-
tal analysis: Calculated for C3gHsgFgN;1S4In: C 44.5, H 12.5, N 15.0, S
12.5 %; found C 44.6, H 5.5, N 15.1, S 126 %. IR (v in cm™): ¥ =
2977 m, 2930 m, 2602 m, 2496 m, 1476 m, 1444 m, 1397 m, 1354
m, 13215, 1243 m, 1215w, 1164 m, 11225, 1099 s, 1067 s, 1035 s,
1016 m, 913 m, 850 s, 806 m, 756 w, 694 w, 604 m. "H NMR (CDCl;,
ppm): 6 = 9.35 (s, TH, NH), 7.94 (m, 2H, Ph), 7.68 (m, 2H, Ph), 7.58
(m, 2H, Ph), 7.52 (m, 2H, Ph), 3.94-3.60 (broad m, 7H, N-CH,-), 3.40
(broad m, 1H, N-CH>-), 3.21 (s, 6H, N-CH3), 2.92 (s, 6H, N-CH,), 2.81
(g, triethylamine), 1.40-1.07 (overlapped t, CH,-CH; + triethyl-
amine). "°F NMR (CDCl5;, ppm): 6 = -62.60 (s, 3F), -62.64 (s, 3F).
MS-ESI+ (m/z): 923.1428 (calc. 923.1431) [M + HI]*, 102.1283 (calc.
102.1283) [EtzNHI*. MS ESI- (m/z): 921.1252 (calc. 921.1263) [M]".
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