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ABSTRACT OF THE DISSERTATION
HOMO- AND HETEROMETALLIC INDIUM/IRON OXO/HYDROXO
POLYNUCLEAR COMPLEXES SUPPORTED BY PYRAZOLE/PYRAZOLATO
LIGANDS
by
Susana Herrera
Florida International University, 2023
Miami, Florida
Professor Raphael G. Raptis, Major Professor

The main objective of this project is the study of indium as a surrogate for
lanthanides and actinides, based on the assumption that cations of similar ionic radii will
form similar oxide structures. Chosen as convenient starting materials, a new family of
In(1II) complexes of formula mer-[InCls(pz 'H)3] and trans-[InCl2(4-Me-pzH)4]", (pz H =
pzH, 4-Cl-pzH, 4-Br-pzH, 4-1-pzH, 4-Ph-pzH, 4-Me-pzH, and 3,5-Me2-pzH) was
synthesized and characterized by SCXRD, elemental analysis, FTIR, and VT-'"H NMR.
The results showed the labile nature of indium complexes, and the VT-'"H NMR revealed
a complex interplay of simultaneous coordination flexibility, dissociation, and
tautomerization processes.

Subsequently, higher nuclearity complexes were obtained upon addition of base
under various reaction conditions. Hexanuclear complexes of general formula [IneCle(pi3-
OHo.s)(u-OH)e(p-pz)s]* (pz” = pz, 4-Cl-pz, 4-Ph-pz) and polymeric species [In(u-pz’)3]a
(pz° = pz, 4-Cl-pz, 4-1-pz, 4-Ph-pz) were isolated and characterized by SCXRD,

elemental analysis, '"H NMR, and FTIR. The hexanuclear indium complexes have a novel

vii



motif formed by two trianionic units bridged by both oxo/hydroxo groups. The
luminescence properties of the polymeric species showed longer emission lifetimes than
previously reported indium luminophores.

Upon deprotonation of the mononuclear indium complexes and the reaction with
iron salts both heterobimetallic and homometallic species were isolated. Complexes of
general formula [Fes-xInxCla(u4-O)a(u-pz)i2] and [Ine-«FexCls(p3-OHo.s)(u-OH)s(u-pz s>
were isolated and characterized by SCXRD, ESI-MS and SEM-EDS.

The serendipitously prepared complexes [Fe7ln2Cla(ps-O)2(u3-OH)2(u3-OHo.s)2
(1-OH)2(u-4-Cl-pz)12(4-Cl-pzH)2](EtsNHCI),  (HNEt3)2[FesCla(pu3-O)2(nu-OH)a(pn-4-Cl-
pz)10] and [FesClz(us-O)(u3-O)(u-OH)2(u-4-1-pz)s(4-1-pz)4] (Et20) were isolated and
characterized crystallographically. The latter, with an all-ferric FesOs-core with a rare
“incomplete cubane” topology, like the [Mn4CaOs]-unit in Photosystem II, was also
studied electrochemically, revealing two reductive and one oxidative step to mixed-valent

species.
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Chapter 1: Introduction

1. Metal oxides

Metal oxides play a key role in environmental remediation and are used for several
other applications including energy production' and storage (e.g., lithium zinc titanium
oxides)?, catalysis (e.g., titanium, zinc, and manganese oxides)’, and biomedicine.*> Metal
oxides exhibit a great variety of functionalities, which are strongly determined by their
crystal structure, composition, doping, and intrinsic defects.
1.1. Metal containing proteins in biological systems

Metal oxides can be found in biological systems where they act as catalysts for
electron transfer reactions and play a similar role as the better studied metal sulfides. Well-
studied example of metalloproteins found in biological systems are ferredoxins, which
comprise a large family of iron-sulfur (Fe-S) proteins. The [4Fe-4S] cluster core is found
in 4Fe ferredoxins and high potential iron proteins (HiPIPs), which share the same resting
state: [Fe4S4]*" but have different active sites.” Despite sharing the same resting state and
being structurally similar, HiPIPs react by oxidation of the resting state at physiological
potentials, while 4Fe ferredoxins are reduced (Figure 1).”# A less common [3Fe-4S] cluster
is also found in the inactive state of some proteins like aconitase, where interconversion of

active [4Fe-48S] cluster to inactive [3Fe-4S] occurs (Figure 2).°
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Figure 1. Reduction and oxidation mechanism in low- and high- potential ferredoxins.’
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Figure 2. Structural representation of [3Fe-4S] binding unit of ferredoxins.’

Analogous rich redox activity, involving a metalloprotein cycling over four discrete
oxidation states, is encountered in photosystem II -- its MnaCaOs-core catalyzes the light-
driven reaction that oxidizes water, producing energized protons and O: (Figure 3).!°

Oxygenic photosynthesis is a fundamental biological process by which cyanobacteria,

algae, and plants reduce atmospheric carbon dioxide.!!
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Figure 3. Proposed structure of [Mn4CaOs]-unit in the oxygen-evolving complex (OEC)
of Photosystem I1.!2



1.2. Iron oxide minerals
Iron is involved in several spinels and inverse spinels, a class of oxide minerals of

general formula AB20s that crystallize in the cubic crystal system,!* and is known to
accommodate several other metals ions in their lattices; for example: magnetite, Fe3Ou,
which is the most abundant inverse spinel, cuprospinel (CuFe204), and trevorite (NiFe204),
among others. Iron oxides are found throughout the near-surface environment and regulate
migration of pollutants. Adsorption of heavy metals and radionuclides to iron oxides has
long been recognized as a permanent immobilization method that may prevent leaching of
radioactive materials to the water table. In fact, hydrous oxides have been shown to be the
major host mineral for trace elements and isotopes of plutonium and americium.'* Iron
oxides are also known to play an important role in the retention of uranium, with several
studies showing successful uranium uptake by amorphous ferric oxyhydroxides.!>¢17
1.3. Lanthanide and actinide chemistry

Even though lanthanide and actinide chemistry has come a long way since the middle
of the 20" century after the Manhattan Project, much remains unexplored. Many 4fand 5f
elements have proven immensely versatile, often exceeding what can be accomplished with
transition metal systems. However, working with lanthanides and actinides materials is
challenging, because of their insolubility,'® physical properties,'® limited coordination
chemistry and radioactivity (for actinides).

Rare earth elements are widely used in modern technology, from molecular magnets?®-
22 to medical imaging agents.>>> Their essential role in biological systems was only
recently discovered in 2011 and it propelled major efforts into the study and continuity

of bioinorganic chemistry with principles well established from transition metals. They



also play a role in geopolitical dynamics with their demand only growing in the energy and
defense sectors.
Actinides are extremely controversial to society, due to their potentially harmful impact
and yet this is what drives the fundamental research and understanding that is essential for
their use, disposal, and remediation.?’ Studies of uranium have historically dominated the
actinide field. However, the rest of the actinide and transuranic series have started to find
a more commonplace, with the most promising advances coming not from the study of one
singled out element but the full understanding and continuity across the 4f and 5f series.
1.4. Indium and environmental concerns

Indium, discovered and isolated in 1863 by Reich and Richter, has two stable
isotopes, '°In and '"*In. Other radioisotopes of distinct half-lives are known, the longest-
lived being '!'In, with a half-life of 2.8 days. Indium was also recognized as a stabilizer for
non-ferrous metals, as well as a candidate to form alloys with nobler metal. The supply of
the metal has increased exponentially, and its price has dropped greatly over the years.
Indium cations are not toxic, to the best of our knowledge.

Indium is stable at two oxidation states, as In" and In**. With an ionic radius of 0.92
A,?% and a d'’ electronic structure, In** is a hard (but milder relative to AICl3, FeCl3) Lewis
acid,” bonding strongly with hard donor ligands like fluoride, but stable complexes with
softer bases and coordination numbers from 4 to 8 are also known.*® Its chemistry is
promising, with recent developments in the fields of polymers, metalorganic frameworks
(MOFs), and supramolecular assemblies.

Indium(II1)-MOFs, with  6-to-8-coordinate In*"-centers, exhibit intense

photoluminescent emission, are excellent candidates for gas storage, having high thermal



and chemical stability.’! However, other In chemistry is not yet well developed. Most
studies of indium complexes involving N-donor ligands focus on homoleptic species and
their use as precursors for nitride complexes. Polydentate N-ligands form !''In(III)
complexes with promising applications in oncology.>?

Indium hexahydrates have been recognized in the crystal structure of several
indium salts. Indium cation is also easily coordinated by hydroxide and sulfate anions. Its
sulfides, [InS] and [In2S3] are also known. The oxo anions of indium, including [In203],
and [In3O4], are of interest for their unique electronic and optical properties and
applications in solar cells, gas absorption, optoelectrical devices and photocatalysis.*3 3¢
Indium halides are the main starting materials for further indium chemistry. To the best of
our knowledge, no work has been published on the coordination chemistry of In*" and
pyrazoles.

1.5. Polynuclear complexes of interest

Pyrazole coordination chemistry had been studied since the late 1970’s and
pyrazolato complexes have been proven to be models of biological protein active sites.’’
Pyrazoles are heterocyclic aromatic rings with three carbon atoms and two nitrogen atoms
(Scheme 1). Pyrazole can be monodentate or bidentate pyrazolato chelators by
deprotonation of N1. Pyrazoles are versatile and their 5-membered ring is amenable to
peripheral substitution, allowing tunning of their properties (Scheme 1 and 2). Both its
electron donor ability and steric requirements can be tailored by introduction of the

appropriate substituents at the 3, 4, and 5-positions.*®*
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1.5.1. Octanuclear iron pyrazolato complexes

Iron(II) species are commonly found in Nature. The hydrolysis of Fe(IIl) species
is of relevance, due to water being the principal solvent in the natural environment. Upon
hydrolysis, its uncontrollable polymerization leads to the formation of several
oxide/hydroxide minerals. Dr. Raptis’ group has explored methods of controlling the
mineral growth by arresting the hydrolytic polymerization with organic ligands that occupy
peripheral iron coordination sites. Synthetic octanuclear iron complexes containing a
redox-active Fe4Os-cubane core using pyrazolato bridging ligands have been one of the
focuses of such efforts. They have described in a series of publications the structural,
spectroscopic, magnetic, and redox properties of a family of redox-active octanuclear

Mg (u4-0)a(pn-pz°)12X4], where pz' = 4-substituted pyrazolato

complexes of formula [Fe
anion and X = Cl, Br and NCS (Figure 4).** Additionally, X = N3 and OAr species have
been prepared, but not published yet. These complexes consist of an Fes(ps-O)s-cubane
surrounded by four additional outer Fe-atoms, twelve bridging pyrazolato ligands and four

terminal X ligands. The Fes(u4-O)4-core is the same as the repeat units of the minerals

maghemite, magnetite, and ferrihydrite (Figure 5).



Figure 4. Ball-and-stick representation of [Fe"'sCly(us-O)a(u-pz)12] (Fe, yellow; Cl,
green; O, red; N, blue; C, black).*!

Figure 5. Structure of the FesO4 core of [Fe"sX4(14-0)a(pu-pz°)12].

Furthermore, >’Fe-Mossbauer spectroscopy has shown that these Fes compounds
are also electronic analogues of iron minerals, allowing the study of these mineral-model
materials in its various accessible oxidation states. These complexes possess exceptional
redox activity, consisting of four consecutive one-electron reduction steps spaced by 0.25

- 0.35 V from each other (Figure 6), converting the all-ferric starting complex, [Fes]’, into



a series of mixed-valence species of the form [Fes]”>"*”* * The redox potentials vary with

different terminal ligands and pyrazolato ligands.

AU.

[4] -500 -1000 -1500
mV

Figure 6. Cyclic voltammogram of [Fe''s(u4-O)a(p-pz)12Br4] in 0.5 M TBAPFs/DCM, Pt
-disk working electrode, vs. Fc*/Fc.*!

Variable temperature magnetic susceptibility studies have revealed a weak
antiferromagnetic coupling (Ji/hc = -2.1 cm’!) within the cubane and a stronger
antiferromagnetic coupling (Jo/hc =-50.6 cm™") between the cubane and the outer Fe-atoms,
resulting in a diamagnetic ground state and a wide-spaced ladder of excited spin states.*!
Even though, spin states from S =0 to S = 20 are possible in theory for the eight high-spin
Fe(IIT) centers, because of the wide spacing, only the lowest three or four states are
populated at ambient temperature, resulting in a pesr of 7.0 B.M.

1.6. Hypothesis and rationale

Main group trivalent ions, like Ga*" and In*", have been shown by the Raptis group

to form [Fes-xMx] heterobimetallic materials whose structural unit models the structures of

the iron oxide minerals maghemite [y-Fe203], ferrihydrite [FesO3(OH)9] and magnetite



[Fe304] (unpublished results). Given that the crystal radii of Ga>* (0.76 A) and In** (0.94 &)
span the crystal radii of several lanthanides and actinides, it is reasonable to believe that
formation of Fe/Ln and Fe/An octanuclear pyrazole/pyrazolato compounds modeling
natural or synthetic Fe/Ln- and Fe/An-oxides is possible.

Magnetic oxides exhibit ferromagnetism, electrical conductivity, and have high
working temperatures. Nanoparticles of general formula FeM204, where M = AI**, Ga**
have previously been synthesized by furnace heating. These can possess the inverse spinel
structure inherited from magnetite, but the magnetic properties can be tunable, making
possible to potentially use them as magnetic-resonance imaging contrast agents.*>** While
some spinels like FeAl2O4 are well studied materials, other, like FeGa204, are poorly
understood, and some like Feln204 have not been studied at all. Therefore, any new Fe/In,
Fe/Ln or Fe/An complex can be calcinated to identify possible formation of new mixed-
metal oxide phases. Indium can be used as a surrogate for the Fe/Ln- and Fe/An-oxide-
pyrazolato complexes to fully characterize and optimize the procedures and obtain a
spectroscopic fingerprint.

The current research focuses on developing new well-defined heterobimetallic
pyrazolato complexes as models of mixed-metal oxide minerals. The study of indium
pyrazole/pyrazolato chemistry has not been developed elsewhere. The following strategies
have been applied towards the overall goal of this project:

1) Synthesis and characterization of mononuclear indium pyrazole adducts to be further
used as starting materials for the preparation of polynuclear species.

Pyrazole can be deprotonated to form bridging bidentate anions. Polynuclear

homometallic and heterometallic complexes can be synthesized starting from mononuclear
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pyrazolato anions. Mononuclear iron(IIl) pyrazole complexes have been isolated and
employed to synthesize trinuclear and octanuclear iron pyrazolato species (Scheme 3).%
The synthesis of analogous mononuclear indium(IIl) complexes is a practical approach to
obtain homometallic indium pyrazolato complexes as well as heterobimetallic [Fe'''s.

«Inx(p4-0)a(p-pz*)12X4] complexes.
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Scheme 3. Mononuclear ferrous and ferric pyrazole adducts as intermediate in the
polynuclear Fe" pyrazolato synthesis.*’

2) Synthesis and characterization of homometallic and heterobimetallic pyrazolato
complexes as surrogates for the preparation of iron-lanthanide and iron-actinide species.
Deprotonation of mononuclear pyrazole complexes will allow synthesis of

homometallic indium(IIl) complexes not previously studied, as well as preparation of

11



Fe/In-hydroxo/oxo pyrazolato complex to identify suitable synthetic procedures towards
these heterobimetallic compounds and the spectroscopic study of their [(Fe/In)a] core. The
long -term goal is to adopt the synthetic protocols towards the preparation of Fe/Ln- and

Fe/An-hydroxo/oxo pyrazolato complexes and fully characterize them.
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Chapter 2: Indium pyrazole/pyrazolato complexes

2. Synthesis of mononuclear indium pyrazole complexes
2.1. Introduction

Mononuclear complexes containing monodentate pyrazoles are convenient starting
materials for the synthesis of oligonuclear and polynuclear homometallic and
heterometallic complexes upon deprotonation, turning the monodentate pyrazole (k'-pz 'H)
into a bridging pyrazolato (p,x>-pz’) ligand (pz'H = substituted pyrazole). Several
transition metals have been reported to form polynuclear pyrazolato complexes; however,
only one relevant dinuclear indium complex containing a chelating 1-(2-hydroxyethyl)-
2,5-dimethylpyrazolato has been reported to date.** Complexes of the form mer-
[MX3(pz'H)3] where M = Cr, Fe, Rh, and Re, X = Cl and Br, have previously been

reported, 04548

serving as starting materials for the synthesis of dinuclear and polynuclear
complexes.*!*+4 Complexes of the form trans-[MX2(pz 'H)4] where M = Os, Ni, Fe, Cu,
Cr, Mn, Co, Rh, Cd, Hg, Ru, Ga, and Zn, X = Cl, have previously been reported as well.
Herein we report the synthesis, crystal structure, and dynamic solution 'H-NMR
behavior of the first series of six mononuclear In(IIl)- pyrazole complexes of general
formula mer-[MX3(pz H)3] and co-crystallized mer-[In"'Cl3(4-Me-pzH)3] and trans-
[In"'Cl2(4-Me-pzH)4]Cl-(4-Me-pzH)2-(H20) species. The syntheses of three hexanuclear

indium pyrazolato complexes and four indium pyrazolato polymers by further

deprotonation of the mononuclear In(IIl) complexes are reported as well (Scheme 4).
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pz'H/pz’" = pzH, 4-Cl-pzH, 4-Br-pzH, 4-1-pzH, 4-Ph-pzH, 4-Me-pzH, 3,5-Me,-pzH
base = piperidine (pip), triethylamine (Et;N)

Scheme 4. Synthetic pathway for In(III) mononuclear, hexanuclear, and polymeric
pyrazole/pyrazolato complexes.
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2.2.Results and Discussion
2.2.1. Synthesis of In(III) pyrazole monomers (partially published in Dalton 2022, 51,
14277-14286)°

Complexes 1 — 6 of general formula mer-[In''Clz(pz 'H)3], where pz'H = pzH, 4-
Cl-pzH, 4-Br-pzH, 4-1-pzH, 4-Ph-pzH, and 3,5-Me2-pzH, were prepared by reacting
anhydrous InCl3 and pz'H in CH2Cl2 and recrystallized as colorless prism-like crystals
(Scheme 4).

Complexes of formula mer-[In'"Cl3(4-Me-pzH)3] (7) and trans-[In"'Cl2(4-Me-
pzH)4]Cl-(4-Me-pzH)2-(H20) (8) were prepared from a reaction mixture of anhydrous
InCls and 4-Me-pzH in MeOH (Scheme 4). Recrystallization of the reaction product
yielded 7 and 8 as visually indistinguishable, colorless, prism-like crystals. In solution,
species 7 and 8 are in dynamic equilibrium (vide infra), rendering any efforts to isolate
them worthless.

2.2.2. Crystallographic description of In(II1) monomers

Crystallographic data collection and refinement parameters for complexes 1 —5 and
7 — 8 are summarized in Table 8. Complexes 1 — 5 crystallized with one whole molecule
per asymmetric unit. Complexes 1 and 5 crystallized in monoclinic P2i/n space group.
Complexes 3 and 4 crystallized in monoclinic C2/c space group and complex 2 crystallized
in triclinic P-1 space group. Complexes 7 and 8 crystallized in orthorhombic P212:21 and
triclinic P-1 space groups, respectively. Complex 8 crystallized with two half-molecules
related by an inversion center on the metal atom, one chloride counter ion, two pyrazoles,

and one water molecule per asymmetric unit. All complexes contain a 6-coordinate
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pseudooctahedral In(IIl)-center with mer-[InCl3(pz'H)3] or trans-[InCla(pz H)4]"

coordination sphere.

Figure 7. Ball-and-stick representation of mer-[InCls(pzH)3] (1).

Figure 8. Ball-and-stick representation of mer-[InCl3(4-Cl-pzH)s3] (2).
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Figure 9. Ball-and-stick representation of mer-[InCl3(4-Br-pzH)s] (3).

Figure 10. Ball-and-stick representation of mer-[InCls(4-1-pzH)3] (4).
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Figure 11. Ball-and-stick representation of mer-[InCl3(3,5-Me2-pzH)3] (H20) (5).

Figure 12. Ball-and-stick representation of mer-[InCl3(4-Me-pzH)3] (7).
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Figure 13. Ball-and-stick representation of frans-[InClz(4-Me-pzH)4]" cation (8).
Chloride counter ion, free pyrazoles and H20 solvent molecule omitted.

For the four mer-complexes of 4-R-substituted pyrazoles (1 — 4), the In — N bonds
trans to a halogen atom are statistically indistinguishable from those trans to another
pyrazole, similarly to analogous mer-[FeCls(pz H)3] and mer-[CrCl3(pz H)3]. 4041455157
However, for the 3,5-Mez-substituted complex (5), the In — N bond #rans to a halogen atom
is shorter than those frans to a pyrazole. No crystals appropriate for X-ray structure
determination of complex 6 have been obtained, yet. Complexes 1 — 5 have 61 (Neans— In —
Nrans) in the range of 170.36(7)° — 177.89(8)° and 02 (Clians — In — Clyans) of 170.94(2)° —
176.58(5)°. The cis pyrazoles are approximately coplanar with the mer-InClz moiety, while
the trans pyrazoles are in anti-arrangement, except in 5. Selected bond distances and angles

for complex 1 — 5 are listed in Table 1 and 2, respectively. Complex 2 is isostructural to

the analogous ferric compound, mer-[FeBr3(4-Cl-pzH)3].%
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In complexes 7 and 8 the In — N bonds frans to a halogen atom are statistically
indistinguishable from those frans to another pyrazole. The bond lengths and angles of
complexes 7 and 8 are within experimental error from each other. Selected bond distances
and angles for complex 7 and 8 are listed in Table 3 and 4, respectively.

Table 1. Selected bond lengths (A) for 1 5.

Compound
Bond 1 2 3 4 5
In—-Cl 247(1)* 2.44(1)* 248(7)* 2.48(1)* 2.51(1)
2.45(3)° 24505 2451  2.46(1)*  2.46(3)°
2.48(4)  2.47(5)*  2.45(1)°  2.45(1)°  2.46(1)
In-N 2.26(1)* 226(1)* 2.26(1)* 2.26(1)* 2.30(1)
2.30(1)° 2303  227(1)*  227(1)*  2.29(1)°
226(1)  227(1)*  231(1)°  2.32(1)°  2.29(3)
3trans-Cl — In — Cl, or trans-N — In — N bonds
brans-Cl — In — N bonds

Table 2. Selected bond angles (°) for 1 —5.

Compound
Bond
Angle 1 2 3 4 5
N-In—-N 84.67(7) 88.07(8) 81.8(2) 81.3(3) 87.0(1)
85.76(7) 90.77(8) 90.5(2) 89.4(3) 87.7(1)
170.36(7) 177.79(8) 172.3(2) 170.6(3) 174.7(2)
Cl-In—-N 84.94(5) 84.65(5) 85.9(2) 86.3(2) 84.6(1)
95.99(5) 93.50(6) 94.4(2) 94.8(2) 94.2(1)

176.60(5)  175.17(6)  176.02) 175.9(2) 176.2(1)
Cl-In-Cl  95.46(2) 93.07(3) 92.14(6) 92.28(9)  90.70(5)
92.15(2) 95.88(3) 95.47(6) 95.1009)  91.14(5)
172.392)  170.94(2)  172.28(6)  172.49(9)  176.58(5)
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Table 3. Selected bond lengths (A) for 7 and 8.

Compound
Bond 7 8
In—-Cl 2.51(1)* 2.44(5)
2.46(3)° 2.45(1)
2.46(1)*
In—N 2.30(1)* 2.26(2)
2.29(1)° 2.26(7)
2.29(3)* 2.25(5)
2.25(4)

Arans-Cl — In — ClL, or trans-N — In — N bonds
rans-Cl — In — N bonds

Intermolecular interactions associated with distances shorter than the sum of the
van der Waals radii of nearby atoms are considered bonding.’® All intermolecular bonding
interactions are characterized by a directional preference in which contacting atoms orient
themselves. Among all bonding interactions, halogen -~ halogen interactions have been
well characterized within four different types: type I (90° <81 = 82< 180°), 81= A-halogen
 halogen angle and 82 = halogen " halogen-B angle, where A and B refer to the atoms
attached to halogen atom and van der Waals forces are dominant; type II (81 = 180° and 6>
= 90°) where electrostatic forces are dominant; type I1I (61 = 62 =180°) where dispersion
forces are dominant; and type IV (61 = 82 = 90°) where dispersion forces are the most

prevalent contributions (Scheme 5).%
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Table 4. Selected bond angles (°) for 7 and 8.

Compound
Bond
Angle 7 8
N-In-N 87.7(2) 93.9(2)
87.9(2) 91.1(2)
175.6(2) 180.0
Cl-In-N 87.2(2) 90.3(1)
93.1(2) 90.6(1)
177.7(2) 87.7(1)
91.0(1)
Cl-In-Cl 90.72(7)
94.57(6) 180.0
174.63(7)
N-—

Type I Type 11
90°<8, ~ 6, <180° 8, = 180°; 6, = 90°

@ K
X----Y 9, P
N= H
U N:>-

Type 111 Type IV
0, ~6,=180° 0, ~0,=90°

Scheme 5. Structural representation of the four types of halogen (X) -~ halogen (Y)
intermolecular bonding interactions.

Halogen - halogen interactions give rise to close packing for 2 and 4, exhibiting a
type I, R— X Y — R contact interaction (X, Y = halogen atoms). Complex 2 shows CI1 -

CI3 distance, C2 — ClI1 - CI3 angle, and CI1 - CI3 — C8 angle equal to 3.347 A, 161.92°,
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and 102.21°, respectively, from two 4-Cl-pyrazole ligands to another two pyrazole ligands
in the adjacent monomer, resulting in a 2D network observed in the crystal packing diagram
in Figure 14. Complex 4 shows 12 - CI1 distance of 3.652 A, shorter than the sum of the
van der Waals radii, C5 — 12 -~ CI1 angle and 12 -~ Cl1 — In angle of 153.31° and 123.67°,
respectively, from a 4-I-pyrazole ligand to an adjacent chloride ligand. The Cl - I
intermolecular bonding in 4 results in a 1D chain depicted in Figure 15. Intermolecular
halogen bonding distances and angles are listed in Table 5. Halogen-halogen bonding

distances for 3 are longer than the sum of their van der Waals radii.

Table 5. Halogen - halogen bond geometry for 2 and 4 and sums of van der Waals radii.

Sum van der

Waals radiyAs Compound A-X-Y dX-Y)YA A-X-Y/
C2-Cl1 - ClI3 (61) 161.92
3:52 2 CI1 - CI3 - C8 (62) 3:347 102.21
C5-12...Cll1 (81) 153.31
373 4 12 ... Cll —In (62) 3.052 123.67

Figure 14. Illustration of crystal packing of 2, showing two 1D chains linked by
intermolecular halogen bonding (red lines).
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Figure 15. Illustration of crystal packing of 4, showing two 1D chains linked by
intermolecular halogen bonding (red lines).

2.2.3. Nuclear magnetic resonance of In(III) monomers

Indium(IIT) has a d'’ electronic configuration and is diamagnetic. In the case of
complexes 1 — 6 of general formula mer-[InCls(pz'H)s], the spectra should contain two
distinct pyrazole environments, one corresponding to the two pyrazoles trans to each other
and to the pyrazole in the cis position. Due to metal coordination to N2, mer-In(IIl) with
4-R-substituted pyrazoles should show nonequivalent H* and H5, so that for complexes 1
and 5, a total of eight resonances should appear in the NMR; and for 2 — 4 and 6, six and
twelve resonances should be observed, respectively.

Contrary to expectation, all 1 — 6 showed fewer resonances in THF-ds and
dimethylsulfoxide-des. Spectra of 1 showed a singlet at 12.40 ppm, a doublet at 7.76 ppm,
and a triplet at 6.32 ppm with integration 1:2:1 in THF-ds (Figure 16). These peaks were
assigned to the H'-pz, H*>, and H*, respectively. Similarly, spectra of 2 showed a singlet
at 12.30 and a singlet at 7.63 with integrations 1:2, assigned to H!-pz and H*® in THF-ds

(Figure 16). Spectra of 3 and 4 showed separation of the resonances for H*> and H®, with 3
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showing peaks at 13.19 ppm, 7.97 ppm, and 7.56 ppm; and 4 showing peaks at 13.17 ppm,
7.93 ppm, and 7.55 ppm with integration 1:1:1, assigned to H!-pz, H? and H>, respectively
(Figure 17). Spectra of 5 also showed 3 resonances at 11.99 ppm for H'-pz, 5.73 ppm for
H*, and at 2.11 ppm for C — H3*® with integration 1:1:6 (Figure 17). Lastly, spectra of 6
showed a peak at 12.93 corresponding to H'-pz, and two singlets at 8.18 ppm and 7.91 ppm
assigned to H* and H® (Figure 17). The resonances for the phenyl group in the 4-postion
was assigned with both vicinal coupling and long-range coupling observed: a doublet of
doublets at 7.60 ppm assigned to H""-Ph-pz, a triplet of triplets at 7.34 ppm assigned to
H™"“-Ph-pz, and a triplet of triplets at 7.17 ppm assigned to HP**-Ph-pz. The integration

for spectra of 6 was 1:1:1:2:2:1.

12 10

6 (ppm)

Figure 16. '"H NMR of complex 1 (black) and 2 (red) in THF-ds at ambient temperature
400 MHz.
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The ambient temperature 'H NMR spectra of 1 — 6, showing a single set of
resonances, is inconsistent with the solid-state structure of the complexes. These spectra
indicate a dynamic solution behavior -- the latter comprising (at least) three simultaneous
processes: pyrazole N — H proton dissociation/association, cis/frans-pyrazole exchange,

and N'/N? tautomerization of the cis- and of the trans-pyrazoles (Scheme 6).

i 6
. i
;F""”"""""""”} 5
N
4
N \
3
AN
2
A I8!
1
~ N i
" o ' o A ;
6 (ppm)

Figure 17. "H NMR of complex 1 (black), 2 (red), 3 (blue), 4 (green), 5 (orange), and 6
(purple) in DMSO-ds at ambient temperature 400 MHz.
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Scheme 6. Dynamic behavior of complex 1, as determined by VT-'H NMR showing
rotational isomerization (upper) and Ni - N2 tautomerization and N-H
dissociation/association (lower).

To probe the dynamic processes, the 'H NMR spectra of 1 were recorded in THF-
ds solution in the 328 K to 173 K range (Figure 18). The spectra at or above 243 K show a
single set of three resonances, inconsistent with the solid-state structure of 1, The N — H
proton resonance is further broadened by unresolved coupling to quadrupolar "“N. The
assignment of the H*> and H* peaks was based on their 2:1 integrated intensity, while the
assignment of the N — H was based on the observation that this resonance is absent in
spectra recorded in protic solvents, such as CDCls.

As expected, all three resonances are shifted downfield with respect to free pyrazole
(Figure 19) because of coordination to the In(Ill)-center, and shift further downfield with
decreasing temperature, attributed to decreasing dissociation of the N — H protons. The

temperature-dependent shift is more pronounced for the N — H resonance, than the H*® and
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H* (Figure 20). At higher temperatures, the downfield H'/H? resonance is broader, and the
vicinal coupling of the two upfield resonances larger, showing a J* = 2.12 Hz for the H**®

and H* resonances at 7.72 ppm and 6.30 ppm, respectively, at 328 K.

N-H H3S He

o
3
©
& g
g ]
2
-
<
228K
H
g
=
S
213K
2
]
8
193K
2
g 8
173K ? ?
i T T v
13.5 13.0 12.5 12.0

Figure 18. Variable temperature 'H NMR of complex 1 in THF-ds at 400 MHz.
Upon cooling to 243 K, only broadening of the three resonances and loss of vicinal
coupling (at the upfield resonance) is observed. However, further cooling causes de-
coalescence: at 228 K and 213 K, quenching of the cis/trans exchange is apparent, as each
of the three resonances are split into two with integrated areas of 1:2 (proton assignments
in Scheme 7). At 193 K, the H* and H® resonances are differentiated for both cis and trans

pyrazoles, while the cis-H* resonance crosses under the trans-H*.
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a) pzH

b) mer-InCly(pzH); (1)

N

T T T T
78 T4 63 02

5 (ppm)

Figure 19. 'H NMR of (a) free pyrazole and (b) complex 1 in THF-ds at ambient
temperature, 400 MHz.

Finally, at our minimum reachable temperature of 173 K, all resonances become
sharper, while several smaller unassigned peaks, accounting for approximately 16.5% of
total intensity, appear in the vicinity of all resonances (Figure 21). Because none of these
weak peaks coincide with those of free pyrazole in the same solvent and temperature, the
possibility of pyrazole dissociation has been excluded. Therefore, these weaker peaks can
be tentatively assigned to the freezing of rotations around In — N bonds, or equilibria

between protonated/deprotonated species, or association/dissociation of chlorides.

trans HE

Slow exchange Fast exchange

Scheme 7. Static and dynamic behavior of 1, as determined by VT-'H NMR, with proton
labeling scheme.
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Figure 20. Temperature dependence of H chemical shifts of complex 1.

The exclusion of pyrazole dissociation leaves only two possible mechanisms for

the cis/trans exchange: chloride dissociation and Berry pseudorotation of the five-

coordinate complex, or a cog-wheel type rotational isomerization. Whereas the N!/N?

tautomerization of pyrazoles is well established in the literature (Scheme 6),*:60°62

30



examples of internal rotational isomerization of mer- complexes with no bulky ligands are
scarce. The simultaneous operation of several dynamic processes in solutions of 1 prevent
the determination of kinetic and thermodynamic parameters based on the above variable
temperature experiments. Attempts to calculate approximate parameters led to rate

constants in the order of 102 s

and negative apparent activation energies, which are
meaningless in this case, but provide an additional indication for the occurrence of multiple

simultaneous processes.
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Figure 21. '"H NMR of complex 1 at 173 K in THF-ds 400 MHz.
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Similar behavior is observed by variable temperature 'H-NMR for complex 2,
involving 4-Cl-pzH (Figure A6). However, at the lowest temperature reached, its spectrum
is still not fully resolved, consequently, it can only be concluded that the isomerization

and exchange rates of 2 are even faster than those of 1.
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Similarly, the '"H NMR at ambient temperature of complexes 7 and 8 showed a
single set of three resonances, assigned to N — H, H*>®, and CH3 protons, even though the
solution was a mixture of both complexes, meaning there is a dynamic equilibrium in
solution that make the mer- and trans- complexes indistinguishable. The assignment of the
three resonances was based on their 1:2:3 integrated area intensities. Variable-temperature
solution '"H-NMR study of 7 and 8 was performed in the temperature range of 296 K to

202 K in THF-ds (Figure 22).
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Figure 22. VT '"H NMR of 7 and 8 mixture in THF-ds at 400 MHz.

Same dynamic behavior was observed for 7 as for complex 1. Upon cooling to 258

K, de-coalescence and splitting of the N — H peak, along with broadening of the H>
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resonance, were observed, with the latter splitting into three resonances at 248 K. At 228
K, the trans- and mer- complexes set of resonances can be assigned based on their
integrated intensities, each set showing a 1:2:3 integration, and at 228 K showing 2:3
integration of the 7 to 8 complexes, respectively. At 198 K, the H>> resonance of the trans-
complex shows further splitting, however no assignments can be made at this point. At the
lowest reached temperature of 202 K, the spectrum is not fully resolved. Compared to
previous VT-'H-NMR studies of 1 and 2, the mixture of 7 and 8 show faster isomerization
and exchange rates. None of the peaks coincide with free 4-Me-pzH in the same solvent
and temperature (Figure A7), therefore the possibility of the 4-Me-pzH dissociation has
been excluded as well.
2.2.4. Powder X-ray diffraction of In(III) monomers

Complexes 7 and 8 co-crystallize as indistinguishable colorless crystals that were
in a dynamic equilibrium in solution, therefore individual characterization other than by
single crystal X-ray diffraction was not possible. Elemental analysis of the batch confirmed
there was a mixture of 27% of 7 and 73% of 8. Powder X-ray diffraction (PXRD) patterns
were collected for the bulk reaction product and compared to the simulated PXRD patterns
of the obtained crystal structures of 7 and 8, which confirmed that the bulk reaction product

was indeed a mixture (Figure 23).

33



mer-[InCl;(4-Me-pzH),] (7)
10000 - | | ------ trans-[InCl,(4-Me-pzH),]* (8)
batch (7 + 8)

8000 [~

T

o))
=
=]
<)

I

I
[
[
[
|

4000

Intensity (a.u.)

2000

20

Figure 23. PXRD of bulk reaction product of 7 and 8 fitted to the simulated PXRD
patterns of the SCXRD of the respective complexes.

2.3. Base addition to mononuclear In(I1T) complexes

Deprotonation of pyrazole ligands creates a pyrazolato anion able to form higher
nuclearity complexes. In(IIl) monomers with formula mer-[InCls(pz'H)3] were reacted
with bases like triethylamine or piperidine in various solvents to deprotonate the
coordinating pyrazole and obtain higher nuclearity complexes.
2.3.1. In(III) hexanuclear pyrazolato complexes

Complexes 9 — 11 with general formula (pipH)3[InsCle(p3-OHo.s)2(n-OH)s(u-pz*)s]
were synthesized according to the reaction pathway shown in Scheme 4. The synthesis of
the hexanuclear indium clusters is achieved only in acetone or tetrahydrofuran solvents,

using piperidine (pip) or triethylamine (EtsN) as the base, in open reaction vessels
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(atmospheric humidity is the required water source). However, addition of water, or
prolonged exposure to humidity, triggers the precipitation of indium oxide. Only
hexanuclear complexes with 4-R-substituted pyrazoles are obtained.
2.3.2. Crystallographic description of In(III) hexanuclear complexes

Crystals of the trianionic hexanuclear complexes with three different pyrazole
ligands and piperidinium (pipH) counter ions have been obtained. Crystallographic data
collection, refinement parameters, and selected metric parameters are summarized in Table
9 and 6, respectively. Each indium center is 6-coordinate, in a pseudo-octahedral fac-
O3N2Cl environment, with two p-4-R-pyrazolato bridges (where R = H, Cl, Ph), two p-
OH, one (u3-OHos), and one terminal chloride. Complex 11 crystallized with six-fold
symmetry, while the presence of interstitial solvent molecules lowered the solid-state

symmetry of 9 and 10.

Figure 24. Ball-and-stick representation of [InsCle(u3-OHo.s)2(u-OH)s(1-pz)s]* (9).
Counterions and solvents are omitted for simplicity. H atoms are not shown, except for
u3-OH.
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Figure 25. Ball-and-stick representation of [[InsCle(u3-OHo.s)2(u-OH)s(u-4-Cl-pz)s]*-
(10). Counterions and solvents are omitted for simplicity. H atoms are not shown, except
for u3-OH.

Figure 26. Ball-and-stick representation of [InsCls(u3-OHo.s)2(u-OH)e(u-4-Ph-pz)s]* (11).
Only one of three pipH cations is shown for simplicity. H atoms are not shown, except
for w3-OH and pip-NHo.
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The six indium centers of 9 — 11 form a trigonal prism, the trigonal faces consisting
of inward-pointing pyramidal [In3(n3-OHo.s)] moieties, strongly H — bonded to each other
(00, 2.527 — 2.558 A). The structures of the hexanuclear D3;-symmetric anions are
completed by six additional p-OH groups, bridging the Ins faces parallel to the axis of the
prism and forming intramolecular H — bonds (O - O, 2.719—2.778 A), in addition to H —
bonds to the pipH cations (N -~ O, 2.693 — 2.852 A). The In — CI, In — N, In — O bond
lengths (Table 6) are unexceptional. Only four structurally characterized complexes
containing In — (u3-O), In — (u-OH), and In — (u-O) motifs have been reported, to date
(Scheme 8).9376¢ In these four literature complexes, the reported In — (u3-O) and In — (u-
OH) bond distances of 2.03 A - 2.04 A and 2.10 A - 2.18 A, respectively, are shorter in
comparison to the In — (u3-OHos) and In — (u-OH) of 9 — 11. In contrast, the In —
N(triazole) bond distances of 2.27 A - 2.38 A in the literature examples, are longer than
the In — N(pyrazolato) bonds in 9 — 11. The In " In intramolecular distances for the (u-

OH) and (pu-pz) bridged centres are between 3.36 — 3.42 A and 3.67 — 3.74 A, respectively

(Table 6).
X
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Scheme 8. Examples of known In-(u3-0), In-(u-O), and In-(¢-OH) motifs.
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Table 6. Selected bond lengths (A) for 9 — 11.

Compounds
Interatomic distances 9 10 11
In - In? 3.36(1) — 3.40(4) 3.36(8) — 3.42(9) 3.41(6)
In - In® 3.67(2) — 3.74(6) 3.70(4) — 3.73(1) 3.70(5)
In-Cl 2.46(7)—2.50(1) 2.45(6) —2.46(3) 2.46(1)
In — (u-OH) 2.16(7)—2.20(7) 2.17(9) —2.21(1) | 2.19(6) — 2.20(7)
In-N 2.19(7)—2.23 (7) 2.21(8)—2.23(5) | 2.21(5)—2.22(1)

In — (u3-OHo.s)

2.16(9) — 2.20(5)

2.18(2) — 2.20(3)

2.18(5)

3%(u-OH) bridged; ®(u-pz) bridged

2.3.3. Nuclear magnetic resonance of In(III) hexanuclear complexes

Compounds 9 — 11 were crystallized by evaporation of the acetone or THF reaction
mixtures. However, once crystallized, 9 — 11 are insoluble in the same or other organic
solvents, except DMF and DMSO (only 11). The "H-NMR spectrum of 9 DMF-d7 (Figure
27) shows one set of resonances and no H!/H? resonance downfield, confirming that all six
pyrazoles are bridging and equivalent. A doublet at 8.06 ppm and a triplet at 6.15 ppm
correspond to H*» and H*, respectively. Additional resonances between 13 and 14 ppm
disappear when the solution is spiked with D20 and are attributed to the p-OH and
piperidinium N — H. The piperidinium counterions show a set of two resonances, a broad
triplet at 3.00 ppm (4H) and overlapping peaks at 1.42 ppm (6H). The corresponding H>*
and pipH" resonances of 10 appear at 8.09, 3.07 and 1.54 ppm, respectively (Figure 28).
Unfortunately, the "H-NMR spectra of 11 in DMSO show more resonances than expected
for the crystallographically determined molecular structures, indicating that DMSO is a

non-innocent solvent, leading to coordination changes, or decomposition of 11.
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Figure 27. 'H NMR of (pipH)3[InsCls(u3-OHo.5)2(u-OH)s(u-pz)s] (9) in DMF-d7 at 400
MHz and ambient temperature.
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Figure 28. "H NMR of (pipH)3[InsCle(p3-OHo.5)2(u-OH)e(p-4-Cl-pz)s] (10) in DMF-d7 at
400 MHz and ambient temperature.
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2.3.4. Thermogravimetric analysis of In(III) hexanuclear complexes

To investigate the thermal stability of the In(III) hexanuclear complexes,
thermogravimetric analysis (TGA) was carried out in the temperature range 25 — 450°C
under a flow of argon with a heating rate of 10°C/min (Figure 29). For 11, the weight loss
of 12% in the temperature range 25 — 160°C (calc. 11.998%) corresponds to the removal
of the three piperidinium cations, after which there is no obvious loss until 360°C, with
only about 20% of the weight remaining at 435°C, corresponding to some InxOy phase. The
indium phase diagram calculated based on thermodynamic models and melting points
agrees with the presence of In203 in the temperature range of 200 — 800°C and under 60%
oxygen atomic weight.®’ Indeed, a remaining In2O3 phase would be 16.35% of 11 after the

weight loss observed from 360 — 435°C.
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Figure 29. TGA curves of 11.
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2.4. In(IIT) supramolecular chemistry

Metal-based supramolecular chemistry and coordination chemistry is a field of
great interest due to their potential applications, which include luminescence properties,
catalytic activities, and medicinal chemistry. Polydentate ligands, such as carboxylic acids,
are widely used in the field of structural design. Carboxylates have been broadly compared
with the pyrazolato, as they share some structural similarities, even though they differ in

rigidity (Scheme 9) and reactivity.®

R
’ /0\"; = /
M M M M M M
pyrazolgte carboxylate
(less flexible) (more flexible)

Scheme 9. Structural comparison between pyrazolato and carboxylate bridging modes.

Indium(I1T)-coordination polymers based on C3-symmetric tricarboxylate ligand of
general formula {[In(L)(H20)](DMF)}»,  where  HsL = 246-tris[(4-
carboxyphenoxy)methyl]-1,3,5-trimethylbenzene have been previously reported showing
anticancer activity on neuroblastoma.®” The structure determination from single crystal
data showed that the compound crystallized in a monoclinic space group C2/c and reveals
a 3D two-fold interpenetrated net.®

In(IIT) centers are also commonly used as coordination nodes to construct highly
stable coordination polymers with high oxidation state metal ions. Coordination polymers

are a class of solid crystalline materials with a wide range of applications including
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catalysis, sensing, and proton conduction. High proton conductivity materials are desirable
for fuel cells that can be employed as efficient and clean energy devices. One of the
commonly applied strategies to design highly proton conducting coordination polymers is
the use of imidazoles as proton carriers together with specific ligands with acidic functional
groups.’’ Imidazoles and pyrazoles have similar electronic structures (Figure 30).”! To
date, only a limited number of coordination polymers and metal organic frameworks

(MOFs) have been reported from indium halides with N-donor ligands.”>7

4 3 4 N 3
/N /N
5 N: 5 2
.o / .o
N’ N’

H H
pyrazole imidazole

Figure 30. Electronic structure comparison between pyrazolato and imidazole ligands.

2.4.1. In(III) pyrazolato oligomers or polymers

Reaction of mer-[InCl3(pz'H)s] with three equivalents of piperidine in craci2
(Scheme 4) leads to deprotonation of the pyrazoles to form a polymer or oligomer of
general formula [In(pz")3]a (12 — 15) and pipHCI. The resulting microcrystalline precipitate
can be washed with ethanol to remove the salts. Complexes 12 — 15 are insoluble in all
solvents, to the best of our knowledge.
2.4.2. Powder X-ray diffraction of In(III) oligomers or polymers

PXRD data was collected for 12 and 13 (Figures 31 and 32) but were not

sufficiently defined — no measurable high-angle data -- for a Rietveld refinement.
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Figure 31. PXRD pattern for [In(u-pz)s3]a (12).
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Figure 32. PXRD pattern for [In(u-4-Cl-pz)3]a (13).
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2.4.3. Photophysical properties of In(III) oligomers or polymers (by Jonathan Cedefio
and Jaroslava Miksovska).

Photophysical properties of In(IIl) oligomers or polymers were investigated by
collaborators.. The solid-state emission spectra of 12 — 15 normalized to 1.0 at the
maximum wavelength are shown in Figure 33. All compounds exhibit green-fluorescent
emission maxima in the vicinity of 550 nm, except for 15, which shows a second red
emission at 676 nm. All samples also have an additional lower intensity emission band at
500 nm. The compounds investigated display two distinct fluorescence lifetimes with a
shorter lifetime, 11, in the range of 0.2 ns to 1.0 ns and additional longer lifetime, 12, in the
ranges of 5.0 ns — 6.5 ns (Table 7). Pyrazoles are not known as a strongly luminescent
species and indeed previous studies reported no emission from some of the pyrazoles
employed here, even at cryogenic temperatures.”* However, pyrazolato bridges promote
d!® — d'° metallophilic interactions resulting in interesting photophysical properties.” "’
Therefore, the luminescent properties of 12 — 15 are tentatively attributed to the In-centres.
Luminescent indium compounds have been reported previously by others, but with shorter
lifetimes -- 0.20 ns < t < 1.1.ns -- in solution than the ones reported here.”® The longer
lifetimes of 12 — 15 are attributed to the increased rigidity of their polymeric structure

compared to molecular emitters.

Table 7. Photophysical Data for 12 — 15.

Compound 11 (ns) 12 (ns) Amax (NM)
12 0.21 5.39 560
132 - - 556
14 0.30 5.88 554
15 1.07 6.36 676

“Because of intense scattering, lifetimes could not be determined accurately.
The errors represent 10% of the reported lifetime values.
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Figure 33. Solid-state emission spectra of 12 — 15.

2.4.4. Infrared spectroscopy of In(III) monomers, hexanuclear complexes, and
polymers

Comparison of the 4000 - 400 cm™ FTIR spectra of 1, 9 and 12 to that of free pzH
(Figure 34) support the formulation of mer-[InCl3(pzH)3] (1), (pipH)3[InsCls(u3-OHo.s)(p-
OH)s(p1-pz)s] (9), and [In(pz)s3]n (12). Some peaks are conserved throughout the series of
free pzH and corresponding mononuclear, hexanuclear and polymeric compounds (Figure
A8 - Figure A12). Both free pzH and 1, show sharp bands at 3122 cm™ and 3313 cm™,
respectively, corresponding to N — H stretching vibrations; the N — H stretch for 1 is at
higher wavenumbers due to the absence of strong intermolecular hydrogen bonding
interactions present for solid state pyrazole ligands.®>” 82 The absence of N — H stretching
vibrations in 9 and 12 is consistent with the bidentate, bridging coordination mode of all
pyrazole ligands. The most significant differences among the spectra of 1, 9 and 12 are the

following: The ring stretching mode of 1 at 1354 cm™' shift to 1377 cm™ in 12 and 1373
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cm’! in 9; The ring breathing mode of 1 at 1120 cm™ shifts to 1157 cm™ in 12; The in-plane
C — H stretching mode of 1 and 9 at 1045 cm™' shifts to 1051 cm™ in 12, while the out-of-
C — H bending mode of 1 at 773 cm™' shifts to 756 cm™ in 9 and 758 cm™ in 12. Finally,
the pyrazole ring deformation at 596 cm™ of 1, shifts to 625 cm™ in 9 and 623 cm™ in 12.

These assignments are based on previously published vibrational spectroscopic studies of

83-86

pyrazoles.
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Figure 34. FTIR spectra of pzH (top), [In(pz)3]n (12), mer-[InCls(pzH)3] (1),
(pipH)3[InseCle(u3-OHo.5)2(u-OH)e(1-pz)s] (9).

2.5. Antibacterial studies of In(IIl) pyrazole/pyrazolato monomers and hexanuclear
complexes (by Dr. Masafumi Yoshinaga; manuscript submitted for publication)

Indium-based drugs and prodrugs have been known for a long time. The '''In

radioisotope is used in radiopharmaceuticals and cell labeling,®’*® while Auger electrons

46



emitted by '''In are employed in palliative cancer treatment.® It has also been shown that
non-radioactive In2O3 nanopowders show significant antibacterial activity towards both
gram-negative (E. coli) and gram-positive (S. aureus) bacteria, being more effective
against the latter.”® In(III) complexes of organic ligands find pharmacological applications,
because of their antimicrobial and antiproliferative properties.’’® For example,
indium(III) thiosemicarbazones have shown antimicrobial activity, as well as potent
cytotoxic effects against human solid tumors and leukemia cell lines, showing increased
activity compared the free thiosemicarbazones.”* Yet, indium remains an underexplored
element in biomedicine, which has prompted us to ask our collaborators to investigate the
antibacterial properties of the indium(III) pyrazolato complexes we have synthesized — the
first of this family of compounds.

The antibacterial properties of our indium(IIl) pyrazolato complexes were
examined by collaborators from Florida International University Herbert Wertheim
College of Medicine. Using several representative pathogenic bacteria strains (E. faecium
(vancomycin-resistant), S. aureus (methicillin-resistant and vancomycin-intermediate), K.
pneumoniae (carbapenem-resistant), P. aeruginosa (carbapenem-resistant), E. coli
(carbapenem-resistant) and E. cloacae (carbapenem-resistant)) (Figure 35 A-F), strains
were cultured in cation-adjusted Mueller Hinton II broth in the absence or presence of the
indicated indium (IIT) compounds and growth was estimated from the Acoonm after 16 h (A-
F) or the bioluminescence after 7 days (G). They all belong to the ESKAPE pathogens, a
group of six nosocomial pathogens that often have high levels of resistance and frequently
“escape” the effects of antibacterial drugs, leading to high morbidity and mortality:>> E.

faecium, S. aureus, K. pneumoniae, Acinetobacter baumannii, P. aeruginosa, and
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Enterobacter species. The ESKAPE pathogens are included in the WHO (World Health
Organization) global priority pathogens list issued to guide and promote research and
development of new antibiotics.”® Our indium(IIl) compounds had little effect on the
Gram-positive pathogens E. faecium and S. aureus. In contrast, the Gram-negative
pathogens K. pneumoniae, P. aeruginosa, E. cloacae and E. coli were relatively more
sensitive to the indium(IIl) drugs. Interestingly, P. aeruginosa was especially sensitive,
and all the tested indium(III) compounds (100 uM) inhibited the growth by approximately
80 to 95% with mer-[InCls(4-Ph-pzH)3] (6) being the most effective. mer-[InCl3(4-Ph-
pzH)s3] (6) was also the most effective drug against the other Gram-negative strains,
although the effect was much lower. Previously, a 1:1 complex of indium(IIl) with the
MCC 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetra-acetic acid (TETA) was shown to
be effective against the Gram-positive Mycobacterium tuberculosis,’ the etiologic agent
of human tuberculosis, a leading cause of death due to an infectious disease. Thus, we also
examined the potential of our indium(IIl) compounds as antituberculosis agents using a
related pathogenic strain, M. bovis BCG, an attenuated etiologic agent of bovine
tuberculosis (Figure 35 G). M. bovis BCG is also sensitive to all the drugs, yet the effect
was relatively moderate compared to P. aeruginosa. As with the case of P. aeruginosa,
mer-[InCl3(4-Ph-pzH)3] (6) was especially effective, inhibiting the growth of M. bovis
BGC about 85%. Either pzH or 4-Ph-pzH has little or no effect on most of the tested
pathogens (Figure 36), suggesting that the indium moiety plays an essential role to exhibit
the antibiotic activity. The results demonstrate that our indium(III) pyrazole and pyrazolato
complexes have a potential to lead to development of novel classes of antipseudomonal

and antituberculosis drugs.
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Figure 35. Antibiotic activity of indium (III) pyrazolato complexes; ND, no drug.
Viabilities were normalized to the relative viability of untreated control samples (1.0).
Data are the mean + standard error (n = 3). One-way ANOVA tests were used to
calculate the p values (*p < 0.03; **p <0.001; ***p <0.0001).
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Figure 36. Antibiotic activity of monodentate pyrazoles. Viabilities were normalized to
the relative viability of untreated control samples (1.0). Data are the mean + standard
error (n = 3). One-way ANOVA tests were used to calculate the p values (*p < 0.03; **p
<0.001; ***p <0.0001). A, E. faecium; B, S. aureus; C, K. pneumoniae; D, P.
aeruginosa; E, E. cloacae; F, E. coli; G, M. bovis.
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2.6. Conclusions

The coordination chemistry of indium(III) with pyrazole ligands has been studied
for the first time. As expected for a d'° metal center, the new family of mer-[InCl3(pz H)3]
complexes are fluxional in solution: variable temperature 'H-NMR revealed the complex
interplay of simultaneous coordinative flexibility, dissociation, and tautomerization
processes. The co-crystallization of mer- and trans- complexes also shows similar variable
temperature behavior, and upon cooling the mer- and trans- complexes can be uniquely
identified. Similarly, to previously studied mer-[MCl3(pz 'H)3], M = Fe and Ru, the new
indium pyrazole complexes are useful starting materials for the synthesis of polynuclear
and polymeric species. The hexanuclear [InsCls(p3-OHo.s)2(u-OH)e(u-pz°)s]*- complexes
represent a new motif of indium(IIl)-oxo/hydroxo species and the first example of complex
showing both u-OH and p3-O(H) bridges. As the crystalline faces of indium oxide,
containing p-O(H) groups, have been shown to be efficient photocatalysts for the reduction
of CO2,°" future research will investigate whether the hexanuclear complexes described
here might show similar properties in solution. The emission spectra of polymeric [In(p-
pz’)3]a complexes vary depending on pyrazole substitution; their maxima are red-shifted,
and their lifetimes are longer compared to monomeric indium luminophores in the
literature.”

Antibacterial activity of representative examples of the new In(IIl) complexes
described here was investigated. The results show the versatility of indium(IIl) complexes
and demonstrate that development of novel classes of antipseudomonal and

antituberculosis drugs using indium(III) species is promising.
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2.7. Experimental section
2.7.1. Materials and physical measurements

Reagent grade chemicals were obtained from commercial sources and used as
received. All solvents were stored over 4 A molecular sieves. Anhydrous InCls was stored
and weighed in a glove box compartment under argon. Elemental analyses (C, H, N) were
performed by Galbraith Laboratories, Inc. at Knoxville, TN.
2.7.1.1. Fluorescence emission

Fluorescence emission spectra were collected using a PC1 fluorometer (ISS,
Champaign IL). The crystalline samples were placed between two quartz slides positioned
in the sample holder at ~ 45° with respect to the excitation light. The samples were excited
using CW output from a 378 nm laser diode. Fluorescence lifetimes were measured in
frequency mode on a ChronosFD fluorometer (ISS, Champaign, IL) using 378 nm
excitation light and the emission was collected using a 400 nm long pass filter (Andover
Corp, Salem NH) placed in the emission light pathway. 1,4-bis(5-phenyloxazol-2-yl)
benzene dissolved in 100% ethanol was used as a lifetime reference (t=1.35 ns). For the
lifetime measurements, the crystalline samples were suspended in glycerol and placed in a
5 mm x 1.0 cm quartz cuvette. Due to the higher scattering of the crystalline samples, only
phase shift data were used to determine fluorescence lifetimes. The data were analyzed
using a double exponential decay in VINCI software (ISS, Champaign IL).
2.7.1.2. Assay of antibiotic activity

Solution of each indium(III) compound was freshly prepared in DMSO at 10 mM
and the concentration was confirmed by inductively coupled plasma mass spectrometry

(NexION 1000; PerkinElmer, Waltham, MA, USA) using a linear calibration curve based
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on measurement of indium standard solutions in the range of 1-20 ppb prepared from
Multi-element Solution 2 (SPEX CertiPrep, Metuchen, NJ). The indium(III) solutions were
immediately used for the assays within the same day. Enterococcus faecium (vancomycin-
resistant, ATCC #: BAA-472), Staphylococcus aureus Mu50 (methicillin-resistant and
vancomycin-intermediate, 700699), Klebsiella pneumoniae (carbapenem-resistant, BAA-
2342), Escherichia coli (carbapenem-resistant, BAA-2340), Enterobacter cloacae
(carbapenem-resistant, BAA-2341), Mycobacterium bovis BCG (ATCC19274) were
obtained from American Type Culture Collection (ATCC, Manassas, VA). Pseudomonas
aeruginosa DK-2 (carbapenem-resistant) was a gift from Professor Seren Molin, Technical
University of Denmark. All used pathogens are Risk Group 2 bacterial agents, and they
were appropriately handled in Biosafety Level 2 containment setting. Middlebrook 7H9
broth (Difco Laboratories Inc., Detroit, MI, USA) supplemented with 5 g bovine serum
albumin, 2 g dextrose, 0.85 g NaCl and 0.05% tween 80 (Fisher Scientific International
Inc., Pittsburg, PA, USA) was used to culture M. bovis BCG. An autoluminescent strain of
M. bovis BGC was prepared using pMV306hsp+LuxG13,% the plasmid containing the
entire bacterial luciferase (/ux) operon (addgene, Watertown, MA) for rapid analysis of
viability in culture and macrophages as described.” The autoluminescent mycobacterial
cells were inoculated at a density of 5.0 x 10° CFU/ml in 96-well flat bottom opaque white
plates (Corning Inc., Corning, NY) in triplicate and cultured in the presence or absence of
indicated indium(IIT) compounds (100 uM, final concentration) in an incubator humidified
at 37 °C under 5% CO: for 7 days. Viable cells in each culture were determined by
bioluminescence intensity using a microplate reader (SYNERGY neo2, BioTek, Winooski,

VT). All other bacterial strains were inoculated at a cell density of an Asoonm of 0.04—0.06
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in cation-adjusted Mueller Hinton II broth (17.5 g I'! casein acid hydrolysate, 3.0 g 1" beef
extract, 1.5 g I'! starch, 0.5 mM MgSO4 and 0.5 mM CaClz) in 96-well clear flat bottom
plates in triplicate and incubated with or without indicated indium(II) compounds (100
uM) in an incubator humidified at 37 °C for 16 h. The Asoonm was determined using
SYNERGY neo2 microplate reader to compare the antibiotic activity of each compound.
Growth controls containing no drug (1% DMSO) were prepared for each assay. Sterile
controls without bacteria were prepared for each condition. One-way ANOVA tests were
used to calculate the p values of drug effects on bacteria.
2.7.2. Instrumentation

"H NMR spectra were recorded on a 400 MHz Bruker Avance NMR spectrometer
and were referenced using the residual solvent proton resonances. Infrared spectra (FT-IR)
were recorded on an Agilent Avance Cary-660 FT-IR spectrometer at room temperature.
2.7.3. Synthesis and characterization
2.7.3.1. Synthesis of mer-[InCl3(pzH)3] (1)

To a suspension of InCls (109.3 mg, 0.494 mmol) in 3 mL CH2Cl> was added pzH
(105.2 mg, 1.545 mmol) under stirring and allowed to react for 12 h. A white precipitate
was collected by suction filtration and washed with Et2O. The white powder was allowed
to dry in a desiccator for 24 h. The powder was then recrystallized from MeOH by layering
over CH2Cl,. Colorless, prism-like, X-ray grade crystals were obtained after two days and
washed with Et20. Yield: 81.91%. Analysis for CoH12Cl3InNg (425.41 g mol™!), Caled: C,
25.41; H, 2.84; N, 19.75; Found: C, 25.63; H, 2.60; N, 19.90. FTIR (cm!, solid): 3343(m),
3313(s), 3104(w), 1781(w), 1519(m), 1465(m), 1403(m), 1354(m), 1253(w), 1160(m),

1120(vs), 1062(s), 1045(vs), 945(m), 908(w), 773(vs), 712(vs), 675(vs), 595(vs). 'H NMR
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(400 MHz, THF-ds, 295 K), § (ppm): 12.40 (s, 1H, H'-pz), 7.76 (d, J*= 1.82 Hz, 2H, H*>-
pz), 6.32 (t, J* = 1.96 Hz, 1H, H*-pz).
2.7.3.2. Synthesis of mer-[InCl3(4-Cl-pzH)3] (2)

To a suspension of anhydrous InCls (446.78 mg, 2.02 mmol) in 10 mL CH2Cl> was
added 4-Cl-pzH (617.1 mg, 6.02 mmol) under stirring and allowed to react for 12 h. A
white precipitate was collected by filtration in a Biichner funnel and washed with Et2O.
The white powder was left to dry in a desiccator for 24 h, then dissolved in 2 mL MeCN.
A ImL solution was layered on CH2Cl2 and X-ray grade, colorless crystals were obtained
after three days, and washed thoroughly with Et:O. Yield: 73.8%. Analysis for
C9oHoClsInNe0.6CH3CN (528.52 g mol ™), Caled: C, 22.14; H, 1.97; N, 16.71; Found: C,
21.87; H, 1.73; N, 17.03. FTIR (cm, solid): 3325(w), 3280(m), 3126(w), 2087(w),
1695(w), 1531(w), 1462(m), 1390(s), 1342(s), 1259(m), 1194(s), 1115(vs), 1047(vs),
962(vs), 951(vs), 868(m), 850(vs), 706(m), 681(vs), 596(vs). 'H NMR (400 MHz, THF-
ds, 297 K), § (ppm): 12.30 (s, 1H, H'-pz), 7.63 (s, 2H, H**-pz).
2.7.3.3. Synthesis of mer-[InCl3(4-Br-pzH)s] (3)

4-Br-pzH (221.6 mg, 1.508 mmol) was added to a suspension of InCls (110.81 mg,
0.501 mmol) in 3 mL CH2Cl2 under stirring and allowed to react for 12 h. A white powder
was collected by suction filtration and washed with Et2O. The powder was left to dry in a
desiccator for 24 h, then dissolved in 2 mL MeCN. 1 mL solution was layered on CH2Cl..
X-ray grade, colorless crystals formed after three days. Crystals were washed thoroughly
with Et0. Yield: 86.54%. Analysis for CoHoCl3Br3InNg (662.10 g mol™!), Caled: C, 16.33;
H, 1.37; N, 12.69; Found: C, 16.42; H, 1.33; N, 12.76. FTIR (cm’!, solid): 3532(w),

3322(m), 3289(m), 3133(w), 2096(w), 1631(w), 1521(m), 1467(s), 1388(s), 1336(m),
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1259(s), 1193(m), 1122(vs), 1049(vs), 948(vs), 862(vs), 827(m), 677(vs), 588(s). 'H NMR
(400 MHz, (CD3)280, 296 K) & (ppm): 13.19 (s, 1H, H'-pz), 7.97 (s, 1H, H**-pz), 7.56 (d,
J¥=1.22 Hz, 1H, H**-pz).

2.7.3.4. Synthesis of mer-[InCls(4-1-pzH)3] (4)

To a suspension of anhydrous InCls (441.66 mg, 2.00 mmol) in 10 mL CH2Cl> was
added 4-I-pzH (1.160 g, 5.98 mmol) under stirring and allowed to react for 12 h. A white
precipitate was collected by filtration in a Biichner funnel and washed with Et2O. The white
powder was left to dry in a desiccator for 24 h. The powder was then dissolved in MeCN
and layered on CH2Cl: for recrystallization. Colorless, prism-like, X-ray grade crystals
were obtained after four days and washed with Et20. Yield: 82.12%. Analysis for
C9oHoCl313InNs (803.10 g mol!), Caled: C, 13.46; H, 1.13; N, 10.46; Found: C, 13.52; H,
1.07; N, 10.11. FTIR (cm’!, solid): 3334(m), 3295(m), 3124(w), 2082(w), 1683(w),
1459(m), 1378(m), 1332(m), 1249(m), 1124(s), 1049(vs), 939(vs), 862(s), 833(m),
675(vs), 590(vs). "H NMR (400 MHz, (CD3)2S0, 296 K) & (ppm): 13.17 (s, 1H, H'-pz),
7.93 (s, 1H, H-pz), 7.55 (s, 1H, H3-pz).
2.7.3.5. Synthesis of mer-[InCl3(3,5-Mez-pzH)3'H20] (5)

3,5-Mez-pzH (28.7 mg, 0.3 mmol) were added to a suspension of InCl3 (23.01 mg,
0.104 mmol) in 3 mL CH2Cl2 under stirring and allowed to react for 24 h. A white
precipitate was collected by filtration in a Biichner funnel and washed with Et2O. The white
powder was left to dry in a desiccator for 24 h. The powder was then dissolved in MeOH,
and the solvent was allowed to slowly evaporate. Colorless X-ray grade crystals were
obtained in two days and washed with Et2O. Yield: 42.1% Analysis for CisH26Clz3InN6O

(527.59 g mol™), Caled: C, 34.15; H, 4.97; N, 15.93; Found: C, 35.01; H, 4.38; N, 16.12.
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IR (V'max, cm): 3548(w), 3338(m), 3029(w), 1569(s), 1467(m), 1407(m), 1279(s),
1168(s), 1157(s), 1035(s), 1022(s), 804(s), 651(vs), 551(s). "H NMR (400 MHz, (CD3)2SO,
298 K) & (ppm): 11.99 (s, 1H, H'-pz), 5.73 (s, 1H, H*-pz), 2.11 (s, 6H, CH3* -pz).
2.7.3.6. Synthesis of mer-[InClz(4-Ph-pzH)s] (6)

To a suspension of InCl3 (111.63 mg, 0.5 mmol) in 3 mL of CH2Cl> were added 4-
Ph-pzH (216.25 mg, 1.5 mmol) under stirring and allowed to react for 24 h. A clear solution
was obtained, and solvent was removed under reduced pressure. The resulting white
precipitate was washed with EtOH and Et2O and allowed to dry in a desiccator for 24h.
Yield: 60.55%. Analysis for C27H24C13InNe'0.4Et20 (653.71 g mol ™), Calced: C, 50.27; H,
4.13; N, 12.30; Found: C, 50.63; H, 3.96; N, 12.64. FTIR (cm™', solid): 3290(m), 3116(w),
1603(m), 1568(w), 1483(w), 1450(w), 1385(m), 1362(m), 1280(w), 1134(s), 1114(m),
1045(vs), 958(m), 945(s), 874(m), 765(vs), 758(vs), 688(vs), 679(vs), 598(m). 'H NMR
(400 MHz, (CD3)2S0, 297 K) & (ppm): 12.93 (s, 1H, H'-pz), 8.18 (s, 1H, H**-pz), 7.91 (s,
1H, H*3-pz), 7.60 (dd, J* = 8.32 Hz, J* = 1.20 Hz, 2H, H"™-Ph-pz), 7.34 (tt, J* = 7.76 Hz,
J4=1.84 Hz, 2H, H™"_Ph,pz), 7.17 (tt, J*= 7.38 Hz, J* = 1.20 Hz, 1H, HP**-Ph-pz).
2.7.3.7. Synthesis of mer-[InCl3(4-Me-pzH)s] (7) and trans-[InCl2(4-Me-pzH)4]Cl-(4-

Me-pzH), (H20) (8)

4-Me-pzH (165uL, 2.00 mmol) was added to a mixture of InCl3 (110.23 mg, 0.497
mmol) in 3 mL MeOH under stirring and allowed to react for 12 hours. A clear solution
was obtained and was left for slow evaporation of the solvent. An oily product was
observed after evaporation of methanol, to which diethyl ether was added and left in the
fridge. After two months, a white powder was obtained, and diethyl ether had evaporated.

The powder was redissolved in MeOH, and the solution was placed in the refrigerator at
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275 K for crystallization. X-ray grade, colorless crystals of 7 formed after one month. In a
separate recrystallization effort, Et2O was added into the MeOH prior to placing the
solution in the refrigerator at 275 K. X-ray quality crystals of 8 grew after 2 days. Analysis
for Ci2HisClsInNg (467.49 g mol!, 7), Caled: C, 30.83; H, 3.88; N, 17.98 and for
C24H33C13InN120 (731.81 g mol !, 8), Calcd: C, 40.27; H, 5.35; N, 23.48 Found: C, 37.10;
H, 4.94; N, 21.43, corresponding to 27% cis (7) and 73% trans (8). 'H NMR (400 MHz,
THF-ds, 296.9 K) § (ppm): 11.99 (s, 1H, H'-pz), 7.42 (s, 2H, H*-pz), 2.03 (s, 3H, CH3-
p2).

2.7.3.8. Synthesis of (pipH)3[InsCls(n3-OHo.5)2(n-OH)s(-pz)s] (9)

To a solution of piperidine (pip) (148.3 uL, 1.5 mmol) in 5 mL acetone, mer-
[InCl3(pzH)3] (213.8 mg, 0.5 mmol) was added under stirring and allowed to react for 48
h. Some precipitate formed. The solvent was allowed to evaporate, and crystals were
obtained and washed with EtOH and Et2O. Yield: 22%. Analysis for C33He1CleIneNi50s
(1697.56 g mol ™), Caled: C, 23.35; H, 3.62; N, 12.38; Found: C, 23.50; H, 3.61; N, 12.09.
'"H NMR (400 MHz, DMF-d7, 297 K) & (ppm): 8.06 (d, J* = 1.95 Hz, 2H, H*3-pz), 6.15 (t,
J3=1.90 Hz, 1H, H*pz), 3.00 (t, I* = 5.84 Hz, 4H -pipH"), 1.42 (m, 6H - pipH"). FTIR
(cm!, solid): 3463(w), 3106(w), 2944(w), 2713(m), 2497(w), 1699(w), 1612(w), 1444(w),
1369(m), 1272(m), 1168(m), 1045(s), 917(w), 752(s), 624(m).
2.7.3.9. Synthesis of (pipH)3[InsCls(p3-OHoy.5)2(n-OH)s(p-4-Cl-pz)s] (10)

Compound 10 was prepared in the same manner as for 9, using mer-[InCl3(4-Cl-
pzH)3] (264 mg, 0.5 mmol) and pip (148.3 puL, 1.5 mmol) in 5 mL acetone. The solvent
was allowed to evaporate, and the crystals obtained after 2 days were washed with EtOH

and Et20. Yield: 14%. '"H NMR (400 MHz, DMF-d7, 297 K) § (ppm): 8.07 (s, 2H, H?"-
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pz), 6.15, 3.05 (t, J* = 5.84 Hz, 4H -pipH"), 1.52 (m, 6H - pipH"). FTIR (cm™, solid):
3390(w), 2947(m), 2750(m), 2524(w), 1591(w), 1458(m), 1387(m), 1300(s), 1197(m),
1153(w), 1049(vs), 989(m), 968(vs), 945(w), 835(s), 613(vs), 555(m).

2.7.3.10. Synthesis of (pipH)3[InsCls(p13-OHo.5)2(n-OH)s(pn-4-Ph-pz)s] (11)

Compound 11 was prepared in the same manner as for 9, using mer-[InCl3(4-Ph-
pzH)3](30.5 mg, 0.047 mmol) and pip (13.6 pL, 0.137 mmol) in 2 mL acetone. The solvent
was removed under reduced pressure, the precipitate was washed with EtOH and Et20 and
allowed to dry in a desiccator for 24 h. Crystals were obtained from slow evaporation of
acetone after 3 days. Yield: 95%. FTIR (cm™, solid): 3448(w), 3191(w), 2965(w), 1953(w),
1701(m), 1604(m), 1560(m), 1456(m), 1377(m), 1353(s), 1246(s), 1161(s), 1111(s),
1045(vs), 999(m), 951(s), 904(m), 868(s), 766(vs), 756(vs), 700(vs), 683(vs), 659(s). After
washing of crystals with wet solvents, formation of small amounts of In203 was observed.
Analysis for (pipH)3[InsCle(p3-OHo.s)(u-OH)e(p-Ph-pz)s](In203), Caled: C, 34.08; H, 3.52;
N, 8.64; Found: C, 34.29; H, 4.06; N, 8.30.
2.7.3.11. Synthesis of [In(p-pz)3]. (12)

To a suspension of 1 (42.3 mg, 0.1 mmol) in 3 mL CH2Cly, pip (29.7 uL, 0.3 mmol)
were added under stirring and allowed to react for 24 h. A white precipitate was obtained
and isolated by suction filtration. The precipitate was washed with EtOH and Et2O and
allowed to dry in a desiccator for 24 h. Yield: 83%. Analysis for CoHoInNs (316.03 g mol
1, Caled for 12+0.5CH2Cl2: C, 31.83; H, 3.37; N, 23.43; Found: C, 31.97; H, 2.56; N,
23.46. FTIR (cm’, solid): 3226(m), 3118(m), 1492(w), 1415(w), 1377(m), 1271(m),

1157(s), 1051(vs), 966(w), 850(w), 758(vs), 621(s).
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2.7.3.12. Synthesis of [In(n-4-Cl-pz)s3]. (13)

Compound 13 was prepared in the same manner as for 12, using complex 2 (52.5
mg, 0.1 mmol) and pip (29.7 pL, 0.3 mmol) in 3 mL CH2CL. Yield: 91%. Analysis for
C9oHsC13InNe (419.37 g mol!), Caled: C, 25.95; H, 1.45; N, 20.19; Found: C, 25.91; H,
1.76; N, 17.71. FTIR (cm’, solid): 3280 (w), 3122(w), 1494(w), 1390 (m), 1298(s),
1203(m), 1051(vs), 971(s), 841(s), 760(w), 613(s).
2.7.3.13. Synthesis of [In(p-4-1-pz)s]. (14)

Compound 14 was prepared in the same manner as for 12, using complex 4 (402.2
mg, 0.5 mmol) and pip (148.3 pL, 1.5 mmol) in 3 mL CH2Cl. Yield: 95%. Analysis for
CoHsI3InNs (693.72 g mol ™), Calcd for 14-EtOH: C, 17.86; H, 1.64; N, 11.36; Found: C,
17.53; H, 2.31; N, 10.83. FTIR (cm, solid): 3315(w), 2942(w), 1471(w), 1371(m),

1286(s), 1155(m), 1049(vs), 987(m), 941(vs), 839(s), 611(vs).

2.7.3.14. Synthesis of [In(u-4-Ph-pz)s]n (15)

Compound 15 was prepared in the same manner as for 12, using complex 6 (13.2
mg, 0.02 mmol) and pip (6 pL, 0.06 mmol) in 2 mL CH2Cla. Yield: 97%. Analysis for
C24H21InNs (508.29 g mol™), Calcd for 15-EtOH: C, 56.33; H, 4.90; N, 15.16; Found: C,
56.79; H, 4.85; N, 14.14. FTIR (cm’!, solid): 3322(w), 2919(w), 1606(w), 1560(w),
1458(w), 1373(m), 1247(m), 1157(m), 1111(m), 1047(s), 953(m), 850(m), 758(s), 692(s),
611(w).

2.7.4. X-ray crystallography
Single crystal X-ray diffraction data were collected on a Bruker D8 QUEST

diffractometer equipped with a PHOTON 100 or a PHOTON 2 detector operating at T =
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298 K. Data were collected with the shutterless ®-scan technique using graphite-
monochromated Mo-Ka radiation (A = 0.71073 A). Data were collected using the APEX 3
suite and structure solutions were obtained using intrinsic phasing with SHELXT.!%%:101
Data were refined on Olex2 interface, by full-matrix least-squares minimization in
SHELXL.'? Multiscan absorption corrections were applied. All non-hydrogen atoms were
refined anisotropically. Residual electron density in solvent-accessible voids of the lattice,
attributed to disordered interstitial solvent molecules (MeOH for 1, and acetone for 9, 10
and 11), which could not be refined, was removed with the SQUEEZE routine of the

PLATON suite.'®

60



Table 8. Structure refinement parameters for complexes 1 — 8.

Compound 1 2 3 4 5 7 8
CCDC # 2174008 2174009 2174010 2174011 2174012 2270927 2270928
Empirical formula C9H12C13IHN6 CQHQClﬁlnNﬁ CgHgBI‘;Cl;IHNG C9H9C13I3II'IN6 C15H26CI3IHN50 C]2H18C13IHN6 C24H3gC131HN]20
Formula weight 425.42 528.74 678.12 803.09 527.59 467.49 731.83
Temperature/K 296 296 296 296 296 296 296
Crystal system monoclinic triclinic monoclinic monoclinic monoclinic orthorhombic triclinic
Space group P2,/n (No. 14) P-1 (No. 2) C2/c (No. 15) C2/c (No. 15) P2,/n (No. 14) P2,2,2; (No. 19) P-1 (No. 2)
a/A 8.6493(8) 6.885(1) 21.514(2) 21.946(1) 9.332(2) 11.6835(9) 10.2095(6)
b/A 14.177(1) 10.552(2) 13.477(1) 13.7032(8) 16.936(3) 11.867(1) 10.2382(6)
c/A 12.887(1) 12.437(2) 14.590(1) 14.760(1) 13.806(3) 13.770(1) 17.191(1)
a/° 90 78.541(5) 90 90 90 90 75.916(2)
pre 106.311(3) 89.430(5) 103.642(2) 103.395(2) 92.046(5) 90 82.198(2)
v/° 90 87.010(5) 90 90 90 90 89.170(2)
Volume/A3 1516.6(2) 884.4(3) 4110.7(6) 4318.2(4) 2180.6(8) 1909.2(3) 1726.5(2)
z 4 2 8 8 4 4 2
3

p v]‘g/cm 1.863 1.986 2.327 2.478 1.580 1.626 1.408
p/mml 2.082 2.244 7.374 5.775 1.465 1.662 0.954
Ref. Coll./Indp. 19686/2675 12966/3883 8140/4230 8512/5153 45430/5406 41695/4221 19101/4467
Rim/RG 0.0230/0.0216 0.0198/0.0259 0.1635/0.0646 0.0518/0.0661 0.0492/0.0674 0.0386/0.0502 0.0418/0.1140
emax/ % completn. 25.047/1.00 27.099/0.996 26.442/0.962 27.939/0.997 28.279/0.997 28.303/1.00 26.398/0.998

min  max 0.704/0.745 0.661/0.746 0.336/0.745 0.673/0.746 0.679/0.746 0.525/0.923 0.6856/0.7454
Param./ Obsv. Ref. 173/2434 204/3643 200/3376 200/3340 245/4302 211/4734 391/7038
bGooF onF2 1.161 1.106 1.015 1.034 1.121 1.185 1.048
CwR2 0.0378 0.0554 0.1517 0.0716 0.0914 0.0754 0.1322
de 0.0181 0.0238 0.0528 0.0402 0.0437 0.0370 0.0601
1> 20(1)

b 2 22 1/2
GooF = [Z[W(Fa -F, ) ]/(ND—NV)] (No:number of observations, Nv:number of variables)

‘WR_ =3||F |-IF J/ZIF |

d 2 22 2 12
R =[(Ew(F ~F ) /3IF |)]
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Table 9. Structure refinement parameters for complexes 9 — 11.

Compound

Qe (CH3)2CO

10 » 2(pipHCl)s (CH3),CO

11

CCDCH#
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/lA

b/A

c/A

a/°

pre

y/°

Volume/A3

Z

Pealcg/cm’

w/mm!

Ref. Coll./Indp. Ref.
Rint / RG

Omax/ % completn.
Tmin/ Trmax
Param./*Obsv. Ref.
®GooF

‘WR»

aR,

2174013
C72H134Cl12In12N30018
3511.32

296

triclinic

P-1 (No. 2)
18.801(5)
19.503(5)
20.281(5)
114.005(2)
91.512(3)
91.947(3)
6783(3)

2

1.719

2.294
65490/24128
0.0524/0.0615
25.241/0.984
0.538/0.746
1388/16389
1.028

0.0851
0.0361

2174014
C46Hss5Cl14aIngN1709
2205.52

296
monoclinic
P21/c (No. 14)
15.299(3)
15.995(3)
34.526(6)

90

93.324(2)

90

8434(3)

4

1.737

2.109
80327/14887
0.033/0.0492
25.04/0.996
0.524/0.703
856/11663
1.067

0.0740
0.0338

2174015
CeoHssClsIngN 1505
2154.09

296
hexagonal
P63/m (No. 176)
17.185(2)
17.185(2)
18.443(2)

90

90

120

4717(1)

2

1.517

1.664
45927/2879
0.0303/0.0418
25.016/1.00
0.629/0.745
171/2260
1.143

0.0744

0.0282

o > 20(1,)

®GooF = [Z[W(Fo*~F>)*)/(No—Ny)]"? (N;=number of observations, Ny,=number of variables)
‘WR2 = X[|Fo|—|F|[/Z|Fo|
Ri = [EW(Fo*—F ) /ZIF )]
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Chapter 3: Synthesis and characterization of heterobimetallic oxide complexes

3. Synthesis of heterobimetallic oxide complexes
3.1. Introduction

Hetero-multinuclear metal complexes are also of interest as they are part of the
active site of several biological systems. A common approach to synthesize hetero-
multinuclear metal complexes is by direct coordination of ligands and metal ions based on
their affinity. However, differentiation of the metal ions, particularly 3d transition metals,
is challenging and alternative synthetic methods are needed.!®

Recently, Dr. Raptis’s group have described in a series of publications the
structural, spectroscopic, magnetic, and redox properties of a family of redox-active

octanuclear complexes of general formula [Fe"

8(n4-0)a(u-pz)12X4], where pz = 4-
substituted pyrazolato anion and X = Cl, Br and NCS.*! Main group ions, like Ga** and
In**, have been shown by the Raptis’ group, based on ESI-MS analysis, to form Fes.xMx
iron heterobimetallic materials whose structural unit models the structures of iron oxide
minerals (courtesy of Prof. G. Mezei, Western Michigan University; unpublished results).
The FesxMx materials consist of mixtures of co-crystallized species with x = 0 — 4, not
allowing further characterization of individual components. Given that the range of crystal
radii of Ga** (0.76 A) and In** (0.94 A) overlap with the crystal radii of several actinides
(in their higher oxidation states), investigation of the formation of Fe/M octanuclear
complexes modeling oxide minerals employing pyrazole/pyrazolato ligands is an

appropriate strategy. Furthermore, indium in its +3 stable oxidation state might serve as a

surrogate for lanthanide chemistry, even if it has a smaller crystal radius -- all lanthanides
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have crystal radii betweenl.17 A and 1.02 A*® -- lanthanides have been established as
promising surrogates for actinide chemistry in the literature.

To better characterize the Fe/In-oxo-pyrazolato complexes, a new two-pronged
synthetic effort was undertaken: (a) Reactions of iron pyrazole complexes with indium
chloride and (b) reactions of indium pyrazole complexes (of sections 2.1) with
commercially available ferric and ferrous starting materials (Scheme 10). Both strategies
are based on the propensity of iron to form oxide clusters, in which indium ions might be
incorporated to a varying extent, depending on reaction stoichiometry and conditions

(solvent, temperature, etc.)

p ] MeCN [Fes 10, Cla(ua-O)(u-pz)12]
5 eq. mer-InCls(pz H); + Fe(O;SCF;3), + 15 eq. pip
+

. CH,Cl, : i
5 eq. mer-InCly(pz 'H); + Fe(Cl04),6H,0 + 15 eq. EEN ————— | [Ing_ Fe,Clg(u-pz*)s(u-OH)g(13-OHg 5)2]

3 eq. mer-InCl;(4-Cl-pzH); + Fe(ClO4),6H,0 + 3 eq. EtzN

CH,Cl, l

[FeqIn,Cly(u-4-Cl-pz)5(4-Cl-pzH)»(u-OH)p(u5-OH)o(15-0)4 J(HNEGCI)
or

[Fe71nCly(u-4-Cl-pz) 5(4-Cl-pzH)y(u-OH)s(145-OH)(115-0)3(13-OH)JHNELCI)

3 ¢q. mer-InCly(4-1-pzH); + Fe(CIO);6H,0+ 3 eq. EtN —=T2C2 ke intermidiate

MeCN/Et,0

[FesCls(u-4-I-pz)g(4-1-pzH)4(1-OH),(113-0)(u4-0)] (Et,0)

Scheme 10. Synthetic pathway for heterobimetallic Fe/In complexes and homometallic
Fes complex starting from mer-[InCl3(pz H)3] and an iron salt.
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3.2. Results and Discussion
3.2.1. Synthesis of [FesxInyCls(ps-0)a(p-pz)12]

Complexes of general formula [Fes-xInxCla(ps-O)a(u-pz)12], where pz = pz, 4-Cl-
pz, 4-Br-pz, and 4-I-pz, were prepare from a suspension of mer-[InCl3(pz'H)3] and
anhydrous Fe(O3SCF3)2 or Fe(ClO4)26H20 in MeCN or CH2Cl2 upon addition of pip or
EtsN (Scheme 10) and recrystallized as red prism-like crystals. Herein, [Fee.s6In1.44Cla(ps-
0)4(u-pz)i12] (16), isolated from the reaction mer-[InCl3(pzH)3] and anhydrous
Fe(O3SCF3)2 in MeCN upon addition of pip, is reported along with the SCXRD, ESI-MS,
and SEM-EDS data. The crystal yield is small; we have not been able to obtain this
material in bulk, so far. These reactions produce some bright yellow crystals as byproduct,
which correspond to the hexanuclear indium complex with some iron occupancy. Similar
reactions with 4-Cl-pz, 4-Br-pz, and 4-I-pz pyrazolato were attempted but good quality
crystals for SCXRD were not obtained.

3.2.2. Mass spectrometry of [Feg xInxCly(ps-O)a(p-pz)12]

Quantitative information was obtained from Electrospray Ionisation Mass
Spectrometry (ESI-MS) in MeCN performed by collaborators from Purdue University,
which also provided some structural understanding. The [FesxInxCla(pa-O)s(pu-pz)iz]
fragments can be all found between 1440 m/z and 1700 m/z (Figure 37). [Fe7InCla(pa-
O)4(u-pz)12] comprises the larger component of the sample, followed by [FesCla(4-O)a(p-
pz)12] and [FesIn2Cla(pa-O)a(u-pz)i2]. The [FealnaCla(us-O)a(p-pz)i2] species — all outer
metal sites substituted by indium — is the smallest component. The ESI-MS shows the

coexistence of all species with general formula [Fes-xInxCla(ps-O)a(pu-pz)12] where x =0 —
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4. The presence of each molecular ion and fragment in the mixture slightly differs from

one batch to the other.
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Figure 37. ESI-MS of [FesxInxCla(ps-O)4(p-pz)12], where x = 0 — 4. Collected data (red)
and calculated molecular weight of the corresponding fragments (black).
3.2.3. Crystallographic description of [(Feo.s4Ino.36)4FesCls(ps-O)a(p-pz)12] (16)
Crystallographic data collection and refinement parameters for the isolated
fragment with formula [(Feo.64Ino.36)4aFe4Cla(psa-O)a(p-pz)i12] (16) are summarized in Table
15. Crystallographically, it was determined that the percent of indium, occupying the outer
cluster sites for 16, was in the 30 — 40 % range. There was no indium in the cubane core
sites (Figure 39). The cubane iron sites are all in a 6-coordinate octahedral environment
formed by three bridging pyrazolato ligands and three p4-O atoms. The outer metal sites
are in a 5-coordinate trigonal bipyramidal environment formed by three bridging

pyrazolato ligands, a p4-O atom, and a terminal chloride. The core metal sites have pseudo-
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octahedral geometries with a facial array of three oxides and three nitrogens from the
bridging pyrazolato ligands. Same as the analogous [FesCla(ps-O)a(p-pz)i2], complex 16
crystallizes in the triclinic P-1 space group and the unit cell parameters are statistically
within error.** Complex 16 crystallizes with one interstitial Et2O solvent molecule in the
unit cell.

The bond distances for Ino.ssFeoss — Cl and for the peripheral InossFeoss — N are
2.281(2) A - 2.310(3) A and 2.041(9) A - 2.086(7) A, respectively (Table 10). Both are

1.* However, the bond

within statistical error of the analogous [FesCla(pa-O)a(p-pz)i2
distances for the peripheral Ino.36Feo.s4 — O are between 2.025(5) A - 2.062(5) A, which are
significantly longer than for the corresponding [FesCla(ps-O)a(p-pz)12] complex. This is

expected since the crystal radius of indium(III) is larger than the crystal radius of iron(III)

(Table 10).
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Figure 38. Ball-and-stick representation of [(Feo.64Ino.36)4aFeaCla(pa-O)a(pn-pz)i2] (16).
Solvent molecules are omitted for simplicity.
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Fe

Fep g4lng 36

Figure 39. Structure of the [Feo.c4lno.3604] core of (16).

Table 10. Selected bond lengths (A) for 16 and analogous [FesClsO4(pz)i2] cluster.

Compound

Bond

16 « Et2O

FesCls04(pz)12 * hexane'”

Fe.-0O
Fec— N
(Ino36Feo.64) — O
(Ino3eFeo.64) — N
(Ino.36Feo.64)— ClI

2.01(3) — 2.04(8)
2.06(5) — 2.09(2)
2.025(5) — 2.062(5)
2.041(9) — 2.086(7)
2.281(2) — 2.310(3)

2.032(6) — 2.066(7)
2.044(9) — 2.086(8)
1.940(7) — 1.960(6)
2.003(9) — 2.038(10)
2.271(4) — 2.274(4)

3.2.4. SEM-EDS of [(Fe0,64In0,36)4Fe4Cl4(;.14—0)4(u-pz)12] (16)

Single crystals of 16 were analyzed by SEM at 15kV and as a result, the image of

the crystals with some solvent residues was obtained (Figure 40 and 41). The sample was

subjected to EDS analysis by which the elemental composition (Figure 42) and weight
percentage were estimated (Table 11). The assignment of the EDS spectrum accounts for
a total of 100% weight of the sample. The results showed that iron is present in larger

percentage than indium — approximately 4 to 5 times more — consistent with the single
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crystal X-ray diffraction results. The presence of sulfur can only be from some

Fe(O3SCF3): starting material or adventitious impurities.

Cho y 300 pm

MAG: 95x- "HV: 15kV  'WO: 0.3

Cho
MAGI250x MV 15kV WD: 102 mm Px: 0.55 iy

Figure 41. SEM image of one single crystal of 16 and residual solvent.
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Figure 42. EDS image representing the elemental composition in 16.
Table 11. EDS showing elemental composition and weight for 16.

Element Name Element Symbol Mass (%) Atom (%) abs. error (%) (10)

Carbon C 47.45 65.65 2.32
Nitrogen N 17.19 20.40 0.91
Oxygen 0] 4.73 491 0.24
Sulfur S 0.11 0.06 0.01
Chlorine Cl 6.67 3.13 0.17
Iron Fe 15.74 4.68 0.40
Indium In 8.11 1.17 0.21
Sum 100.00 100.00

3.2.5. UV-vis absorption of [(Fey.c4Ino.36)4FesCls(pa-O)a(p-pz)12] (16)

The UV-vis spectra were recorded on an Agilent Technologies Cary 60001 Series
UV-vis-NIR Spectrophotometer with 1 cm optical path length cuvettes in anhydrous
MeCN solution from 200 — 800 nm. The spectra (Figure 43) show absorption maxima at
227 nm, 359 nm, and 683 nm, which have not yet been assigned, however the characteristic

peak from previously published FesCla(ps-O)4(u-pz°)12 complexes is not observed around
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437 nm.*! The peak observed at 683 nm is in the blue/green visible region of the spectrum,
which is not consistent with the observed red color of the crystal and the solution. The
calculated extinction coefficients were €227 nm) = 0.30 pMlem™, £@259 sm) = 0.317 pM™!
cm!, and £(83 nm) = 0.057 pM'em’!, which are larger than the extinction coefficients of

previously reported FesCla(ua-O)a(u-pz )12 complexes.

0.35

0.3 1 259
227

0.25 4

Absorbance
o
N

e
@

0.1
683
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0 + + + +

200 300 400 500 600 700 800
Wavelength (nm)

Figure 43. UV-vis spectrum of 16 in MeCN solution.

3.2.6. Synthesis of [Ine.xFexCle(s-OHo.5)2(n-OH)s(1-pz*)s]>

Complexes of general formula [InexFexCls(pus-OHo.s)2(u-OH)s(p-pz )s]>", where
pz'= pz, 4-Cl-pz, 4-Br-pz, and 4-1-pz, were prepare from a suspension of mer-
[InCl3(pz 'H)3] and anhydrous Fe(O3SCF3)2 or Fe(C104)26H20 in MeCN or CH2Cl2 upon
addition of pip or EtsN (Scheme 10) and recrystallized as yellow crystals. [InsxFexCle(ps-
OHo.s)2(u-OH)e(u-pz°)6]*” complexes are always a byproduct of the reaction of indium
monomers deprotonated with piperidine or triethylamine and an iron starting material
where octanuclear [Fes-xInx(p4a-O)4(u-pz)12Cls] compounds are the major product. Under

different conditions, the crystals have a darker yellow color — which indicates a higher
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concentration of iron — or paler yellow/almost colorless — which indicates less iron in the

fragments. Herein, (HNE3)3[(Ino.ssFeo.12)6Cle(p3-OHo.s)2(nu-OH)s(p-pz)e] (17) (Figure 44),

and (HNEt3)3[(Ino.92Fe0.08)6Cle(t3-OHo.s)2(u-OH)s(p-4-1-pz)s] (18) (Figure 45), isolated

from the reaction of mer-[InCl3(pzH)3] and anhydrous Fe(O3SCF3)2 in MeCN; and mer-

[InCl3(4-I-pzH)3] and Fe(Cl04)2:6H20 in CH2Cl2 upon addition of Et3N are reported along

with the SCXRD and SEM-EDS.

3.2.7. Crystallographic description of (HNEt3)3[(Ino.ssFeo.12)6Cls(ps-OHo.5)2(p-
OH)s(p-pz)s] (17) and (HNEt3)3[(Ing.92Feo.08)6Cls(3-OHo.5)2(n-OH)g(p-4-1-pz)s]
(18)

Crystallographic data collection and structure refinement parameters for complexes

17 and 18 are summarized in Table 15. Crystallographically it was determined that there is

about 11.8 % iron occupancy in complex 17. Complex 17 crystallizes in the monoclinic

P2i/c space group. Interstitial MeCN solvent molecules lower the crystallographic

symmetry of 17. The unit cell shows one full hexanuclear molecule and three Ets;NH"

counterions. Each Feo.i2lnoss-center shows a six-coordinate octahedral environment

(Figure 44). The bond distances for Feo.12Ino.ss— Cl are 2.45(2) A — 2.46(3) A (Table 12).

The bond distances for Feo.12Ino.ss— N are 2.19(3) A - 2.25(4) A. The - bond distances for

Feo.12Ino.gs— (u3-OHos) are 2.16(4) A — 2.22(1) A, and the bond distance for Feo.i12Ino.ss—

(u-OH) are 2.16(1) A — 2.22(2) A. The bond distances for 17 are statistically the same as

the bond distances for the analogous all-indium complex (9).

Crystallographically it was determined that there is a 9% iron occupancy in
complex 18, which crystallized in the trigonal R-3 space group with one EtsNH" counter
ion per one-third of the hexanuclear molecule per asymmetric unit. Each Feo.osIno.o2-center

shows a six-coordinate octahedral environment (Figure 45). The packing diagram of the
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structure viewed down the c-axis shows that trimeric faces [001] are staggered, forming a
hexagonal projection (Figure 46). The Feo.osIno92— Cl, and Feo.0sIno.s2— N bond distances
are 2.45(1) A — 2.45(1) A and 2.13(9) A — 2.31(10) A, respectively (Table 12). The
Feo.08Ino.92 — (u3-OHo.s) bond distances are between 2.16(5) A and 2.19(5) A, statically
indistinguishable from the bond distance for Feo.osIno.o2— (u-OH) of 2.17(3) A to 2.19(5)

A.

Figure 44. Ball-and-stick representation of [(Ino.ssFeo.12)sCls(u3-OHo.s)(u-OH)s(u-pz)s]*-
(17); H’s from (u-OH) and counterions was omitted for simplicity.

Figure 45. Ball-and-stick representation of [(Ino.92Fe0.08)6Cle(p3-OHo.s)(u-OH)e(u-4-1-
pz)s]> (18); counterion was omitted for simplicity.
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Figure 46. Illustration of crystal packing of 18 shown the c-axis showing the HNEt3
counterions; H were omitted for simplicity.

Table 12. Selected bond lengths (A) for 17 and 18.

Interatomic Distances 17 18
(FexInix)— Cl 2.45(2) —2.46(3) 2.45(6) —2.45(1)
(FexInix)— N 2.19(3) —2.25(4) 2.13(9) - 2.31(10)

(FexInix) — (u3-OHo.s) 2.16(4) - 2.22(1) 2.16(5) —2.19(5)

(FexIni-)— (u-OH) 2.16(1) —2.22(2) 2.17(3) - 2.19(5)
FexInix = (FexIni-x)? 3.37(1) - 3.41(1) 3.37(1) - 3.41(1)
FexInix  (FexIni-x)® 3.68(3) - 3.76(3) 3.68(1)—3.73(3)

3%(u-OH) bridged; ®(u-pz) bridged
3.2.8. SEM-EDS of (HNEt3)3[(Ino.ssFeo.12)sCls(3-OHo.5)2(n-OH)s(1-pz)s] (17)

Single crystals of 17 after isolation were analyzed through SEM at 15kV and as a
result, the image of the crystals was obtained (Figure 47). The sample was subjected to
EDS for the elemental composition (Figure 48) and weight concentration to be estimated
(Table 13) by selecting different areas of the crystals. The assignment of the EDS spectrum

account for a total of 16.32% weight of the sample; carbon and nitrogen could not be

75



accurately quantified. Mapping of the crystal by EDS showed a homogenous distribution
of indium, chlorine, and iron throughout the crystals (Figure 49). The results showed that
indium is present in larger quantities than iron — 11.18 % iron content -- consistent with
the single crystal X-ray diffraction results. The small amount of aluminum and silicone

found correspond to the sample mount.

Figure 47. SEM images representing several crystals (left) and one single crystal (right)
of 17 at two different scales.

cpsfeV

8 9 10

Energy [keV]
Figure 48. EDS image representing the elemental composition in 17. (Quadrilateral 122,
123, and 124; three quadrilateral sections sampled for EDS).
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Table 13. EDS showing elemental composition and weight for 17.

Element Name Element Symbol Mass (%) Atom (%) abs. error (%) (10)

Carbon C
Nitrogen N 3.68 38.15 0.44
Oxygen O 5.03 45.67 0.60
Aluminum Al 0.31 1.66 0.04
Silicone Si 0.00 0.02 0.00
Chlorine Cl 1.76 7.20 0.08
Iron Fe 0.23 0.60 0.03
Indium In 5.31 6.71 0.18

Sum 16.32 100.00

Figure 49. Mapping of complex 17 by EDS showing homogenous distribution of In (red),
CI (blue), and Fe (green).

3.2.9. Synthesis of [Fe"l71112c14(],l3-0)2(u3-OH)z(u3-OH0‘5)2(”-0H)2(p-4-Cl-pZ)12(4-
Cl-pzH):](Ets:NHCI) (19)

Complex of formula [Fe™7In2Cla(ps-O)2(u3-OH)2(u3-OHo.s)2(u-OH)2(p-4-Cl-
pz)12(4-Cl-pzH)2](EtsNHCI) (19) (Figure 50) was prepared by adding triethylamine to a
mixture of mer-[InCl3(4-Cl-pzH)3] and Fe(ClO4)26H20 in methylene chloride.
Crystallization was achieved by slow diffusion of hexane into the reaction filtrate, yield

only just a few crystals. However, this reaction has not been reproducible again under the
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same conditions. The yield was just a few crystals. Complex 19 can alternatively be
interpreted as [FesFeVInaCla(pus-OH)2(pu3-0)a(u-OH)2(u-4-Cl-pz)12(4-Cl-
pzH)2](EtsNHCI) (Figure 51). More sample is necessary to acquire °’Fe-Mdssbauer spectra
and to determine the oxidation state of each iron atom and perform additional
characterization like UV-vis and '"H NMR, of the complex in solution.

3.2.10. Crystallographic description of [Fe'';In;Cls(u3-0)2(u3-OH)2(u3-OHo.s)2(u-
OH),(u-4-Cl-pzH)2(4-Cl-pzH): | (Et;NHCI) (19)

[Fe7In2Cla(p3-0)2(u3-OH)2(u3-OHo.s)2(u-OH)2(p-4-Cl-pz)12(4-Cl-
pzH)2](EtsNHCI) (19) crystallizes in the tetragonal P43212 space group with half the
molecule in the asymmetric unit. The two indium centers have the same 6-coordinate
octahedral environment formed by four bridging pyrazolato ligands, a terminal chloride,
and a bridging (hydr)oxo. Four iron centers are equivalent and have a 6-coordinate
octahedral environment formed by three bridging pyrazolato ligands, and three bridging
(hydr)oxo in a fac-N3Os3 arrangement. Two more iron centers are equivalent and in a 6-
coordinate octahedral environment formed by two bridging pyrazolato, one pyrazole
ligand, one u3-O, one u-OH, and a terminal chloride in a fac-N302Cl arrangement. The last
iron center is unique and is in a 4-coordinate tetrahedral environment formed by four
bridging hydroxides. One EtsNHCI is co-crystallized with 19, with its chloride ion H-
bonded to two pu-OH, while the triethylammonium cation is occupying a position of no
chemical significance.

Crystallographic structure refinement parameters and selected metric parameters
for 19 are shown in Table 15. The bond distance for Fe, — Cl is 2.33(2) A and for In — Cl

is 2.47(2) A, with the indium bond distance being longer due to indium having a larger
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atomic radii than iron. The In — (u3-OHo.s) distance is 2.10(2) A and the In — Npz® bond
lengths are between 2.21(1) A and 2.27(1) A. The Fe, — (Npz 'H) bond distance of 2.17(3)
A is longer than the Fe, — (Npz") bond distances of 2.11(6) A - 2.13(5) A. The Feo— (p3-
OHo.5) bond distances are between 2.08(2) A and 2.09(5) A. The Feo— (u3-O) distances are
between 1.89(2) A and 2.01(4) A. The Feo— (u-OH) bond distance is 2.04(1) A and the Fe;
— (u-OH) distance is 1.92(1) A, shorter than for the iron atoms in an octahedral
environment, as expected. Likewise, the Feo — (u3-OH) bond distance is 1.99(4) A and the
Fe(— (u3-OH) distance is 1.84(4) A. The torsion angle for In — OHo.s— Feo — Feo is 129.5(4)°
(Figure 52). The torsion angle for Fet — (u3-OH) — Feo — Feo 1s 135.6(4)° and the torsion
angle for Feo — (u3-O) — Feo — Feo is 4.50(19)°.

The Fet— (u-OH) and Fe:— (u3-OH) average bond distances are statically shorter
than the Feo— (u-OH) and Feo— (p3-OH) average bond distances which can be due to the
coordination geometry. On the other hand, the torsion angle of In — OHo.s — Feo — Feo is
129.5(4)° (Figure 52), which suggests a hydroxo bridge; as well as the O — H ~ O
intramolecular bond length of 2.49(4) A, which is shorter than the O — H - O bond length

106 it is most likely that the correct formula for

of several previously studied structures,
complex 19 is  [Fe™7In2Cla(us-O)2(p3-OH)2(u3-OHo.s)2(u-OH)2(p-4-Cl-pz)12(4-Cl-
pzH)2](EtsNHCI).

An alternative interpretation of the chemical formula of 19, with a {Fe'¢Fe!VIny}
metal core, in which the tetrahedrally coordinated Fe-center in the +4 oxidation state,
requires the absence of a (invisible to X-rays) proton. A proton can possibly be absent, in

which case due to structural symmetry, would be most likely from the OHo.5 ion, whose

geometry, however, argues against this possibility. Yet, a firm assignment of oxidation
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states can only be made once magnetic susceptibility and *’Fe-Mossbauer data become
available.

Table 14. Selected bond lengths (A) for 19.

Bond 19 Bond 19
In-Cl 2.47(2) Feo — (Npz'H) 2.17(3)
In — Npz® 2.21(1)-2.27(1) Feo — (Npz') 2.11(6) —2.13(5)
In - (u3-OHoss) 2.10(2) Feo— (13-OHo.s) 2.08(2) —2.09(5)
Fet— (u-OH) 1.92(1) Feo— (u-OH) 2.04(1)
Fei— (u3-OH) 1.84(4) Feo— (u3-0) 1.89(2) — 2.01(4)
Feo — Cl 2.33(2) Feo— (13-OH) 1.99(4)

Npz'H = 4-Cl-pzH; Npz~ = 4-Cl-pz; Fe: = tetragonal Fe; Fe, = octahedral Fe

Figure 50. Ball-and-stick representation of [Fe™7In2Cla(p3-OH)2(p3-O)2(p3-OHo.s)2(p-
OH)2(u-4-Cl-pz)12(4-Cl-pzH)2](EtsNHCI) of 19 viewed perpendicularly to the 2-fold
symmetry axis; EtsNH" and H atoms except (u-OH) and (u3-OH) were omitted for
simplicity. Feo, octahedral Fe; Fet, tetrahedral Fe.



Figure 51. Alternative ball-and-stick representation of [Fe''sFe!VIn2Cla(us-O)a(ps-
OH)2(u-OH)2(p-4-Cl-pz)12(4-Cl-pzH)2](EtsNHCI) (19) viewed with the 2-fold symmetry
axis tilted counterclockwise; EtsNH" and H atoms except (u-OH) and (u3-OH) and (u3-
OHo.s) were omitted for simplicity. Feo, octahedral Fe; Fe, tetrahedral Fe.

In - (u3-OHy5) - Fe, - Fe, Fe,— (1;-OH) - Fe, - Fe, Fe, - (13-0) - Fe, - Fe,
129.5(4)° 135.6(4)° 4.50(19)°

Figure 52. Ball-and-stick representation of torsion angles for (13-OHo.s), (#3-OH) and (u3-
O) with respect to the corresponding plane where they sit (19).
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3.3. Conclusions

Heterobimetallic pyrazolato oxide complexes of iron and indium with different
nuclearities and properties can be achieved by reacting mer-[InCls(4-R-pzH)s3] (R = H, Cl,
Br, I, Ph) and anhydrous Fe(O3SCF3)2 or Fe(ClO4)26H20 in MeCN or CH2Cl2 upon
addition of piperidine or triethylamine. The hydrolysis of Fe** ions in these reactions is not
controlled and several products can be formed. The average bulk composition of the
reaction leading to complex 16 was analyzed by ESI-MS showing a mixture of different
fragments of general form [FesxInxCla(p4-O)a(pu-pz)i2] where x = 0 — 4. Complex 16 with
general formula [(Feo.s4lnose)aFesCla(pa-O)a(p-pz)12] was isolated and characterized by
SCXRD and SEM-EDS. The percent of iron and indium in the mixture can be slightly
different in each reaction product, with indium occupying only the outer sites. The
fragments cannot be separated by chromatography of the filtrate; however, centrifuging the
reaction bulk at 4500 rpm for 10 minutes have shown some separation of the precipitate
form from the reaction into layers that can be distinguished by different shades of
orange/red. The differently shaded precipitates have not been characterized, yet. Chemical
separation of the fragments is to be explored. Complexes of general formula
[(Ino.ssFeo.12)6Cle(3-OHo.s)(u-OH)s(u-pz)s]* (17) and  [(Ino.9o2Fe0.08)sCls(us-OHo.5)(u-
OH)s(u-4-1-pz)s]> (18) were isolated. Complex 17 was characterized by SCXRD and
SEM-EDS and complex 18 was characterized by SCXRD. The percent of iron in the
clusters will vary slightly from batch to batch. Electrochemistry of complexes 17 and 18
is to be studied to measure any redox processes from the iron occupancy in the complexes,
but first changing the counterion is necessary. The bond distances and angles of 17 and 18

are statistically indistinguishable from the analogous all-indium hexanuclear complexes.
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The only heterobimetallic complex showing full occupancy of the metal sites
[Fe7In2Cla(p3-0)2(u3-OH)2(u3-OHo.s)2(n-OH)2(u-4-Cl-pz)12(4-Cl-pzH)2](EtsNH*CI)
(19). The synthesis of complex 19 needs to be reproduced and optimized. >’Fe-Mdssbauer
spectroscopy, magnetic susceptibility studies and additional characterization like UV-vis
and 'H NMR of the complex in solution needs to be performed.
3.4. Experimental section
3.4.1. Materials

Reagent grade chemicals were obtained from commercial sources and used as
received. All solvents were stored over 4 A molecular sieves. Anhydrous InCl3 and
anhydrous Fe(O3SCF3)2 were stored and weighed in a glove box compartment under argon.
Fe(ClO4)26H20 was stored in a desiccator.
3.4.2. Instrumentation and X-ray crystallography

SEM-EDS were measured on JEOL JSM 5900LV with EDS-UTW detector at
Florida International University. Mass spectrometry was measured by collaborators at
Purdue University. The UV-vis spectra were recorded on an Agilent Technologies Cary
60001 Series UV-vis-NIR Spectrophotometer with 1 cm optical path length cuvettes in
anhydrous MeCN solution. One single crystal was dissolved in ImL MeCN, from which
200 pL were then diluted to a 2 mL MeCN solution.

Refer to section 2.7.4 for single crystal X-ray diffraction details.
3.4.3. Synthesis and characterization
3.4.3.1. Synthesis of [(Feo.s4Ino36)4FesCly(ps-O)a(p-pz)12] (16)

Piperidine (148.3 pL, 1.5 mmol) was added to a mixture of mer-[InCl3(pzH)3]

(211.9 mg, 0.5 mmol) and anhydrous Fe(SO3CF3)2 (36.1 mg, 0.1 mmol) in 3 mL CH2Cl..
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The mixture was allowed to react for 24 hours. The mixture was filtered through celite and
cotton. The filtrate was set to crystallize by slow diffusion with hexane. After 2 days, large
slightly yellow X-ray quality crystals (not characterized here) and a red oil were obtained.
The red oil was redissolved in MeCN and was allowed to slowly evaporate. Red X-ray
quality crystals grew after 3 days. Yield: ~ 70%.
3.4.3.2. Synthesis of (HNEt3)3[(Ino.ssFeo.12)6Cls(p13-OHo.5)(n-OH)e(1-pz)s] (17)
mer-[InCl3(pzH)3] (127.14 mg, 0.3 mmol) was suspended in 3 mL MeCN under
stirring. Anhydrous Fe(SO3CF3)2 (35.4 mg, 0.1 mmol) were added to the suspension as
well as triethylamine (41.7 pL, 0.3 mmol) and the mixture was allowed to react for 24
hours under stirring. A red precipitate formed and a red filtrate. The mixture was
centrifuged at 4500 rpm for 10 min. The filtrate was left for crystallization by slow
evaporation of the reaction solvent. Yellow X-ray quality crystals were obtained after 3
days. Some remaining red filtrate was separated from the crystals, and these were washed
with MeOH, quickly decanting the methanolic washes, so there was no further reaction.
Yield: ~25%.
3.4.3.3. Synthesis of (HNEt3)3[(Ino.o2Feo.08)sCls(p3-OHo.5)(n-OH)s(pn-4-1-pz)s] (18)
Triethylamine (208.5 pL, 1.5 mmol) was added to a suspension of mer-[InCl3(4-I-
pzH)3] (400.9 mg, 0.5 mmol) and Fe(ClO4)26H20 (46.38 mg, 0.17 mmol) in 3 mL CH2Cl2
under stirring. The mixture was allowed to react for 24 h. A red precipitate was formed and
a red filtrate. The filtrate was left for crystallization by slow diffusion of Et2O vapors.
Slightly yellow X-ray quality crystals were obtained after 4 days. The crystals were washed

with acetonitrile and Et2O and air-dried. Yield: ~ 20%.
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3.4.3.4. Synthesis of [Fe''';InyCly(n3-0)2(n3-OH)2(n3-OHo.5)2(n-OH):(n-4-Cl-pz)12(4-

Cl-pzH):|(Et:NHCI) (19)

Triethylamine (208.5 puL, 1.5 mmol) was added to a mixture of mer-[InCl3(4-Cl-
pzH)3] (792.2 mg, 1.5 mmol) and Fe(ClO4)26H20 (136.4 mg, 0.5 mmol) in 6 mL CH2Cl2
under stirring. The reaction was allowed to stir for 5 days, and a clear red solution was
obtained. The solution was filtered through cotton/celite and crystallized by slow diffusion
of hexane was done. Dark red X-ray grade crystals were obtained after 9 days. (Not

reproducible yet). Yield: < 5%.

85



Table 15. Structure refinement parameters for complexes 16 — 19.

Compound

16

17

18

19

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

a/°

pre

v/°

Volume/A3

4

Pealcg/cm’

wmm'

Ref. Coll./Indp. Ref.
Rint/Rs

Omax/ % completn.
Tonin/ Tmax
Param./*Obsv. Ref.
5GooF

cWRz

de

Flack Parameter

Cs6H36ClaFeg 57In1 44N2404

1542.11
296
triclinic
P-1 (No. 2)
12.4514(4)
12.5773(4)

20.9797(8)
77.8280(10)
81.5020(10)
70.6360(10)
3019.17(18)
2

1.696

2.301
56823/12244
0.038/0.1066
27.843/0.998
0.548/0.797
690/8300
1.066

0.1278
0.0592

C41H74ClgFeo.7Ins 3N 1505
1803.5

296

Monoclinic

P21/c (No. 14)
19.8363(11)
19.3424(11)

17.7967(10)
90

90

90

6828.3(7)

4

1.754

2.199
68821/8353
0.0623/0.1261
25.375/0.665

817/6003
1.079
0.2444
0.0851

Cs6H73ClgFeq slIns sN15Og
2468.46

299

trigonal

R-3 (No. 148)

20.3811(3)

20.3811(3)

32.2936(8)
90

90

120
11617.2(4)

3

2.116

4.346
70355/5295
0.0304/0.0474
26.396/0.999
0.517/0.658
487/4586
1.043

0.0864
0.0391

Cs4HessClisFerInaN3oOg
2522.05

170

tetragonal

P43212 (NO. 96)
15.1365(8)

15.1365(8)

48.278(4)

90
90
90
11061.2(14)

4
1.514

1.787
293153/13810
0.0827/0.610
28.356/0.998
0.747/0.808
537/13399
1.092

0.1397
0.0570
0.089(5)

2, > 20(1,)

5GooF = [Z[W(Fo>—F3)?]/(No—Ny)]"? (No=number of observations, Ne=number of variables)

WR, = 3||Fol~|Fe|//Z|F|

IR, = [(EW(Fo>~F 2)Y/S|Fo )]
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Chapter 4: Synthesis and characterization of homometallic oxide complexes

4. Synthesis of homometallic oxide complexes
4.1. Introduction

Multinuclear metal complexes are of interest as building blocks for magnetic molecular
materials and models of metalloproteins.'?” Multinuclear metal models provide an insight
into the metalloproteins active site geometries, electronic structures, and reaction
mechanisms, including catalytic activity.'%

In Nature, water oxidation is catalyzed by the oxygen evolving complex (OEC) with a
Mn4CaOs— cluster in the active site (Figure 3). Water oxidation is regarded as the main
strategy for production and storage of energy. Iron plays a critical role in biological
systems, shows low toxicity and clusters are promising for redox reactions.!? Iron-based
water oxidation catalysts remain of interest. However, improving the synthetic methods to
prepare high nuclearity Fe*" containing clusters that can be studied in solution and act as
efficient catalyst remains a challenge. Several pentanuclear iron clusters that act as
catalysts for water oxidation have been reported but are either not stable during the catalytic
process or exhibit low turnover frequency.!%!!!

Additionally, lanthanide — iron clusters have potential applications in optics,
magnetism, catalysis, and chirality.!'” These clusters usually show interesting magnetic
properties including single molecule magnetism and spin-crossover.''*!!% Controlling the
hydrolysis of Fe** ions is a key step in the preparation of such complexes. It is also difficult

to prepare 3d — 4f complexes due to the different coordination preferences of 3d and 4f

metal ions.!!?
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4.2. Results and Discussion
4.2.1. Synthesis of [FesCl3(ns-O)(n3-O)(u-OH)2(p-4-1-pz)s(4-1-pzH) 4] (Et20) (20)

Complex 20 of formula [FesCls(ps-O)(u3-O)(n-OH)2(p-4-1-pz)e(4-1-pzH)4] (Et20)
was prepared by adding triethylamine to a suspension of mer-[InCl3(4-1-pzH)3] and
Fe(ClO4)26H20 in CH2Cl2 (Scheme 10). A precipitate formed after 48 hours, and it was
thoroughly washed with CH2Clz to reveal an off-white color. The precipitate was collected
and dried in a desiccator. Once dry, the precipitate was redissolved in MeCN and a red
solution developed gradually over 72 h, along with a small amount of red precipitate. The
solution was filtered and left for crystallization by slow diffusion of diethyl ether vapors.
Dark red crystals grew after 7 days. The crystals were washed with ether and were
collected. Several efforts to improve the reaction yield showed that this reaction only
worked using mer-[InCl3(4-1-pzH)3] as pyrazole source and crystallization was only
successful with MeCN/Et20.

4.2.2. Crystallographic description of [Fe"'sCl3(us-0)(u3-O)(u-OH)2(u-4-1-pz)6(4-I-

pzH)4| (Et20) (20)

Complex 20 of general formula [FesCls(ps-O)(u3-O)(pn-OH)2(p-4-1-pz)e(4-1-
pzH)4](Et20) crystallizes in the orthorhombic P212121 space group (Figure 53). Two iron
centers have the same six-coordinate pseudooctahedral environment consisting of two
bridging pyrazolato ligands, one pyrazole ligand, one u-OH, one p3-O, and one ps4-O in a
fac-N30s3 arrangement. The other three iron centers are all in different pseudooctahedral
coordination environments; one is coordinating to a terminal chloride ligand, a p3-O, two
bridging pyrazolato ligands, and two pyrazoles in a trans-N4OCl arrangement, a second

one to two bridging pyrazolato ligands, one terminal chloride, two p-OH, and a ps-O in a
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fac-O3N2Cl arrangement, and the third one is coordinating to four bridging pyrazolato
ligands, one terminal chloride ligand, and a p4-O in a trans-N4sOCI arrangement. There is
one Et20 molecule in the unit cell H-bonded to a pyrazole ligand. The pyrazole ligands are
free to rotate and form intramolecular H-bonding with chlorine and oxygen atoms (Figure
54). The molecule is chiral and crystallizes as a racemic twin with a Flack parameter of
0.510(9) (Table 22). The crystal structure is unique and shows not only an ‘incomplete’ Fe
— O cubane core (Fel, Fe2, and Fe3) but also an iron trimer (Fe2, Fe3, and Fe4) bridged
by two pyrazolato ligands, a p3-O, and a ps-O (Figure 54), and two bridging hydroxo
groups, which is different from previously reported pentanuclear iron clusters including
some with pyrazolato-based ligands!?7-1%-11LUS (Figure 55).

The structure has crystallographic disorder of the hydrogen atoms and the pyrazoles
and needs to be collected at low temperature. The bond distance for Fel — Cl is 2.23(3) A,
and the average bond distances for Fe, — Cl are 2.30(3) — 2.34(2) A which are larger than
for the core iron atom (Table 16). The average bond distances for Fec — (Npz') (pz = 4-I-
pz), are between 2.04(2) —2.21(1) A and for Fe, — (Npz") are between 1.91(1) —2.23(3) A,
which are statistically shorter than for the iron atoms in the ‘incomplete’ cubane core. The
average bond distances for Fec — (Npz'H) (pz" = 4-I-pzH), are between 2.04(5) — 2.17(3)
A and for Fep, — (Npz 'H) are between 2.07(1) — 2.24(5) A. Only the iron in the core of the
‘incomplete’ cubane structure (Fel, Fe2, and Fe3) are bridged by u-OH and the average
bond distance for Fec — (u-OH) are between 2.11(3) — 2.23(3) A. The average bond
distances for Fec — (u3-O) are 1.91(1) A and 2.01(2) A, which are statistically longer than

for the Fe4 — (u3-O) bond distance of 1.86(3) A. Lastly, the average bond distances for Fec
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— (u4-0) are between 2.02(2) A —2.08(3) A, which are statistically longer than for the Fe5

— (u4-0O) bond distance of 1.94(3) A.

Figure 53. Ball-and-stick representation of [FesCls(pa-O)(u3-O)(u-OH)2(pn-4-1-pz)s(4-1-
pzH)4] (20) with labeled Fe centers (Fel, Fe2, and Fe3 = Fec; Fe4 and Fe5 = Fep). Solvent
molecules and H’s atoms have been omitted for simplicity except for the (u-OH).
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Figure 54. Ball-and-stick representation of the core structure of [FesCl3(pns-O)(u3-O)(p-
OH)2(u-4-1-pz)6(4-I-pzH)4] (20), showing the ‘incomplete’ cubane and iron trimer, as
well as the hydrogen bonding interactions.
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Figure 55. Schematic representation of pentanuclear iron clusters;

(a) 20, (b) ionic
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catalysis,! %!

Table 16. Selected bond lengths (A) for 20.

and (d) pentanuclear iron cluster with defective double cubane

107

Interatomic Distances 20 Interatomic Distances 20
Fep, — Cl 2.30(3) —2.34(2) Fel — Cl 2.23(3)
Fep— (Npz') 1.91(1) — 2.23(3) Fec — (Npz") 2.04(2) -2.21(1)
Fep — (Npz'H) 2.07(1) —2.24(5) Fec — (Npz'H) 2.04(5)—-2.17(3)
Fed — (u3-0) 1.86(3) Fec — (u3-0O) 1.91(1)-2.01(2)
Fe5 — (ws-0) 1.94(3) Fec — (us-0) 2.02(2) —2.08(3)
(Fep ~ Fee)? 3.35(1)—3.47(1) Fec — (u1-OH) 2.11(3)—2.23(3)
(Fe4 - Fel) 5.34(1) Fec - Fec 3.00(1) —3.15(1)

Fec = Fe cubane core, Fep = Fe peripheral sites
pz'H = 4-I-pzH, *Fep, — O — Fec (short)
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Table 17. Selected bond angles (°) for 20.

Angle 20
Fec — (u-OH) — Fec 90.72(5) — 96.22(2)
Fec — (u3-O) — Fec 99.75(1)
Fep — (u3-O) — Fec 126.34(1) — 133.66(2)
Fec — (p4-O) — Fec 99.40(1) — 102.02(4)
Fep — (n4-O) — Fec 114.96(1) — 122.38(4)

Fec = Fe cubane core, Fep, = Fe peripheral sites

Halogen - halogen interactions give rise to tight packing for 20, exhibiting a type
II, R — X Y — R contact interaction (X, Y = halogen atoms) (Table 18 and Figure 56).
Complex 20 shows I1 - 12 average bond distance, C —I1 -~ 12 bond angle, and 1 -~ 12 - C
bond angle equal to 3.14(4) —3.38(3) A, 176.88(5) — 178.38(4)°, and 88.16(1) — 94.32(5)°,
respectively. Additionally, there is halogen - halogen interaction from I3 - 14 with average
bond distance, C — 14 -~ 13 bond angle, and 14 - I3 — C bond angle equal to 3.20(1) — 3.45(2)
A, 169.24(4) — 177.19(4)°, and 87.89(5) — 93.23(3)°, respectively from a bridging 4-I-
pyrazolato ligand to another pyrazolato ligand in the adjacent cluster, resulting in a 3D

network depicted in the crystal packing diagram in Figure 56.

Table 18. Halogen - halogen bond geometry for 20 vs. sum of van der Waals radii.

Sum van der

Waals radii/AS* A-X-Y d(X-Y)A A-X-Y/°
C-1211(61) 88.16(1) — 94.32(5)
3.14(4) - 3.37(3)
306 1211 —C (82) 176.88(5) — 178.38(4)
' C-13 14 (81) 87.89(5) - 93.23(3)
3.20(1) —3.45(2)
13 14 — C(02) 169.24(4) — 177.19(4)
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Figure 56. Illustration of crystal packing for 20, showing a 3D chain linked by
intermolecular halogen bonding.

4.2.3. 'H NMR of [FesCl3(ns-0)(u3-0)(u-OH)2(n-4-1-pz)6(4-1-pzH)4](Et20) (20)

The 'H NMR was done using the Evans method in DMSO-ds at ambient
temperature at 400 MHz. There are six different pyrazole/pyrazolato ligands environments
in complex 20 (Figure 57). The expected 'H NMR should show resonances corresponding
to six different magnetic environments of the p-4-I-pz and 4-I-pzH groups. However, the
'"H NMR of complex 20 is paramagnetic, therefore some of the pyrazole/pyrazolato
resonances are broadened/flattened and not observed (Figure 58). The 'H NMR shows a
small broad singlet at 13.2039 ppm corresponding to the NH peak, a singlet at 7.9693 ppm
and a singlet at 7.5827 corresponding to H>° all with the same integration. No firm

assignment of these resonances can be made without additional data.
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Figure 57. Schematic representation of 20 highlighting in different colors the six different
pyrazole/pyrazolato environments.
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Figure 58. 'H NMR of 20 in DMSO-ds at 400 MHz and ambient temperature.
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4.2.4. Electrochemistry of [FesClz(ns-O)(pn3-O)(n-OH)2(pn-4-1-pz)s(4-1-pzH)4] (Et20)
(20)
The previously reported pentanuclear iron catalysts for water oxidation have

[Fe'sFe''] oxidation states and show four reversible one-electron oxidations and one

1T 109-

reduction or have [Fe'''s] showing five reversible one-electron oxidations.!” ! The cyclic
voltammogram (CV) of complex 20 (0.1 mM) in a tetrahydrofuran (THF) containing
EtsNCIO4 (0.1 M) at a scan rate of 50 mV s™! (Figure 59) shows two reversible (Table 19)
reduction waves at E12 = -0.55 V and -0.83 V (corrected vs. Fc'/Fc), assigned to two
sequentially occurring reductions involving Fe''/Fe!" and one reversible oxidation wave at
E12=-0.04 V (corrected vs. Fc*/Fc) on involving in turn an iron ion Fe!Y/Fe couple. There
is an additional small signal at -0.04 V, but it cannot be assigned with certainty. Thus,

complex 20 possesses high redox flexibility, with at least three different redox states that

are accessible under electrochemical conditions.

Table 19. Electrochemical properties of complex 20 taken from CV displayed in Figure
59 (corrected vs. Fc'/Fc)

Redox process Eox (V) Erea (V) E12 (V) AE (V)
I 0.01 -0.07 -0.04 0.06
11 -0.50 -0.59 -0.55 0.09
111 -0.77 -0.88 -0.83 0.11
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Figure 59. CV of 20 (0.1 mM) with and without Fc in THF solution with EtaNCIO4 (0.1
M) swept to negative (right) and positive (left) potentials from the open circuit potential
at a scan rate of 50 mV s™'. Redox processes are number: I, II, and III.

Cyclic voltammogram at increasing scan rates was collected as well (Figure 60),
where the current is increasing linearly as a function of the square of the scan rate (Figure
61) for all three reversible electron transfer processes. The differential pulse
voltammogram (DPV) was measured to minimize the effect of the charging current and
achieve higher sensitivity (Figure 62). The DPV shows symmetric peaks characteristic of
reversible reactions and £, = 0.18 V, -0.33 V, and -0.62 V, respectively for redox process
I, II, and HI. The square wave voltammogram (SWV) was also measured for higher
sensitivity results showing the reversible, irreversible, and net current redox processes
consistent with the results from CV and DPV (Figure 63). Since complex 20 contains five

redox active iron centers, it is of interest to distinguish whether the redox events are a one-
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electron process taking place at a single Fe-center, or a two-electron process occurring at
two electronically uncoupled Fe-centers undergoing a reversible Fe(III/Il) reduction.
However, the number of electrons involved in the redox processes is not evident from the

electrochemical data collected. Further electrochemical analysis needs to be performed.
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Figure 60. CV of 20 (0.1 mM) in a THF solution with EtaNClO4 (0.1 M) at scan rates of
50 -400 mV s\,
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Figure 62. DPV of 20 (0.1 mM) in a THF solution with EtaNCl1O4 (0.1 M).
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Figure 63. SWV of 20 (0.1 mM) in a THF solution with EtsaNCIO4 (0.1 M) swept forward
to negative (red) and reverse to positive (blue) potentials.
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4.2.5. UV-vis absorption of [FesClz(ns-O)(pn3-O)(n-OH)2(n-4-1-pz)s(4-1-pzH)4] (Et20)

(20)

The UV-vis spectra were recorded on an Agilent Technologies Cary 60001 Series
UV-vis-NIR Spectrophotometer with 1 cm optical path length cuvettes in a dry THF
solution from 200 — 800 nm. The UV-visible absorption spectra of complex 20 (Figure 64)
consists of overlapping bands in the whole 200 — 600 nm range with absorption maxima at
220 nm, 318 nm, and 428 nm, which have not been assigned yet. Unstructured absorption
around 420 nm is characteristic for the formation of [FeS]-clusters and corresponds to the

LMCT from cysteine to Fe*" in ferredoxins.’!!¢

—— [Fes0,(OH),] cluster

Absorbance (a.u.)

02 F

0 b——— T ‘
200 300 400 500 600

Wavelength (nm)
Figure 64. UV-visible spectrum of 20 in THF solution from 200 — 600 nm.

4.2.6. Synthesis of Fe(II)-intermediate (21)
An off-white powder (21) is formed as an intermediate in the synthesis of complex
20 (Scheme 10). The powder was thoroughly washed with CH2Cl2 until no color came off

in the filtrate. The powder was left to dry in a desiccator. The powder must be kept under
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vacuum or argon to store -- if left exposed to air, it turns orange after a couple of weeks --
oxidation is occurring. When the powder is introduced to any organic solvent, except for
CH2Cla, it immediately dissolves and solutions turns red or orange signaling the formation
of other complexes as indicated by the 'H NMR (Figure A13 -Figure Al5). However,
attempts at crystallization of the solutions with other solvents have not been successful.
The off-white color of the powder, color change in open atmosphere, and rapid color
change in solution suggests that there is a Fe*" low-spin species.

4.2.7. SEM-EDS of Fe(II)-intermediate (21)

The off-white Fe(Il)-intermediate powder (21) obtained from the reaction of 20 was
analyzed through SEM at 15kV (Figure 65). The powder was homogenous around 100 pm
in size. The sample was subjected to EDS measurement where the elemental composition
(Figure 66) and weight concentration was determined (Table 20). The assignment of the
EDS spectrum account to a total of 100% weight of the sample. The results showed that
indium was not present in the sample -- all indium stayed in the CH2Cl> solution. The Fe-
intermediate consists of Fe, Cl, I, O, C, and N. Given the amount of iodide present in
complex 20 which can only be from 4-I-pzH, we can assume some iron-chloride species
forms and stays in solution after crystallization and isolation of 20.

Table 20. EDS showing elemental composition and weight of 21.

Element Name Element Symbol Mass (%) Atom (%) abs. error (%) (10)

Carbon C 29.21 45.84 1.42

Nitrogen N 23.61 31.77 1.20

Oxygen (0] 10.28 12.11 0.52

Chlorine Cl 4.56 2.42 0.12

Iron Fe 16.10 5.43 0.41

Iodine I 16.24 2.41 0.42
Sum 100.00 100.00
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Figure 65. SEM image of 21.
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Figure 66. EDS image representing the elemental composition of 21.

4.2.8. FTIR of Fe(Il)-intermediate (21)
The FTIR spectrum of 21 was collected in the 4000 — 400 cm™! range (Figure 67).
Most peaks in the spectrum are conserved from the free 4-I-pzH (Figure A11) but have

slightly shifted. The peaks at 3471 cm™, 3398 cm™ correspond to O — H stretching
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frequencies and the medium broad peaks at 3280 cm™!, and 3118 cm! correspond to N — H
stretching, which are higher than for free 4-I-pzH. The pyrazole ring overtones are
observed at 1626 cm™ and 1512 cm!, which is also consistent with the free 4-I-pzH
spectrum. The ring stretching modes shifts to slightly higher wavenumbers in 21 to 1458
cm, 1373 em™!, and 1334 cm™!, while the C — H bending mode are observed at the lower
wavenumbers of 1259 cm™ and 1128 cm™!. Ring bending modes are observed at 1178 cm”
!, and the shoulders under the sharp peaks at 1043 cm™ and 935 cm™!. The out-of-plane C
— H bending mode at 729 cm™ and 698 cm™ and C — I bond at 600 cm™ have shifted
slightly to lower wavenumbers compare to free 4-I-pzH. Both strong peaks at 1043 cm™!
and 935 cm™! do not show in the spectrum for free 4-I-pzH. The approximate frequency of

bands for coordinated C2, bidentate C104 are observed at 930 cm™! and 1100 cm™.'!7
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Figure 67. FTIR spectrum of 21.
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4.2.9. Synthesis and crystallographic description of (HNEt;):[FesCl2(n3-O)2(p-

OH)4(n-4-Cl-pz)10] (22)

Lanthanide — iron clusters are of interest due to the potential applications in various
research field and based on the crystal radii of lanthanide ions, [FesxLnxO4] — clusters
should be possible to obtain by similar synthetic methods employed to obtained [Fes-
xInxO4] — clusters. However, controlling the nuclearity of 3d — 4f clusters and their
coordination preferences is a challenge.

Complex 22 with formula (HNEts)2[FesCla(ps-O)2(pn-OH)s(pu-4-Cl-pz)i0] was
obtained in a very small crystal yield from a reaction of FeCl24H20, 4-Cl-pzH,
Ce(NO3)36H20, and Et3N in CH2Cl2 and MeCN (Scheme 11). Crystals of a minor reaction
product grew from slow evaporation of the reaction filtrate. This product has not been
reproducible under the same conditions. Synthesis and optimization are still in progress.
The major product of the reaction is a dark red precipitate insoluble in all organic solvents
tested and has not been characterized yet.

Complex 22 crystallizes in the orthorhombic /mmm space group (Figure 68) with
the asymmetric unit showing one third of the molecular unit cell. Crystallographic data and
refinement parameters are shown in Table 22. All iron centers are in the +3 oxidation state
and are coordinated in a distorted octahedral fashion. Two iron centers have the same six-
coordinate environment consisting of four bridging pyrazolato ligands, one p3-O, and one
terminal chloride ligand. The other four iron centers are all in the same coordination
environments with three bridging pyrazolato ligands, two u-OH, and one p3-O. There is
thermal disorder of the pyrazolato ligands and the EtsNH' counterions — a new set of

diffraction data needs to be collected at low temperature. The conformation and topology
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of Fe's cores have been categorized in the literature!!'® -- complex 22 is categorized as

planar (Figure 69).

Figure 68. Ball-and-stick representation of [FesCla(u3-O)2(pn-OH)a(u-4-Cl-pz)10]* (22),
counterions and H’s atoms have been omitted for simplicity.

Figure 69. Ball-and-stick representation of [Fe'sOs]"!° (22) with plane passing through
all six iron centers.

Complex 22 might be viewed as two asymmetric triangular Fes-(u3-0x0) subunits
bridged together by hydroxo groups. The three iron centers form an isosceles triangle with
side lengths of 3.21(2) A, 3.21(2) A, and 3.49(4) A (Table 21). The bond distances for Fe

— (u3-0O) are 1.90(3) A for the inside iron centers and 1.93(3) A for the iron centers on the
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outsides. The bond distance for Fe — (u-OH) is 2.02(5) A. The O - O distances from the
(u-OH) pointing inward towards each other is 2.71(2) A indicating the presence of H-
bonds. The Fe — CI bond distance is 2.34(4) A and the bond distances for Fe — N for the
pyrazolato bridging the (u3-O) bridged iron centers are 2.09(2) A and 2.10(3) A, while the
Fe — N bond distance for the pyrazolato ligand bridging two (u-OH) bridged iron centers

is 2.15(1) A.

Table 21. Selected bond lengths (A) for 22.

Interatomic Interatomic

bond distances 22 bond distances 22
(Fe... Fe)? 3.21(2), 3.49(4) Fe—ClI 2.34(4)
(Fe ... Fe)® 3.01(1) (Fe —N)? 2.09(2), 2.10(3)
Fe — (u3-0) 1.90(3), 1.93(3) (Fe —N)® 2.15(1)
Fe — (u-OH) 2.02(5) (O 0) 2.71(2)

%(u3-0) bridged; °(u-OH) bridged; (u-OH) to (u-OH) pointing inwards.

MeCN/DCM (HNEt; o[ FeCly(u-4-Cl-pz); o(n-OH)4(13-0),]
FeCly4H,0 + 6 eq. (4-Cl-pzH) + Ce(NO53)36H,0 + 6 eq. BN ————> +

Fe,Ce, - cluster ?

Scheme 11. Synthetic pathway for (HNEt3)2[FesCla(p3-O)2(nu-OH)a(pn-4-Cl-pz)i0] (22).
4.3. Conclusions
Homometallic pyrazolato complexes with different nuclearities were obtained by
reacting mer-[InCls(4-I-pzH)3] and Fe(ClO4)26H20 in CH2Cl2 upon addition of
triethylamine (20) or by reacting FeCl24H20, 4-Cl-pzH, Ce(NO3)36H20, and
triethylamine in MeCN/CH2Clz. The attempt to isolate a heterobimetallic complex was
unsuccessful in the above reactions, however, some polynuclear iron complexes were

obtained and characterized by SCXRD.
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Complex 20 of formula [FesCls(ps-O)(u3-O)(n-OH)2(p-4-1-pz)e(4-1-pzH)4] (Et20)
is of particular interest due to its topological similarity to the oxygen evolving complex
(OEC) with a Mn4CaOs— cluster in the active site of Photosystem II and to the [Fe3S4]-core
of some ferredoxins. Complex 20 was characterized by '"H NMR, UV-visible absorption,
and electrochemistry. The cluster is paramagnetic, but the study and analysis of its
magnetic properties have not been explored in this project. The electrochemical
measurements showed that there were two reversible reduction waves at E12=-0.55 V and
-0.83 V and one reversible oxidation wave at E12 = -0.03 V, which is different from
previously published [Fe's] clusters. The Fe(Il)-intermediate (21) formed during the
synthesis of complex 20 was only partially characterized by SEM-EDS and FTIR. FTIR.
Elemental analyses and full spectroscopic studies of both complexes 20 and 21 are still
pending. Complex 20 needs to be reproduced and its synthesis optimized. Future studies
include >’Fe-Md&ssbauer spectroscopy measurements, magnetic susceptibility studies and
catalytic studies.

Complex 22 of formula (HNEt3)2[FesCla(p3-O)2(u-OH)a(pn-4-Cl-pz)10] needs to be
reproduced and additional characterization needs to be performed, including Mdssbauer
spectroscopy, magnetic susceptibility studies, UV-vis absorption, 'H NMR, and
electrochemistry. Polynuclear iron oxo — hydroxo complexes could have large number of
unpaired electrons and work as building blocks for magnetic materials. One way to obtain
high number of unpaired electrons in polynuclear iron complexes is by incorporating spin
frustration due to topology.!'® Previous studies have shown similar [Fe''s] clusters with St
= 5 ground state resulting from spin frustration.!'® Complex 22 is an ideal candidate for

spin frustration due to topology which can be determined by variable temperature magnetic
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susceptibility studies, variable field magnetization studies, and spin-state ordering
calculations.
4.4. Experimental section
4.4.1. Materials

Reagent grade chemicals were obtained from commercial sources and used as
received. All solvents were stored over 4 A molecular sieves. Anhydrous InCls was stored
and weighed in a glove box compartment under argon, while FeCl24H20, Fe(Cl04)2:6H20
and Ce(NO3)36H20 were stored in a desiccator.
4.4.2. Instrumentation and X-ray crystallography

SEM-EDS were measured on JEOL JSM 5900LV with EDS-UTW detector at
Florida International University and at Lawrence Livermore National Laboratory. 'H NMR
spectra were recorded on a 400 MHz Bruker Avance NMR spectrometer and were
referenced, using the residual solvent proton resonances. Infrared spectra (FTIR) were
recorded on an Agilent Avance Cary-660 FT-IR spectrometer at room temperature. CV,
DPV, and SWV were measured from 0.1 mM of material in a dry THF (degassed and stored
under argon gas) solution containing 0.1 M EtaNClOs. The UV-vis spectra were recorded
on an Agilent Technologies Cary 60001 Series UV-vis-NIR Spectrophotometer with 1 cm
optical path length cuvettes in a dry THF solution.

Refer to section 2.7.4 for single crystal X-ray diffraction details.
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4.4.3. Synthesis and characterization
4.4.3.1. Synthesis of [FesClz(ns-O)(u3-O)(n-OH)2(p-4-1-pz)s(4-1-pzH)4]"(Et20) (20)

and Fe(II)-intermediate (21)

Triethylamine (42 pL, 0.3 mmol) were added to a mixture of mer-[InClz(4-1-pzH)3]
(242.6 mg, 0.3 mmol) and Fe(ClO4)26H20 (25.74 mg, 0.1 mmol) in 3 mL CH2Cl> and the
mixture was stirred for 48 h resulting in a precipitate and yellow filtrate. The precipitate
was washed thoroughly with CH2Clz until no color came off in the filtrate and was dried
in a desiccator. The precipitate was redissolved in MeCN, filtered, and layered with Et20.
Dark red X-ray grade crystals, grown after 7 days, were washed with MeOH and Et2O and
air-dried. Yield: 63%.
4.4.3.2. Synthesis of (HNEt3)2[FesCl2(n3-0)2(n-OH)4(n-4-Cl-pz)10] (22)

FeCl24H20 (99.4 mg, 0.5 mmol) and 4-Cl-pzH (307.56 mg, 3 mmol) were added
to a solution of EtsN (417 puL, 3 mmol) in 3 mL CH2ClLz. A solution of Ce(NO3)36H20
(217.5 mg, 0.5 mmol) in 3 mL acetonitrile was added to the CH2Cl2 solution under stirring.
The mixture was allowed to react for 4 days. An orange filtrate and a dark red precipitate
formed. The filtrate was allowed to slowly evaporate, resulting in X-ray quality crystals

after 9 days. (Not reproducible yet). Yield: ~ 1%.
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Table 22. Structure refinement parameters for complexes 20 and 22.

Compound

20

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

pre

v/°

Volume/A?

4

Pealeg/cm®

p/mm’

Ref. Coll./Indp. Ref.
Rint

Param./*Obsv. Ref.
®GooF

‘wR2

dR

Flack Parameter

C34H33Cl3Fes110N2005

2438.34
273.15
orthorhombic
P2:2:121(No. 1
17.4853(15)
19.3327(16)
26.126(2)

90

90

90
8831.7(13)

4

1.834

4427
106221/16174
0.0934
628/7443
1.273

0.4055
0.1240
0.510(9)

9)

C38H44Cl12FesN22056

1667.47
299
orthorhombic

Immm (No. 71)

12.4798(4)
16.8022(5)
22.1455(7)
90

90

90
4643.6(3)
2

1.193
1.299
53419/3205
0.1113
120/2778
1.195
0.2972
0.1177

a[o > 20-(1())

®GooF = [E[W(Fo*—F2)*)/(No—Nv)]"? (No=number of observations, Nv=number of

variables)

CW1{2 = Z||Fo‘_|FcH/E‘Fo|

Ri = [EW(Fo™~F ) /Z|Fo|)]"
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5. Conclusions and future work
Indium pyrazole/pyrazolato

To develop new well-defined heterobimetallic pyrazolato complexes as models of
mixed-metal oxide minerals, the synthesis and study of indium pyrazole/pyrazolato
chemistry was in order since it has not been developed elsewhere. Results are summarized
in Scheme 12. Mononuclear complexes of general formula mer-[InClz(pz'H)3] (pz'H =
pzH, 4-Cl-pzH, 4-Br-pzH, 4-1-pzH, 4-Ph-pzH, 4-Me-pzH, 3,5-Me2-pzH) and [trans-
InCl2(4-Me-pzH)4]" formed from the use of anhydrous indium chloride salt. Variable
temperature 'H NMR revealed the complex interplay of simultaneous coordinative
flexibility, dissociation, and tautomerization processes due to the labile nature of indium,
which can make it difficult to control in solution chemistry.

Analogous to iron and chromium pyrazolato chemistry, where the reactions of
mononuclear complexes with base yields dinuclear, trinuclear, and octanuclear species,
monomers of indium reacted with base resulted in hexanuclear and polymeric clusters.
Hexanuclear complexes of form [InsCle(u3-OHo.s)(u-OH)s(u-pz*)s]* (pz” = pz, 4-Cl-pz, 4-
Ph-pz) and polymeric species of form [In(u-pz°)s]a (pz°~ = pz, 4-Cl-pz, 4-I-pz, 4-Ph-pz)
were isolated. The new family of hexanuclear complexes represent a new motif of
indium(II)-oxo/hydroxo species. The polymeric [In(u-pz‘)3]n complexes showed
luminescence properties and promising emission lifetimes. The results show the versatility
of indium to form monomers and high nuclearity clusters. However, the results can be

somehow unpredictable and can differ greatly based on the reaction conditions.
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Polynuclear heterobimetallic and homometallic complexes

Upon deprotonation of mononuclear pyrazole complexes and the reaction with iron
(IT) perchlorate hexahydrate or anhydrous iron (II) trifluoromethanesulfonate, polynuclear
complexes, both heterobimetallic and homometallic, were isolated. Results are
summarized in Scheme 12. Complexes of general form [FesxInxCla(ps-O)a(p-pz)12] and
[Tne-«FexCls(pu3-OHo.s)(u-OH)s(p-pz*)s]> are formed showing partial occupancy of the
metal sites. Complex [Fes.s6lni.44(pa-O)a(p-pz)12Cla] was isolated from the reaction and
showed indium can only occupy the outer metal sites. However, the individual components
for both products could not be separated and the uncontrolled hydrolysis of iron in the
reactions yields different average bulk composition from batch to batch as well as other
polynuclear complexes. Complex of form [Fe™7In2Cla(p3-O)2(p3-OH)2(u3-OHo.s)2(p-
OH)2(u-4-Cl-pz)12(4-Cl-pzH)2](E:sSNH'Cl') was the only heterobimetallic complex
isolated showing full occupancy of the metal sites but they yield was only a couple of
crystals and the reaction was not reproducible.

The polynuclear homometallic complex of form [FesCls(ps-O)(pn3-O)(nu-OH)2(p-4-
I-pz)s(4-1-pz)4] (Et20) was isolated from the reaction of iron(Il) perchlorate hexahydrate
and mer-[InCl3(4-I-pzH)3] upon deprotonation with base. This pentanuclear iron complex
shows a novel motif with bridging (u-OH) different from what has previously been seen in
the literature. This cluster opens new research avenues due to its specific topology and
potential for water splitting catalysis. The iron species that forms as an intermediate during
the synthesis of [FesCls(ns4-O)(n3-O)(u-OH)2(pn-4-1-pz)s(4-1-pz)4] (Et20) is a rare example

of a colorless Fe(II) low spin species, which could show some interesting properties.
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Another polynuclear complexes of form (HNEt3)2[FesCl2(pu3-O)2(pu-OH)a(p-4-Cl-
pz)10] was isolated from the reactions of ferrous chloride tetrahydrate with 4-Cl-pzH and
cerium(IIl) nitrate hexahydrate upon addition of base. This complex has not been
reproducible, yet. The topology of (HNEt3)2[FesCla(pu-4-Cl-pz)i10(n-OH)4(p3-O)2] makes it
a good candidate for spin frustration which is of interest for fuel cells.

Future work

e The structural characterization of the polymeric indium complexes by synchrotron
techniques. — XRPD followed by Rietveld refinement, or structure determination by
EXAFS -- is to follow. The structural insight of the complexes should help to
understand the luminescence properties of the polymeric indium species and narrow
the scope of work to synthesize desired materials with long emission lifetimes.

e Future research will investigate whether the hexanuclear complexes described might
show efficient photocatalytic activity for the reduction of substrates, such as COx.

e Indium(IIl)-coordination polymers with high proton conductivity properties will be
investigated by employing pyrazoles with acidic functional groups, which could
provide novel supramolecular indium materials.

e Further studies of indium(Ill) complexes showing antipseudomonal and
antituberculosis potential.

e Synthesis optimization of heterobimetallic species both with partial occupancy and full
occupancy of the metal sites and chemical separation studies of the clusters herein
reported is to follow. This will allow their magnetic susceptibility analysis and
spectroscopic characterization.

e Calcination of Fe/In species to search for new Fe/In-oxides.
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Further characterization of the pentanuclear iron complex and the Fe(Il)-intermediate
is to follow, including >’Fe-Mdssbauer spectroscopy and magnetic susceptibility
studies.

The three redox-modified pentanuclear complexes identified by voltametric studies
(Fe''sFe'V, FeyFe' and Fe!'';Fe'>) should be isolated and spectroscopically studied in
order to determine the redox-active site involved in its process and probe their valence
localization/delocalization.

The introduction of a heterometal at the vacant site of the incomplete cubane will open
up a new research direction.

Following up the full characterization of the pentanuclear iron cluster, water splitting
catalytic activity will be investigated.

The hexanuclear iron complex needs to be reproduced and additional characterization
needs to be performed, including variable temperature magnetic susceptibility studies,
variable field magnetization studies, and spin-state ordering calculations of the [Fe!'l¢]

species to determine if spin frustration is present.
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Appendix
- [Cul(p-L)]J3 (L = Anle138b) Project
- Synthesis and characterization of [Cu'(p-L)]3
(Anle138b) (50 mg, 0.146 mmol) was dissolved in a 1:1 mixture of tetrahydrofuran

and methanol. Cu(CH3CN)4PFs (54.41mg, 0.146 mmol) were added to the solution under
stirring. Lastly, triethylamine (20 pL, 0.1 mmol) was added. The reaction was left to stir
for 24 h and a white precipitate was obtained by vacuum filtration and washed thoroughly
with diethyl ether. The precipitate was allowed to dry in a desiccator. Crystallization was
done by redissolving the precipitate in methylene chloride and doing vapor diffusion with
methanol. Analysis for CusNsBr3OsCasHzo (1217.14 g mol™!), Caled: C, 47.37; H, 2.48; N,
6.90; Found: C, 47.60; H, 2.41; N, 6.21. FT-IR (¥max, cm™"): 2877(w), 2102(w), 1840(w),
1597(m), 1562(w), 1506(m), 1466(vs), 1311(m), 1242(vs), 1211(s), 1116(m), 1036(vs),
930(m), 852(s), 808(m), 769(vs), 746(s), 677(s), 467(m), 409(s). 'H NMR (400 MHz,
CD2CI2, 296K ) §(ppm) 7.79 (s, 1H), 7.60 (d, 2J = 7.60 Hz, 1H), 7.36 (d, 2J = 7.76 Hz,
1H), 7.13 (d, 2] = 7.96 Hz, 1H), 7.09 (s, 1H), 6.88 (t, *] = 7.74 Hz, 1H), 6.66 (s, 1H), 6.47
(d, 2T =7.88 Hz, 1H), 5.96 (s, 2H).
- Crystallographic description of [Cu'(p-L)]3

Crystal structure with general formula [Cus(Ci6BrO2N2Hi0)3] crystallizes in the
triclinic P-1 space group with a whole molecule in the asymmetric unit, featuring an
asymmetrically oriented pyrazolyl group; the substituents at the pyrazolyl group’s 3- and
5-positions do not show a regular alternating pattern (Figure A1). The structure refinement

parameters and selected structural parameters are shown in Table Al and Table A2,
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respectively. The structure shows crystallographic disorder of the 3,5-substituted groups of
the pyrazolato and was modeled with one pyrazolato in two positions. The copper centers
are all equivalent in a 2-coordinate linear environment formed by two bridging pyrazolyl
ligands. The nine membered [CusNe] metallacycle shows significant deviation from
planarity, the torsion angle of the metallacycle plane is 0.258°. [Cu'(u-L)]3 features well
separated [Cus] units that adopt a flattened chair arrangement. The inter-triangle Cu - Cu
distances within the [Cus] unit are 3.245 A, 3.161 A, and 3.071 A. The Cu — N bond
distances are between 1.77(3) A and 1.92(2) A. The intratrimer contacts between copper
atoms only occur between Cus =+ Cus and Cui " Cui, alternating with one another in an
infinite staircase like chain of trimers with rather long distances of 4.415 A and 4.545 A,

respectively (Figure A3).

Figure A1l. Ball-and-stick representation of [Cu'(u-L)]s.
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Figure A2. Packing of the CusNs metallacycle in [Cu'(u-L)]3 showing intra Cu ...

distances.

Table A1l. Structure refinement parameters for [Cu'(u-L)]s.

Compound [Cu'(p-L)]13
Empirical formula CagH27Br3CusNgOs
Formula weight 1214.10
Temperature/K 273

Crystal system Triclinic
Space group P-1

a/A 12.1348(4)
b/A 14.4421(5)
c/A 14.8078(5)
a/° 92.375(1)
p/e 112.941(1)
v/° 108.701(1)
Volume/A3 2222.1(1)
V4 2

pcalcg/Cm3 1.815
wmm'! 4.178

Ref Coll./Indept. Ref 48868/4360
Rint 0.0801
Param/*Obsv. Ref 738/8121
*GooF 1.045

‘wR> 0.2064

4R, 0.0609

8, > 20(1,)

°GooF = [Z[W(F,*~F2)*)/(No—Ny)]"* (No=number of observations,
N,=number of variables)

‘WR2 = X[|Fol[—|Fc|[/Z|Fo|

R = [(EwW(F5*—F ) /Z|F,[)]"?
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Table A2. Selected structural parameters for [Cu'(u-L)]3.

d Intra d Inter Torsion
o ...N/° _ _
(Cu--Cu)/A £Cu:*-Cu-Cu/ (Cu--Cu)/A £N--+Cu---N/ Arigllle_églli N d Cu-N/A
3.16(1), 3.24(5), 59.99(1), 57.25(4), 4.41(5), 172.53), 0.03(3), 1.85(1), 1.85(1),
3.07(1) 62.75(5) 4.54(5) 178.2(6), 0.13(4), 1.85(1), 1.86(1),
) ) ) 175.0(3) 0.07(4) 1.84(9), 1.85(1)

- 'HNMR and COSY NMR of [Cu(u-L)]3

The 'H-NMR spectra of [Cul(p-L)]J3 was measured in CD2Cl2400 MHz at ambient
temperature (Figure A4). The 'H-NMR shows one set of signals corresponding to the
deprotonated Anle138b ligand, meaning all pyrazolato ligands are equivalent. All coupling

constants are around 7.5 Hz, corresponding to vicinal proton-proton coupling. Protons were

assigned by COSY 'H-NMR (Figure A5).
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Figure A3.'H NMR of [Cu/(u-L)]3 in CD2Cl2 at 400 MHz at ambient temperature.

Protons were assigned based on COSY NMR. Coupling constants are shown in the
spectrum.
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Figure A4. COSY 'H NMR of [Cu!(u-L)]3 in CD2Cl2 at 400 MHz at ambient
temperature.

- FTIR and UV-vis-NIR of [Cu(p-L)]3

FTIR spectra of [Cul(p-L)]3 (Figure A6) shows no stretching bands above 3000
cm’!, which confirms deprotonation of the pyrazole. Bands corresponding to the benzene
aromatic ring are observed at 2102 cm™ and 1840 cm™, and a sharp peak is observed at
1466 cm™ that can be assigned to the C = N stretch. The sharp peak at 1036 cm™ can be

assigned to the C — O stretches and the one at 769 cm! to the C — Br stretch.
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Figure AS5. FTIR spectrum of [Cu'(u-L)]s.

- Materials, Instrumentation and X-ray crystallography

Chemical reagents and solvents were purchased from Aldrich Chemical Co., Alfa
Aesar, Fisher Scientific, and Acros Organics and used as received. IH-NMR spectra were
recorded on a 400 MHz Bruker Avance spectrometers. FTIR spectra was recorded with a
Perkin Elmer Spectrum 100 FT-IR spectrometer. Elemental analyses (CHN) were
performed by Galbraith Laboratories Inc. at Knoxville, Tennessee.

Refer to section 2.7.4 for crystallographic details.
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- Appendix Figures: Chapter 2
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Figure A6. VT 'H NMR spectra of complex 10 in THF-ds at 400 MHz.
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Figure A7. VT '"H NMR of 4-Me-pzH in THF-ds at 400MHz.
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Figure A8. FTIR spectra of free 4-Cl-pzH, and complexes 2, 10, and 13.
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Figure A9. FTIR spectra of free 4-Br-pzH and complex 3.
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Figure A10. FTIR spectra of free 3,5-Me2-pzH and complex 5.
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- Appendix Figures: Chapter 4
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Figure A13. 'H NMR of Fe-intermediate (21) in CD30D at 400 MHz at ambient
temperature (pz" = 4-1-pzH or 4-1-pz).
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Figure A14.'H NMR of Fe-intermediate (21) in (CD3)2CO at 400 MHz at ambient
temperature (pz” = 4-I-pzH or 4-I-pz).
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Figure A15. 'H NMR of Fe-intermediate (21) in THF-ds at 400 MHz at ambient
temperature (pz* = 4-I-pzH or 4-1-pz).
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