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ABSTRACT OF THE DISSERTATION
TOWARDS TRIGONAL PRISMATIC HEXANUCLEAR COPPER COMPLEXES
FOR CATALYTIC WATER OXIDATION
by
David lan James Kreiger
Florida International University, 2019
Miami, Florida
Professor Raphael G. Raptis, Major Professor
Our planet is running out of energy resources and traditional renewables
are not easily transported nor will be sufficient to cover the void left by fossil fuels.
Therefore, a new energy storage system needs to be adopted. The medium with
highest energy density that is readily available is hydrogen from water. However,
to access hydrogen, water needs to be oxidized and water oxidation catalysts
(WOCs) will be required for widespread adoption. In pursuit of WOCs, several
hexauclear copper complexes were synthesized and characterized, including the
isolation and characterization of a mixed-valent Cus (formally, Cu''sCu'") complex.
Furthermore, early in the research, several novel coordination polymers (CPs)
were serendipitously synthesized.
This dissertation is divided into three major parts:
(i) A series of trigonal prismatic Cus-pyrazolato complexes (Cus) form a unique
arrangement of two O?% ions in a favorable position to form an O-O bond without
much external influence. The Cus complexes undergo two reversible one-electron

oxidations and a structurally characterized one-electron oxidized mixed-valent



complex displays an O---O distance ~0.3 A closer than the homovalent compound,
which highlights the propensity of the system towards O-O bond formation.
Spectroscopic findings and DFT calculations on the electronic structure of the
mixed-valent Cus-complex are reported. The results support the hypothesis that a
variation of a Cus motif could function as a water oxidation catalyst.

(i) Three new coordination polymers containing trinuclear Cu(ll)-4-formyl
pyrazolato units connected by formyl group coordination were prepared and the
crystal structures are reported: a 1D polymer formed by linking secondary building
units (SBUs) and two 3D polymers with novel topologies consist of 14-nodal
3842 5%-c and 3-nodal 3,3,4-c nets, respectively.

(i) Two new motifs of Cus-pyrazolato complexes were prepared. One motif
has two pyrazolato bridges between the trinuclear copper subunits with a ps-Cl
situated inside the open cage, and the other has the subunits bridged by a single
pyrazolato ligand. Variable low-temperature NMR and magnetic studies were
conducted. And for the first time, far-infrared spectroscopy studies were used to
determine the characteristic absorptions of various coordination bonds in copper

pyrazolate complexes.

Vi
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Chapter 1 : General Introduction

1.1. Importance and Overview of Water Oxidation Catalysts
There are many challenges for humanity to overcome in the coming decades. The
most important of these challenges is, arguably, energy security. The world’s oil
supply is dwindling and is projected to be depleted within 150 years at the current
consumption rate. With the growing population of the planet and the increased
economic development of India and China, it may be depleted much sooner.!
Beyond the impending collapse of current living standards if an alternative energy
source is not identified, there is the moral question of using our oil reserves for
something as paltry and insignificant as moving metal boxes around and turning
on light bulbs. The hydrocarbons in the oil reserves are of vital importance in the

pharmaceutical and material science industries.

It has been suggested that a shift to other fossil fuels could compensate for this,
however, while there is enough natural gas to last 200-600 years and enough coal
to power the earth for another 1000-2000 years, the carbon emissions could lead

to a runaway greenhouse effect.?

The runaway greenhouse effect leaves us with renewable energy resources for
our energy needs. These too, have their problems, although they can be
overcome. The main issue with renewable resources is distribution. Winds and
rivers are not uniformly distributed across the planet, and therefore a way to

distribute the energy is needed. Solar energy, on the other hand, is available



almost everywhere, although typically for only half the day. Thus, a system for

storage and transportation must be devised.

Currently, batteries are used for energy storage and transportation. But with an
energy density of only 0.5 - 3.0 MJ-kg, batteries cannot store enough power to
make renewable resources viable.?2 The energy storage medium should be a gas
or a liquid as they have a high energy density and can easily be transported.
Nuclear power would be ideal for stationary energy (or on massive vehicles like
aircraft carriers), unfortunately the world is afraid of nuclear energy. Traditional
liquid fuels have an energy density of ~50 MJ-kgt, which is the benchmark for
useful energy storage. Of the many potential targets, hydrogen gas would be the
most desirable as its only combustion product is water and it has an energy density
of 140 MJ-kg at 700 atm.3 Molecular hydrogen effectively does not exist in nature
and must be created from other hydrogen containing sources. The best option
would be the electrolysis of cheap and plentiful water, according to equation 1.

2H20 — 2H2 + O2 113 kcal-mol™?
Equation 14

This is a redox reaction with two half-reactions (Equations 2 and 3).

2 H20 — O2+ 4H* + 4e~  Oxidation E%= 1.23 vs. NHE
Equation 2

4 HY + 4e™> 2H> Reduction E%= 0 vs. NHE
Equation 3



Of these two reactions the formation of oxygen is the limiting step, as it requires

four oxidative equivalents and a potential over 1.23 V as seen in Scheme 1

E°=1.76 V 0-
2H,0 ——— = H0,+ 2 H° %02+4H*

E°=1.23V T

Scheme 1. Lattimer diagram for H20

While the energy requirement for water oxidation is acceptable for laboratory
purposes, it is too large to be implemented on the scale needed to support the
renewable energy transition. That is why it is imperative that a catalyst be
developed to lower the activation energy, increasing the rate of formation. Ideally,

the activation energy should be low enough to be in the range of photocatalysts.

1.1. Water Oxidation Catalysts
The first known water oxidation catalyst (WOC) is photosystem Il (PSIl), which
reduces the oxidation potential by 300 mV.® The active site of photosystem Il was
developed by Nature 2.5-3.5 billion years ago and most likely formed from the
precipitation of manganese oxides that were common in the ocean at that time.%8
The active site of PSIl is a distorted chair-shape with the chemical formula

Mn4OsCa (Figure 1).%10



Figure 1. The Mn4OsCa active center of PSII.1° Mn, purple; Ca, yellow; O, red.

Photosystem Il is the active center in the chlorophyll of plants that generate most
of the molecular oxygen on Earth and is essential to life as we know it. It is a very
efficient catalyst with a turnover number (TON) in excess of 180,000 and a turnover
frequency (TOF) of 400 s1.1t12 |n efforts to match the efficiency of Nature’s
catalyst, many of the catalysts being developed are multinuclear like the PSII
active center. The first synthetic WOC, the “blue dimer” (Figure 2) was synthesized
in 1982 by Meyer et al. and had a TON of just 13.2, using cerium ammonium nitrate
as a sacrificial oxidant.*® Although the blue dimer had a poor TON, it nevertheless
caused an explosion of interest in synthetic WOCs. Since then, there has been

rapid growth and development in the area of WOC:s.



Figure 2. The “Blue Dimer”.13

In the 30 some years since the first WOC was reported many schemes and metals
have been tested. There is little consensus on the best metal or the number of
metal centers required for an efficient WOC and it is impossible to empirically
compare them because of differences in the conditions for the catalytic testing,
such as pH, oxidant, and stirring speed.*3'> Some Ti, Mn, Fe, Ni, Cu, Ru, Ir and
Os complexes and their oxides can catalyze the water oxidation reaction;316-1°
and a fully organic WOC has also been reported.?° It appears that electron
releasing ligands as well as their rigidity and accessibility of their reaction site will
increase the reactivity of WOCs.131621.22 Although the most efficient synthetic
WOCs are mononuclear, effective WOCs tend to be complexes that have
antiferromagnetically coupled high-spin metal centers.'622-26 The most efficient
catalyst under mild conditions to date is an iridium half-sandwich complex with a
TON near 400,000 although it has a low TOF of less than 0.2 s (Figure 3).2¢
Ruthenium catalysts show a much higher TOF, up to an astounding TOF of 50,000

s, which far surpasses PSII, but require a high pH and an over- potential of 0.7



V. (Figure 4).2” However, both metals are rare and expensive and will not serve for

the large scale water oxidation catalysts needed to support a global economy.

0]

Figure 4. WOC with the highest TOF.?’

As mentioned above, even the best WOCs fall far short of PSII or require harsh
conditions. That is because the mechanisms for the oxidation of water by PSII and
synthetic WOCs are different.1”?? Photosystem Il has been extensively studied for
decades and the reaction pathway is confirmed to proceed through the coupling of
one oxygen radical to a bridging oxygen atom within the active center cluster.17.2328

The pathway is significantly different from the reaction mechanism of synthetic



WOCs, which either proceed through a nucleophilic attack by water or hydroxide
to a coordinated oxygen, called the acid-base mechanism (AB), or the coupling of
two oxygen radicals on adjacent metal sites, known as direct coupling (DC)
(Scheme 2).516.17.22 Because of the involvement of highly oxidized metal centers
and oxygen radicals, synthetic WOCs suffer from ligand degradation and
dissociation, and thus, catalyst deactivation.6?> Catalyst deactivation is the
limiting factor that keeps WOCs from being practical. Although PSII is also
degraded through the generated radicals, Nature is constantly repairing the
protein.t72223 A common feature of PSIlI and synthetic catalysts alike is that all
involve two or more oxo ligands in proximity, allowing the formation of an O-O
bond. Although, to our knowledge, there are no discreet molecular synthetic WOCs

that are known to proceed through the reaction pathway of PSII.

—|n+ /OH _|n+
R
M——L——M M——L——M (AB)
0 o I 0 o |n*
|\|/||—|_—||\|/| - M/—L—\M (D)

Scheme 2. Direct coupling (top); Acid-base coupling (bottom).%’

1.2. Polynuclear Copper Centers in Nature - Oxygen Reduction Enzymes
in Comparison to Trigonal Copper Complexes

Multicopper oxidases, such as tree and fungal laccases, ascorbate oxidase,

ceruloplasmin, Fet3p, CueO, and CotA will facilitate the 4e- reduction of Oz to



water; three examples are shown in Figure 5.2°-3° The cycle for dioxygen reduction
is shown in Figure 6, and according to the principle of microscopic reversibility,
multicopper enzymes should also function as catalysts for the reverse reaction,
water oxidation. Several of the enzymes have a triangular Cu arrangement in their
active site, and in the native-intermediate form, possess a us3-O bridging the three
Cu atoms, which are positioned on average about 3.30 A apart, according to
calculations,?®32-41 while the crystal structure co CueO places the copper atoms
3.39 A, 3.67 A, and 3.82 A apart,*? the distances are shown in Figure 7 along with
a Cu-pyrazolate for comparison. Furthermore, it has been determined, using DFT
and magnetic susceptibility, that the copper atoms in the enzymes and the Cus-
pyrazolato complexes are antiferromagnetically coupled with an overall ground
state spin of $=1/2.29:33.36.37.43-48 The copper oxidases cycle between [Cu'"2Cu']
and [Cu'"2Cu'] active centers, and involves two redox processes, which is required
to facilitate the reduction of Oz to water.32343641 The active center, having two
redox processes is similar to the hexanuclear copper complexes from Raptis’

group in that regard.*4>°
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Figure 5. Multicopper enzymes with a trinuclear active site. A: McoC, PDB:3ZX1,;
B: CueO, PDB:1N68; C: CotA laccase, PDB:1W6L.%?2 Cu atoms are orange
spheres. Note the trinuclear Cu active site in all three enzymes.
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Figure 6. Catalytic cycle of a trinuclear copper enzyme.38
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Figure 7. Left: Crystallographically determined Cu distances in the natural
intermediate of CueO (a multicopper oxidase);*? right: Crystallographically
determined distances for Cus-pyrazolate.*®

1.3. Classification of Mixed-Valence Complexes
As mentioned, the multicopper enzymes require a mixed-valent system to facilitate
the reduction of oxygen, therefore it is important to understand the various classes
of mixed-valence and how that relates to our target compounds. Like the
multicopper enzymes, the trinuclear copper-pyrazolato complexes, when oxidized,
are formally Cu'>Cu", although the copper complexes are more accurately
described in most cases as Cu?33+347:4950 due to charge delocalization at most
time scales and temperatures. The delocalization helps stabilize the high-valent
Cu center in the oxidized state. According to the Robin-Day three-class system for
electron delocalization (Scheme 3),°¢ these Cu-pyrazolate compounds fall into the
Robin-Day class Il, or partial delocalization, with class | being fully localized and

class Il being fully delocalized. The degree of electron delocalization is dependent

10



on various things, such as the nature of metals and bridging ligands and the
topology of the assembly. The extent of delocalization can be determined by
analysis of the inter-valence charge transfer (IVCT) band in the near infrared (NIR)

region of their absorption spectra, generally between 5000 — 10000 cm1.57:58

Class | Class Il Class Il
M*-M M-M* | M*-M M -M* (M-M)*
-
Vg

Scheme 3. The three classes of mixed-valence compounds according to Robin-
Day classification system. A: class |, fully localized; B: class Il, partially delocalized;
C: class I, fully delocalized.>®
1.4. Cofacial Porphyrins and Pacman Complexes

There has been much interest in porphyrin dimer complexes (Figure 8a) and
subsequently Schiff-base calixpyrrole complexes (Figure 8b), collectively called
Pacman complexes, since the late 1970’s when a cobalt porphyrin dimer was
shown to catalyze oxygen reduction to water.5%60 Since then, various oxygen
reduction and water oxidation catalysts were developed using Pacman-type
motifs.61-67 Pacman complexes show a penchant for catalysis because of their
ability to allow substrates to bind to both metal centers inside the cleft, which helps

facilitate multielectron processes while inhibiting side reactions.62:6467.68 Various

11



alterations to complexes of cofacial porphyrins and calixpyrroles have emerged
since that time, such as mixed metal complexes,®®"> two different
porphyrins,’%76.77  multiple  pillared bisporphyrins,’®8 and multinuclear
variations.”#8283 When the porphyrins are bridged by long flexible linkers, there is
a great degree of conformational freedom. Another complex of note, a hexanuclear
copper complex that is reminiscent of multipillared cofacial porphyrin complexes
(Figure 9), was reported by the Raptis’ group and consists of a two trinuclear Cu(l)
pyrazolate subunits connected by organic chains in three posisitions.® However,
bispyrazoles, like those used in the hexanuclear Cu(l) complex reported by Raptis,

can easily lead to coordination polymers under various reaction conditions.

e

A B

Figure 8. A, example of a cofacial porphyrin complex;8! B, example of a Schiff-
base calixpyrrole complex.56
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Figure 9. Crystal structure of Cus with trinuclear subunits connected by
bispyrazoles.8* Black, C; Blue, N; Cyan, Cu. Hydrogens omitted for clarity.

1.5. Coordination Polymer Overview
First developed in the late 1990’s,8® permanently porous coordination polymers
(CPs) have attracted a lot of attention for their potential use in various applications.
Coordination polymers generally involve repeating metal centers or clusters held
together by organic bridging ligands, although there is no requirement for the
compound to have metals or organic linkers.86-88 Often coordination polymers will
have secondary building units (SBUs) that consist of metal clusters held together

with charged bridging ligands to form a well-defined structure. The SBUs are then

13



connected by neutral or charged ligands forming a 1D, 2D, or 3D topology.
Coordination polymers can theoretically maintain their porosity when guest
molecules are removed, making them attractive for gas sorption applications. The

stability makes CPs comparable to zeolites.®®

The SBUs made of metals with well understood chemistry are generally preferred
as the pore size can be adjusted by using linkers that are topologically similar, but
of varying lengths to form isoreticular CPs. However, the coordination and overall
topology of a coordination polymer may be affected by the conditions under which
the synthesis was performed, including temperature, solvent, and

concentrations.8°

Specifically, trinuclear copper SBU based CPs have been shown to be effective
catalysts (e.g., for waste water treatment),°°?2 magnetic materials,®%
semiconductors,®*9? cathode/anode materials for rechargeable batteries, and be

useful for selective gas sorption.%0:%3

1.6. Brief Overview of Pyrazolate Coordination Chemistry
Pyrazoles (pzH) and pyrazolates (pz’) have rich coordination chemistry. Pyrazoles
are monodentate while pyrazolates have a wide variety of coordination modes
available (Scheme 4),°* although only a few are commonly found (e.g., k!, K?,
k:ki-p) with the other coordination modes are restricted to more exotic reaction
conditions. In copper chemistry, the k:k!-p coordination mode features

prominently in many compounds. The k%:k!-u coordination mode allows for the

14



formation of triangular complexes as the bite angle between the two nitrogen
atoms is 60°. The angle is similar to carboxylate ligands, but pyrazolates are less
labile than carboxylates, allowing for reversible redox processes. There are also
fewer atoms between the metal centers with pyrazolate ligands (N-N) compared
with carboxylates (O-C-O), which allows for greater electronic and magnetic
communication between the metal centers. Pyrazoles can also be functionalized
at the 3, 4, and 5 positions, allowing control of electronic and steric properties, in
turn enabling metal pyrazolate complexes to be modified in such a way as to
preferentially favor particular geometries, nuclearities, and electrochemical

properties.%4-9
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1.7. Objectives and Hypotheses:
The conversion of water to dioxygen is a four-electron process that requires two
oxygens being brought into close proximity. Hexanuclear copper pyrazolato
complexes consist of two triangular subunits assembled from three copper atoms
and three pyrazolates with a central ps-O? ligand (Figure 10). The subunits are
held together by three bridging pyrazolates that place the ps-O atoms ~3.5 A apart
with little coercion. If these atoms were brought closer and the O-p: orbitals start
to overlap, upon oxidation, it may be possible to form a formal bond (Scheme 5).
Once this two-electron process is complete, the ps-dioxygen ligand would have to
be released, at which point the 022" would easily lose two more electrons to the
surrounding environment to yield an Oz molecule, or disproportionate into Oz and
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Scheme 5. Qualitative molecular orbital diagram if the O-p; orbital overlaps and
oxidation was centered on the ps-O ligands.
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Figure 10 Archetypal hexanuclear copper pyrazolate.*® Black, C; whie, H; red, O;
blue, N; cyan, Cu. Anions are omitted for clarity.

With the goal to enable Cues motifs to function as catalysts, several aspects of these

compounds must be explored or modified:

1) Obtain evidence that the oxidation processes of the Cus motif could be
p3-O centered.
Currently, it is known that the Cus-pyrazolato complex has two redox
processes, which have been shown to lead to an IVCT band, meaning that
the electrons are delocalized over the Cu atoms. However, if these
processes remain Cu-centered even if the ps-O ligands were brought close
enough together to facilitate the O-p: orbital overlap (Scheme 5), no bond

will form if the electrons are lost preferentially from the Cu centers. That is
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why it is of utmost importance to isolate the oxidized Cus and characterize
it by single-crystal X-ray diffraction, magnetic susceptibility, K- and L-edge
absorption, and NMR to determine if there is any indication that an O-O
bond could form.

2) Bring the p3-O ligands closer together to facilitate O-pz overlap which will
allow for a formal O-O bond to form upon oxidation.
Overlap of the O-p: orbitals can be accomplished by allowing the Cus
subunits to rotate into a staggered position. Currently, the Cus motifs in the
literature are held together by rigid linkers that keep the Cu atoms in an
eclipsed position. As the Cu atoms are larger than the central ps-O ligand,
they prevent sufficient overlap of the O-p: orbitals to make a formal bond
upon oxidation. Thus, it is necessary to employ flexible ligands (Scheme 6)
to allow for the Cu atoms to rotate into a staggered position, thereby
bringing the O atoms closer and facilitating the O-pz overlap, which is

similar to a compound Raptis has already reported.8
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Scheme 6. Qualitative example of the rotation flexible ligands would facilitate.
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While this particular goal eluded this study, three new coordination polymers
were synthesized, two with unique topologies, so it was decided to pursue
studies on them.
3) Synthesize “open-cage” Cus Motifs.

In the literature, all Cus motifs are fully enclosed with three bridging ligands.
If a formal O-O could be achieved, the O2? ion would have to be released
from the Cus motif. To facilitate this, an open cage would present an easy
route for the 022 ion to be released (Scheme 7). Furthermore, this open
cage motif would be structurally similar to the Pacman complexes which
have been shown to catalytically facilitate Oz reduction.

N\ " "
Cu

T >

e C‘C(F/ N T
Cu<\ Sy SN ol
C /O—CU CU CU

Scheme 7. Qualitative example of O2? release from an open cage. Charges only
account for Cu and O atoms
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Chapter 2 : Mixed-Valent Cues-Pyrazolato Complex as a Candidate for Water
Oxidation

2.1. Introduction

One of the major challenges facing humanity in recent years the
identification of candidate compounds that can convert water to hydrogen and
oxygen for use as an energy source. Existing technology is either energetically or
economically unfeasible.! For example, fuel cells can execute water oxidation, but
they require an exorbitant amount of energy to do so. There are plenty of water
oxidation catalysts containing precious elements, such as ruthenium or iridium, but
their practical applicability is limited by their cost. Scientists have been searching
for an ideal compound for water oxidation, preferably using first row transition
metals, such as cobalt, manganese or iron, and to lesser extent, copper, nickel,
and titanium.1%1997.98 Whereas, there are various examples of water oxidation
catalysts in the literature, there is room for improvement: With the highest TON of
15,000, for Mn based catalyst,®® and highest TOF of 1400 s?, for a cobalt
complex,'® both requiring an overpotential too great for mass commercial

adoption or become easily poisoned.

We turned to copper as the metal of choice for water oxidation because of the
following reasons: its versatile coordination geometry, tunable redox-potential
defined by its coordination environment and above all, the ease with which one
can obtain copper. Copper is virtually everywhere, and if we can repurpose copper

from wires into a water oxidation catalyst, it is going to be a great achievement.
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Copper(ll) is also present in the active sites of many enzymes that catalyze energy
intensive reactions, such as methane oxidation to methanol in multicopper
oxidases, some examples of these enzymes are tyrosinase and ascorbate
oxidase.?2:309:33.35 A common feature in several of the Cu-containing enzymes is the
presence of a multicopper center carrying out the electron transfer process in an

efficient manner.

In addition to the literature examples of polynuclear Cu complexes with reversible
redox processes,#101-109 we have had a hand at a series of trinuclear Cu-
pyrazolato complexes that undergo a reversible one-electron oxidation
process.*8%0 The redox processes are achieved at a relatively low potential and
can be modified by the substitution of the pyrazolate ligands.>® Additionally, we
have reported the synthesis, electronic structure, magnetic properties, and redox
processes of several hexanuclear trigonal prismatic Cus-pyrazolato complexes
earlier.#®4° The Cus-pyrazolato complexes display two step-wise, one-electron
redox processes.*® It was also envisaged that, upon oxidation, depending on the
substitution on the pyrazolato groups, it may be possible to transfer the oxidation
from Cu-centers to the oxygen atoms to promote the formation of a favorable O---O
interaction. In this paper, we present for the first time, structural and spectroscopic
characterization of a mixed-valent (MV) hexanuclear complex where the oxidation
has been predominantly centered on the Cu-centers. However, there is also some

shortening of O---O distance compared to its homovalent (HV) analog and
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increased spin density on the p3-O atoms. Cu K-edge X-ray absorption

spectroscopy provides support for Cu-based oxidation.

2.2. Experimental
2.2.1. Materials and Methods
All commercially available reagents were used as received. Solvents were purified
by standard purification procedures. PPN[1] was synthesized by following the

previously reported procedure.*®

2.2.2. UV-vis-NIR
The UV-vis-NIR spectra were recorded on an Agilent 5000 spectrophotometer in

a quartz cuvette and dichloromethane solution.

2.2.3. Infrared Spectroscopy
The IR spectra were recorded on Agilent Technologies Cary 600 Series FTIR
spectrometer. The sample was mixed with Csl at an approximately 1:10 ratio

ground into a powder and pressed into a pellet.

2.2.4. Single-Crystal X-ray Diffractometry
Single crystals of the compounds were mounted on a Mitegen® Cryoloop™ using
Parabar™ oil and diffraction data were collected on a Bruker D8 Quest
diffractometer equipped with a Photon 100 CMOS using Mo-Ka radiation. Data
were collected using APEX 3; structure solution was obtained using intrinsic
phasing with SHELXT.110 Data were refined by least-square methods available

within SHELXL!? using the Olex2 interface.1?
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2.2.5. X-ray Absorption Spectroscopy
The Cu K-edge X-ray absorption spectroscopy experiments were performed on
beamline 6-2 at and Cu L-edge absorption spectroscopy on beamline 8-2 at
Stanford Synchrotron Radiation Lightsource in Stanford, CA. The beamline was
equipped with Si(111) double crystal monochromator. The sample data were
internally calibrated using a Cu foil edge with the first inflection point assigned to

8980.3 eV.

2.2.6. Synthesis of [1]
To synthesize [1], PPN[17] (0.025 mmol, 25 mg) and benzoyl peroxide (0.0125
mmol, 7 mg) were mixed in 5 mL CH2Cl2 at room temperature for 3 hours. The
reaction mixture was filtered through celite and condensed to dryness. The
resulting solid was washed with cold methanol to remove excess benzoyl peroxide
and the PPN-benzoate salt that was generated during the reaction. X-ray quality
single crystals of [1] were obtained after one week by slow evaporation from an

NMR tube. Crystalline yield 29.5%.

2.3. Results and Discussion
2.3.1. Synthesis
Mixed-valent compound [1], [{Cus(u3-O)(u1-pz)s}2(K-3,5-Ph2pz)s] was synthesized
from reacting the previously reported*® PPN[1], where PPN =
bis(triphenylphosphoranilydinium), [PhsP=N=PPhs]* and pz is pyrazolato anion
(CsHsN2)~. The oxidation was effectively performed by oxidative equivalents of

(NH4)2[Ce(NOs3)s], H202, PhlO or benzoyl peroxide. X-ray quality single crystals
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were obtained from the reaction of PPN[1] and 0.7 eq. benzoyl peroxide in
CH2Cl2. [1] is relatively stable at room temperature but decomposes slowly to the
parent [1] or to various Cus compounds. When more than 2 eq. of oxidizing reagent
is used, [1] decomposes.
2.3.2. UV-vis-NIR absorption Spectroscopy and UV-vis-NIR
Spectroelectrochemistry

The UV-vis-NIR spectroelectrochemistry helped confirm that complexes are
indeed mixed-valent as [1] and [1*] showed IVCT bands (Figure 11, 9700 and
10100 cm?for [1] and [1*], respectively) ~400 cm away from each other. The
presence of IVCT bands indicates that a valence-trapped situation in [1] or [1]*
does not exist in the electronic spectroscopy time-scale (101°s). AT value of ~0.45
for both [1] and [1*] (determined by equation 4) suggests that the system at hand
is a weakly coupled delocalized system, pertaining to Robin-Day Class I
(0 < T <0.5).5 Hap value for [1] was calculated to be 4600 cm! using (equation 5)
with the rav of 3.315 A, average intra-trimer Cu---Cu distance from the crystal

structure of [1].

Av
r=1- 5
Avl/z

Equation 4

Where Av is the energy of the band maximum and Avf/z is the full width-at-half-

height of the band.
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Equation 5

Where H,, is the electronic coupling parameter, p,, is the transition dipole
moment of the IVCT band, Av is the energy if the band maximum, e is the electric

charge, and R is the distance (A) between the redox centers involved in electron

transfer.
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Figure 11. NIR region of the UV-vis-NIR spectra [1] (left) and [1*] (right)

2.3.3. X-ray Crystallography
The electrochemical reversibility from their voltammetric study tells us that there is
minimal structural alteration upon oxidation of the parent Cu''s species. Therefore,
we attempted to prepare the one- and two-electron oxidized analogues in bulk,
chemically, and isolate them. Using 0.7 equivalents of benzoyl peroxide reagent,
[1] was generated in solution, as indicated by UV-vis-NIR spectrum. After 3 hours,
the reaction mixture was filtered through celite and condensed to dryness. The

resulting solid was washed with cold methanol to remove excess benzoyl peroxide
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and PPN-benzoate that was generated during the reaction. X-ray quality single

crystals of [1] were obtained by slow evaporation in an NMR tube.

— — - 0 +

(Cu Iy, (C Usny,,, _ (C Ysm,,,

Cym—0—Cu e Cym—0—Cu e cum=0——¢u
—_— ——

C u /I[,, C u /II n, C u IIII,

Cu w—0—Cu Cu = O0—Cu Cu w—0—Cu

Scheme 8. Stepwise oxidation of PPN[17]

Complex [1] crystallizes in the hexagonal space group P6sm and the
crystallographic data are collected in Table 1 and selected angles and distances
in Table 2. The standout difference between the two structures is the O---O
distance: 3.467(4) A in [1] and 3.17(1) A in [1]. The neutral compound has 3-fold
symmetry and is reflected in the crystallographic hexagonal symmetry. One sixth
of [1] is present in the asymmetric unit. The symmetry is preserved in solution,
which is clear from the NMR spectrum (Figure 17). The two Cus-pyrazolate
triangles are arranged in a trigonal prismatic manner by 3,5-diphenylpyrazolato
clips. Inter-trimer Cu---Cu distances in [1] are 2.975(1) A, similar to those in [17],
which are 2.975(3) — 3.020(3) A. Cu---Cu distances within trimers are slightly

longerin [17.
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Table 1. Crystallographic Data for [1].

Identification code [1]
Empirical formula C126H90Cu12N360s
Formula weight 2998.93
Temperature/K 273.15
Crystal size/mm?3 |0.08 x 0.037 x 0.027
Crystal system hexagonal
Space group P63/m
a (A) 13.617(2)
b (A) 13.617(2)
c(A) 21.124(4)
a(°) 90
B () 90
vy () 120
V (A3) 3392.1(1)
Z 1
Pcalc (g/cm?) 1.468
p/mm-t 1.905
Total data 63945
Unigue Data (Rin)) |2387 (Rint = 0.1340)
20 range (°) 5.984 to 52.818
Goodness of fit (GOF) 1.051
RuwR2 (I > 20(1)) 0.0538/0.1241
Ru/wR: (all data) 0.0993/0.1390

9

Figure 12. Crystal structure of [1]. Black, C; white, H; blue, N; red, O; cyan, Cu.
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Table 2. Structural parameters between PPN[1] and mixed-valent [1].

[17] ([CusO2]*2*), A [1] ([CusO2]™3Y), A

1.883(5), 1.894(5), 1.886(5),

Cu—0 1.890(5), 1.886(5), 1.883(5) 1.9001(2)
1.957(7), 1.964(6), 1.934(6),
1.942(6), 1.946(7), 1.949(7),

CU—Np: 1.940(6), 1.943(6), 1.943(6), 1.9319(2)
1.953(6), 1.946(6), 1.949(6)
2.020(6), 2.043(7), 2.050(6),

CU—Nenzpz 2.051(6), 2.007(6), 2.026(6) 2.0072(2)
Cu---Cu (inter-trimer) 2.999(3), 2.975(3), 3.028(3) 2.9738(2)
Cu---Cu (intra-trimer) %2232((%)) %226;%((%)) 22253%((3;)) 3.2868(4)

0---0 3.461(9) 3.1681(6)
. 118.5(3), 116.6(2), 120.3(3),
Cu-0-Cu () 116.6(2), 119.6(2), 119.2(2) 119.745(9)

2.3.4. Cu K-edge X-ray absorption spectroscopy (XAS)
The K-edge XAS is instrumental in finding the oxidation state of a metal in a
complex. Only rarely has the K-edge technique been used to describe high-
valency in a multinuclear system.13114 And when it comes to Cu(lll) complexes,
only a limited number of examples are available in the literature,'3-116 where the
K-edge spectrum of a mononuclear Cu(ll) complex originally was compared with
that of its Cu(lll) congener to determine the characteristic pre-edge energies.113114
The pre-edge energies for the Cu(ll) is at 8979.2 eV whereas that for the Cu(lll)
complex is at 8980.2 eV. The intensity difference of the pre-edge features shows
increased symmetry for Cu(lll) — higher intensity in Cu(ll) results from a greater
distortion from the square planar geometry. The K-edge data generated from
mixing two dinuclear Cu'/Cu" complexes reproduce that of a mixed-valent
dinuclear Cu'"/Cu"" complex well. Isolated Cu'/Cu'' complexes are distinguished

easily by the energy shifts of the pre-edge peaks.!*®* However, the mixed-valent

29



complex and the stoichiometric mixture do not show two peaks at 8979 and 8981
eV. Rather, they show a slight shoulder in the pre-edge region.'** The second
derivatives of the spectra show that the 1s - 4p + shakedown transition is split

indicating the Cu" and Cu'" energies at 8985 and 8987 eV, respectively.

Unlike previous systems, the ones studied herein comprise the homovalent and
the mixed-valent analogue of the [{Cus(us-O)}2]-complex. Based on these findings,
the K-edge spectra of PPN[17] (all-Cu") and [1] (formally, Cu"sCu'" or Cue!®*) were
analyzed. The spectra were recorded on powdered samples at 10 — 15 K mounted
on an aluminum slit at the Stanford Synchrotron Radiation Laboratory (see
Experimental Section). Maintaining the samples at low temperatures prevents
photoreduction of the samples in high energy X-rays. The homovalent complex
[17] showed a typical K-edge spectrum with a pre-edge absorption at 8977.5 eV
and a peak in the rising edge at 8982 eV (Figure 13). The pre-edge absorption
shifts slightly in the mixed-valent complex to 8978.0 eV, while the rising edge shifts
to 8982.5. The pre-edge peaks at 8977.5 eV (HV) and 8978.0 eV (MV) can be
assigned to 1s = 3d electronic transition in Cu.113114.116 The shifts to higher energy
for the pre-edge and rising edge absorptions are, presumably, consistent with the
higher nuclear charge of the mixed-valent complex. The shifts are only fractional
(0.5 eV, ~4000 cm?), as expected for a +0.165 overall charge difference per Cu-
center between the two complexes, which is similar to what is found in the [Cus(O)]
system (Figure 14),11” and indicates that the charge is localized on one of the two

trimers. A trinuclear Cu"'Cu'2 system was analyzed using K-edge XAS and a shift
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of 0.5 eV to higher energy indicates the presence of an additional +0.33 charge on

each copper.tt4
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Figure 13. (Top) Cu K-edge X-ray absorption spectrum of [17] (black) and [1]
(red) and the second derivate of the spectra (bottom).
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Figure 16. Close-up of shift in L-edges of PPN[17] (orange) and [1] (blue).
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2.3.5. NMR
The NMR of [1] (Figure 17) is vastly different from [17]. The paramagnetic shift of
[1] is almost nonexistent, with all of the peaks falling in or near the aromatic region.
The peaks do not match the free ligands, indicating that the NMR is indeed of [1].
The NMR spectrum also contain peaks for benzoate/benzoic acid and PPN, as
well as minor peaks from unoxidized [17]. However, the NMR was sufficiently clean
to identify the protons corresponding to [1]. The NMR and comparison of the
proton signals from [17] and [1] can be seen in Table 3 (labels seen in Scheme 9).
The smaller paramagnetic shift indicates the spin density is father away from the

protons in [1].
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Figure 17. NMR of [1]
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Scheme 9. Proton labels for PPN[17] and [1]

Table 3. Proton shifts for PPN[17] and [1]

Ha Hb He Hd He Hf
PPN[11] 35.35 18.86 28.67 11.93
[1] 8.07 7.91 5.81 7.37 7.64 7.11
2.3.6. Far-IR

The far-IR (Figure 18) does not show any shift in the Cu-O bond absorption.
Although, this is not unreasonable. Since the copper atoms of one subunit is only
reduced by 0.165 electrons the strength of the Cu-O bond will not be very different
from PPN[1]. What can be noted from the IR is the reduction in width of the peaks
in the aromatic distortion frequencies, 675-775 cm™, and shows that the
counterions of PPN[17] are no longer present, indicating that the IR spectrum is, in

fact, of [1].
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Figure 18. IR and Far IR of PPN[17] (black) and [1] (red).

2.4. Conclusions
Here we present solid evidence that there is a possibility that Cues-pyrazolato motifs
could functional as water oxidation catalysts. The crystal structure the MV-Cus
compound shows that the distance between the two ps-O ligands is reduced by
approximately 0.3 A, to 3.17(1). The combined van der Waals radii of the two
oxygen atoms 3.04, very close to the crystallographic distance of [1]. The reduction
of the O---O distance, suggests that upon further oxidation, and perhaps
functionalization of the pyrazolates, the O atoms can be brought close enough for
O-pz overlap to occur. The Cu K-edge XAS indicates that the charge is delocalized
among all the Cu atoms. The NMR shows a remarkedly reduced paramagnetic

shift.

Preliminary magnetics and DFT being performs by our collaborators point to an

increased spin density on the oxygen ligands (Figure 19).
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Figure 19. Qualitative map of spin density on [1].
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Chapter 3: Coordination polymers based on pyrazole-4-carboxaldehyde-
containing CusNe metallacycles as building units.1t®

3.1. Introduction:
In pursuit of the aim of my research, a flexible motif needed to be synthesized.
Therefore, pyrazoles with a formyl group at the 4’ position were used to create the
Cus subunits with the idea of further modification using condensation reactions.
The Cus subunits with terminal CI- ligands and an overall 2 charge were
synthesized and isolated. When reacted with m-xylene diamine or 1,4-
diaminobutane, an insoluble powder was obtained. Originally thought to be a
polymer, the reaction was repeated by adding the reactants, on a 0.25 mmol scale,
dropwise over the course of 4 hours into 500 mL of DCM to prevent polymerization.
The same insoluble powder was obtained, which led to the conclusion that the
product may be insoluble because of the overall charge of the resulting product.
Thus, a positively charged variation with terminal pyridines and an overall charge

of 1" was seen as a possible solution to the insolubility problem (Scheme 10).

1+
o\ —‘

Scheme 10. Proposed trimer with terminal pyridine and an overall charge of 1*.
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During the crystallization step of the Cus subunits, it was discovered that the
reaction had led to various coordination polymers. Studies of the polymers were
pursued as they were possessed a rare Cu-aldehyde bond. And while the
coordination chemistry of carbonyl compounds has been well explored in
carboxylic acids, and less frequently in amides, aldehydes seldom feature in
coordination complexes, except when completing a chelate bite. For example,
pyridine-2-carboxaldehyde is a common chelate, whereas pyridine-bis-2,6-
carboxaldehyde has been used as a pincer ligand for metals in labile oxidation
states.1®-122 Aromatic aldehydes, e.g., benzaldehyde, tend to form few first row,
o-bonded coordination complexes, except with Zn(I1).120124-133 |n g few cases,
aldehydes bind Zn(ll) stronger than some anionic ligands.3*135 A search in the
Cambridge Structural Database for coordinated aldehydes (with H-atoms on B-
carbons) turns up approximately one hundred crystal structures, of which fewer
than one half involve first row transition metal complexes with either a o- or n-,n?-
bound aldehyde. Some of the frequently encountered Zn-aldehyde complexes
have been studied as models of liver alcohol dehydrogenase.*:137 Magnetic
exchange mediated by bridging, s-bound —CH(O) groups has been described in a
manganese 2D-coordination polymer [O-Mn: 2.197(7) A].13 To the best of our
knowledge, only four coordination polymers containing CH(O)-bound Cu centers
have been reported: Two containing only fairly long Cu-O interactions of 2.723(7)
A120 and 2.877(3) A,138 while significantly shorter Cu-O bonds of 2.296(6) A and
2.005(4) A were measured in the other two.139.140 Polynuclear Cu(ll)-pyrazolato

cluster chemistry is rich with nuclearities ranging from two to 34.1#! 4-Subsituted
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pyrazolates typically yield trinuclear metallacycles: We and others have published
pyrazolato complexes of the general formula [Cus(us-E)(u-4-R-pz)sXs]?, where E =
O, OH, Clz, Brz, OMe, OEt; R = H, Cl, Br, NO2, Me, Ph, CH(O); X = Cl, Br, SCN,
NO2, CF3COz2, PhCOO, py and z = 1-, 2-, 1+ or 2+.46:142-145 The trinuclear subunits
can also be strung together as structural building units (SBUs) with suitable linkers
to form 1D-chains, 2D-sheets and 3D-lattices.?® We have also reported the
pyrazole-4-carboxaldehyde-containing, OD-complex (PPN)3[Cu3s(us-O)(u-4-CH(O)-
pz)3ClI3]Cl.1#? Here, we are now showing that, in the absence of other terminal or
bridging ligands, 4-CH(O)-pz can be used as a ps,n3-linker by itself to form
extended networks. Specifically, we are reporting three new coordination polymers
(CPs), [3](CF3S03)2, [4](CF3S03)2 and [5](ClOa4)2, constructed by assemblies of
[Cu"3(us-OH)(u-4-CH(O)-pz)3]?* cations clipped together by short intermolecular
Cu-(O)HC bonds, along with the corresponding Cl-terminated SBU, (PhaP)2[1],
and one bipyridine-linked CP, [2](CFsS0Os)2. Topological, geometrical and 3D-

structural properties of four extended network compounds are also discussed.

3.2. Experimental:
3.2.1. Materials and Methods
The CuCl2-2H20, Cu(ClO4)2-6H20, tetraphenylphosphonium chloride, 1,2-
bispyridylethylene (1,2-bpe, Acros), Cu(CFsSO0s)2 (Alfa-Aesar), and 4-
CH(O)-pzH (Combi Blocks, Inc.) were purchased from commercial sources
and used without further purification. Solvents were purified using standard

procedures.'#® All reactions were conducted open to the atmosphere.
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3.2.2. X-ray Crystallography
Single crystals of the compounds were mounted on a MiteGen® CryoLoop™
or on a glass fiber and diffraction data were collected on a Bruker D8 Quest
diffractometer equipped with a Photon 100 CMOS or a Bruker APEX Il
diffractometer with a SMART detector using Mo-Ka radiation. Data were
collected using APEX 3 or APEX 2 suite; structure solution was obtained
using intrinsic phasing with SHELXT.%!0 Data were refined by least-square
methods available within SHELXL!! using the Olex2 interface.''? Electron
densities corresponding to disordered interstitial solvent molecules were

accounted for by using the MASK routine available within Olex2.

3.2.3. X-ray Powder Diffraction
Powders of samples were loaded in a capillary and mounted on the Bruker
D8 Quest diffractometer and 360° phi-scan images were collected. The

scans were integrated using Fit2D to obtain powder patterns.3334

3.2.4. Topology
Topological analysis was performed with the ToposPro program package

and the TTD collection of periodic network topologies.4’

3.2.5. Void Volume
Solvent accessible void volume for [2](CF3S03)2, [4](CF3S03)2 and

[5](ClO4)2 was calculated using Mercury program package.'48
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3.2.6. IR data
The FT-IR data were collected using an Agilent Technologies Cary 600
Series FT-IR spectrometer with 16 scans from 4000-500 cm. Data were
analyzed using Spectragryph 1.2.10 software.'*® Powdered samples were
placed on the ATR stage and data were collected, then minimal acetonitrile
was added to dissolve the compounds and data were collected from the

resulting solutions.

3.2.7. Thermogravimetric Analysis
The TGA was performed with a TA instruments SDT Q600 from RT to 900

°C at a heating rate of 5 °C/min with He as the carrier gas.

3.3. Synthesis
3.3.1. (Ph4P)2[Cus(ps-O)(u-4-CH(O)-pz)sCls], (PhaP)2[1]
To Synthesize (PhaP)2[1], CuCl2-2H20 (1 mmol, 170.5 mg), 4-CH(O)-pzH (1
mmol, 96.1 mg) NaOH (2 mmol, 80 mg, and Ph4PCI (0.66 mmol, 262.4 mg)
were mixed in 25 mL CH2Cl2 overnight. The mixture was filtered to remove
excess NaOH and NaCl. The filtrate was concentrated under reduced
pressure and crushed out with diethyl ether. The resulting solid was filtered
off and air-dried overnight. X-ray quality single crystals (0.21 mmol, 277 mg;
yield 65%) were grown by slow diethyl ether vapor diffusion into a CH2Cl2

solution of (PhaP)2[1].
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3.3.2. [Cu3(pu3-OH)(u-4-CH(O)-pz)3(u-1,2-bpe)2(1,2-bpe)2(H20)](CF3S03)2
-3H20, [2](CF3S0s3)2

To synthesize [2](CF3S0z3)2, Cu(CF3S0s3)2 (0.60 mmol, 225 mg), 4-CH(O)-
pzH (0.56 mmol, 53 mg) and NaOH (0.94 mmol, 38 mg) were mixed in 25
mL MeOH. 1,2-bpe (0.96 mmol, 187 mg) was dissolved in 25 mL MeOH and
was added dropwise to the Cu salt solution over 2 h. The reaction mixture
was stoppered and stirred overnight at room temperature. A small amount
of brown precipitate was filtered off and the filtrate was allowed to evaporate
slowly to yield blue-green crystals (0.11 mmol, 181 mg; yield 57%) of
[2](CF3S0s3)2 over two weeks. Analysis calculated for Ce2HssN14CuzO14F6S2:

C, 46.78; H, 3.67; N, 12.32. Found: C, 46.63; H, 3.66; N, 12.34.

3.3.3. {[Cu3s(u3-OH)(u-4-CH(O)-pz)3(H20)3](CF3S03)2}n, [3](CF3S03)2
To syntheize [3](CF3S0s3)2, Cu(CF3S0s3)2 (1 mmol, 361 mg), 4-CH(O)-pzH (1
mmol, 96 mg) and NaOH (2 mmol, 80 mg) were mixed in 25 mL of pyridine
overnight at room temperature. The reaction mixture was filtered, and the
solvent was removed under reduced pressure. The residue was suspended
in 10 mL of THF and filtered (0.08 mmol, 66 mg; yield 24%). X-ray quality

dark-blue single crystals of [3](CF3S0Os3)2 were obtained after one week.

3.3.4. {[Cus(us-OH)(u-4-CH(O)-pz)3(py)3] (CFsSO3)2}n, [4](CF3SOs3)2
The coordination polymer [4](CF3S0O3)2 was obtained as was an impurity of
the synthesis of [3](CF3S0s3)2 and was isolated as a few a X-ray quality

crystals from the bulk powder of [3](CF3S03)a.
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3.3.5. {[Cus(u3-OH)(u-4-CH(O)-pz)s](ClO4)2}n, [5](ClO4)2
The coordination polymer [5](ClO4)2 was prepared using the same
procedure as [3](CF3S03)2, using Cu(ClO4)2-6H20 (1 mmol, 370 mg) instead
of Cu(CF3S03)2. X-ray quality crystals were obtained by slow diffusion of
diethyl ether vapor into a THF solution of [5](ClO4)2 (0.23 mmol, 162 mg;

yield 70%).

3.4. Crystallography
Crystallographic details on the compounds discussed here are summarized
in Table 4 and selected bond lengths and angles are listed in Table 5.
[2](CF3S03)2 , [3](CF3S03)2, and [5](ClOa4)2 contained interstitial solvent
molecules that were removed using the SQUEEZE protocol available with
PLATON.® The amount of solvent molecules was determined from a
combination TGA and elemental analyses. In [2](CF3S03)2, the (u3-OH) is
located on a Cz-axis and coplanar with the three Cu-atoms. However, its
thermal ellipsoid is vertically elongated, indicating that the pyramidal OH-

group is disordered among two sites, above and below the Cus-plane.
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Table 4. Crystallographic data parameters for compounds in Chapter 2

Compound (Ph4p)2[1] [2] (CF3803)2 [3] (CF3803)2 [4] (CF3$O3)2 [5] (C|O4)2
Formula Ce0H49CIl3Cu | Ce2Ha9CusFe C2s8H20Cus C38H40Cus C12H9Cl2Cus
3NeO4P> N14013S> F12N12029S4 F12N14020S4 NeO12
fw (@amu) 1276.96 1566.89 1726.04 1740.24 689.78
Tem?ﬁ;at“re 293(2) 296(2) 296(2) 293(2) 296(2)
. 0.31x0.12x | 0.27x0.26x | 0.10x0.17x | 0.54x0.46 x | 0.28 x 0.28 x
Size (mm?) 0.05 0.23 0.17 0.24 0.18
g;gfetﬁi Triclinic Monoclinic Monoclinic rhoormgi_c Cubic
Space group P1 C2/c P2i/n Pna2: 143d
a (A) 12.858(1) 11.903(1) | 18.9259(8) | 17.989(1) | 23.8296(8)
b (A 13.770(1) 25.050(2) | 15.1550(7) | 17.989(1) | 23.8296(8)
c (A 18.617(2) 23.801(2) | 20.6283(9) | 24.289(2) | 23.8296(8)
a (%) 76.345(1) 90 90 90 90
B (°) 75.103(1) 97.605(1) 91.700(1) 90 90
v () 66.284(1) 90 90 90 90
V (A3 2883.3(4) 7034(1) 5914.0(5) 7860.3(8) 13531.6(1)
Z 2 4 4 4 16
pealc (g cmM) 1.471 1.480 1.936 1.471 1.354
i (mm) 1.343 1.044 2.390 1.792 2.074
Total data 33257 40230 1574738 146084 140252
Unigue data 13010 8364 12220 16148 2327
(Rint) (0.0285) (0.0252) (0.0441) (0.0351) (0.0488)
o 3.832 to 4.00 to 5.728 to 5.518 to 6.398 to
20 range (°) 55.312 46.48 53.01 52.92 52.832
Goodness of
fit (GOF) 1.025 1.034 1.040 1.038 1.068
Ri/WR2 (I > 0.0393/ 0.0637/ 0.0508/ 0.0371/ 0.0349/
2a(1)) 0.0970 0.1799 0.1384 0.0935 0.0930
R1/wR> (all 0.0679/ 0.0817/ 0.0673/ 0.0416/ 0.0383/
data) 0.1104 0.1961 0.1510 0.0970 0.0963
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Table 5. Selected bond lengths and angles for complexes 1-5 in chapter 2

[1]* [2]* [3]* [4]% [5]*
oot | LB | U | MEE | dme | eeow
o | vm | mm |y | S | e
S o R R T
Cu-bpe N/A 22'_%2((1))* N/A N/A N/A
0-Cu-Bpe N/A 159.2(1) N/A N/A N/A
0---Cu-plane N/A N/A 0.517,0.534 | 0.508, 0.567 0.603
Cu-OCIOS/OTf N/A N/A 2212675((55))' z ig%) 225;72%((35))
Cu-0-Cu 1112%'57((11))' 120.0(1) 1111%_%((12))' 1111%_51((22))' 111.1(2)
N-Cu-N 1167%.?5,%))_ 1167%.3:);((12))_ 1167%.75((22))_ 116777'.89((22))_ 175.7(2)
0-Cu-0 N/A N/A 11672‘_55((11))' 116;58'_56((22))' 171.1(2)
e e e
DG | w | e | S| S | e

1.183(8),
C=0 (free) v ;g%; 11125662((%)) 1122%2((2)) N/A N/A
(C=0)0-Cu N/A N/A 2.020(3) 1.973(4)- 1.982(4)

2.479(5)




3.5. Results and Discussions
3.5.1. Synthesis
All five compounds form by self-assembly, upon mixing a Cu(ll) salt, 4-
CH(O)-pzH, NaOH, a counterion and pyridine or 1,2-bpe in an organic
solvent. The only discrete trinuclear complex is (Ph4P)2[1] and has terminal
chloride ligands instead of a bridging linker. Coordination polymer
[2](CF3S03)2 was obtained in a soluble form only from a dilute reaction
mixture to which the linker was added slowly; Fast addition of the linker
forces rapid precipitation of [2](CF3SO3)2 as an amorphous solid whose
composition was determined by elemental analysis. Crystals of [2] (CF3S0O3)2
were formed in good yield by slow evaporation of the filtrate. In the
structures of (PhaP)2[1] and [2](CF3SOs3)2, the 4-CH(O) substituents are

spectator groups.

In the absence of competing ligands (such as Cl in (Ph4P)2[1] and 1,2-bpe
in [2](CF3S0s3)2), the formyl group participates in completing the coordination
sphere of the Cu?*. The only 1D-chain in this series of compounds is
[3](CF3S03)2, as two of the three Cu-centers of its trinuclear SBU are
terminated by water ligands. In [4](CF3S0Os3)2 one of the Cu-centers is
terminated by pyridine. Interestingly, [3](CF3S0Oz3)2 and [5](ClOa4)2 formed
from reaction mixtures that also contained pyridine, yet no pyridine molecule

was coordinated to the Cu centers.
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Figure 20. Ball-and-stick diagram of 1%, counter cation omitted for clarity. Color
coding: Blue, Cu; green, CI; red, O; light blue, N, black, C and pink, H.

3.5.2. Crystal Structure Descriptions
3.5.2.1. (Ph4P)2[1]
Compound (Pha4P)2[1] crystallizes in the triclinic P1 space group with the whole
trinuclear complex in the asymmetric unit (Figure 20). Its bond lengths and angles
are unexceptional (Table 5) and in agreement with several similar trinuclear Cu(ll)-
pyrazolates in the literature.® The carbonyl C-O bonds are 1.194(1) — 1.204(4) A

long.

3.5.2.2. [2](CF3S03)2
Compound [2](CF3S0s)2 crystallizes in the monoclinic C2/c space group with one
half molecule in the asymmetric unit. A C, axis passes through one of the
Cu-atoms and the center of a pyrazole ring, bisecting the molecule and imposing

a crystallographic disorder on one carbonyl group. The dangling carbonyl groups
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in this compound are non-coordinating, with typical C-O double bond lengths of
1.156(6) and 1.202(8) A. The Cu-centers are in 5-coordinate square pyramidal
geometry. One of the bidentate bpe ligands links two Cus-SBUs and one is terminal
(i.e., monodentate, non-catenating). One of the terminal positions is also occupied
by a water molecule, which in turn is H-bonded to the non-catenating bpe linker
(OH---N distance: 2.802(5) A). A crystal packing diagram shows parallel pillars
along the crystallographic c-axis with no -1 interactions between adjacent pyridyl
rings of the 1,2-bpe linkers (ring centroid-to-centroid distances: 3.661 and
3.714 A). In the literature, 1,2-bpe has been reported as a component of pillared
structures in some soft-porous materials.*®! In addition to the common 3D network

structures in dia topology, [2](CF3S0s3)2 is 3-fold interpenetrated (

Figure 21), as is quite common among lattices containing long bis-pyridyl
linkers.152.153 Due to interpenetration, the void volume of this lattice is only 5.8%.
Pairs of adjacent C=C bonds in [2](CF3SOs3)2 are only 3.791(6) A and 3.603(6) A
apart. Vittal et al. have reported Single-Crystal-to-Single-Crystal cycloaddition

reactions under similar conditions (3.79, 3.77 and 3.99 A).154
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Figure 21. Diagram of three-fold interpenetration of 22* viewed along the
crystallographic c-axis. H-atoms and counter anions are not shown for clarity.

3.5.2.2.1. Topology of [2](CF3S03):
The underlying topology of [2](CF3SOs)2, is a 3-nodal 3,4,5-c net of
3,4,5T174 topological type (Figure 22). The connectivity of the copper
clusters in [2]?* is described by the 4-c uninodal net of dia topological type
(Figure 23). The coordination polymer structure comprises three
interpenetrating networks, which are related by translations along the [100]

direction, thus being characterized by interpenetration Class la.'>®
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Figure 22. Standard representation of 22*: a) The net obtained after primary
simplification; b) The 3,4,5-c underlying net of 3,4,5T174 topological type obtained
after secondary simplification procedure.

Figure 23. Underlying net of 22* obtained by the cluster representation procedure
at 6-rings: a) Dissection of the structure by means of the cluster simplification
procedure as implemented in ToposPro; b) The 4-c underlying net of dia

topological type obtained.
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3.5.2.3. [3](CF3S03)2
Compound [3](CF3S0s3)2 crystallizes in the monoclinic P21/n space group,
with two Cus SBUs in the asymmetric unit, connected via the carbonyl
oxygen of the 4-CH(O)-pz ligand forming an 1D chain. Two of its three Cu-
centers are terminated by water molecules, preventing extension into 2D- or
3D-network (Figure 24). The overall backbone structure of the Cus-units is
similar to that found in the literature with other CusNs metallacycles and the
two ps-O(H) are located 0.536(1) and 0.516(1) A above their respective Cus-
planes. The Cu-centers are all 5-coordinate in a square pyramidal N203
environment. Axial coordination is provided by a CF3SOs counter-anion,
while pyrazolato-N, pus-O and water or the carbonyl-O atoms are in the
equatorial plane. As mentioned earlier, carbonyl groups of two (out of six) 4-
CH(O)-pz are involved in catenation, causing elongation of the C-O bond
distances of the coordinating carbonyl groups: 1.234(1) A and 1.239(1) A,
while the C-O bonds of non-coordinating carbonyl groups are shorter than
1.210 A and close to a typical C-O bond in an aldehyde and also those seen
in 12, While 3D structures are fairly common with Cus-pyrazolato subunits,
1D chains and 2D sheets are rather uncommon, with just a few examples in
the literature reported by us and others.®315-167 The two Cusz-SBUs differ
from each other in that two loosely associated water molecules are

coordinated perpendicular to the Cu4-Cu5-Cu6 subunit.
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Figure 24. Molecular structures of one of the chains of 3%* (top); Packing diagram
showing the wave-like arrangement parallel to the crystallographic a-axis (bottom).
CF3S0s anions are not shown. Color coding: Blue, Cu; red, O; light blue, N, black,
C and pink, H.

3.5.2.4. [4](CF3S03)2
Compound [4](CF3S03)2 has a 3D-network structure that crystallizes in the
orthorhombic Pna21 space group with two Cus SBUs in the asymmetric unit
(Figure 25). The CusNe metallacycles have Cu-centers with either a 5-
coordinated square pyramidal or a pseudo-octahedral geometry. The axial
positions are generally occupied by triflate ions with bond distances of
2.19(1)-2.497(7) A. An interesting feature of [4](CF3S0s):2 is that all carbonyl
groups are involved in catenation and all but two C-O distances are over 1.2
A. The two shorter carbonyl C-O bonds of 1.177(8) A and 1.179(9) are

weakly coordinating at the axial position of Cu atoms at 2.315(5) A and
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2.479(5) A, respectively. These two bonds are ~0.3-0.4 A longer than the
other CO-Cu bond distances. The shortest CO-Cu bond in [4](CF3S0Os3):2 is
1.973(4) A, far shorter than analogous Cu-OC bonds hitherto reported.120.138-
140 The solvent accessible void volume is 2982.98 A3 (29%). The structure
differs from that of [5](ClOa4)2 (vide infra) in the pyridine coordination. The
Cus(u3-OH)-unit is also similar to those found in the literature'#® with the us-

O(H)-located 0.560(4) and 0.508(4) A above the Cus-planes.
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Figure 25. Molecular packing diagram for 4%* viewed along the crystallographic a-

axis. Color coding: Blue, Cu; red, O; light blue, N and black, C. H-atoms and
counter anions are not shown for clarity.
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3.5.2.4.1. Topology of [4](CF3S0O3)2
In the standard simplification procedure,'®® the Cu atoms are shown, while
ligands are represented by their centers of mass, keeping the connectivity
with their neighbors (Figure 26a). Upon secondary simplification of the
obtained net, by removing of the 0- and 1-coordinated ligands (nodes) and
replacing the 2-coordinated ligands (nodes, or bridge structural groups) by
net edges. The resulting topology is a 14-nodal 38,42,5%c net. The point
symbol for this net IS
{3.42}2{3.8.9}2{32.42.5.6.8.9.102}»{32.42.5.6.8.92.10{32.42.5.6.82.9.104.8.10
H4.8.9H{4.82%}2{42.5.8.10%}{42.5.82.10}, and is not contained in the TOPOS

Topological Database. (Figure 26b).

Figure 26. Standard representation of 4%*: a) The 14-nodal 38,42 5%-c net obtained
after primary simplification. Red spheres correspond to copper atoms, purple
spheres represent hydroxyl anions, grey spheres - 4-CH(O)-pz ligands and violet
spheres — pyridine molecule; b) The underlying net of new topological type
obtained after secondary simplification procedure.
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Using a structure simplification procedure in ToposPro, the
Ci16H12NeO7F6S2Cus were identified as having the connectivity described by
the 6-c uninodal net of the sol topological type (Figure 27).1%° There is only

one other CP that shows this topology.'8

i
IA‘I'»I'A"I'/»

\ u\

~ [
b4 "ii> :"\ \n} -

Figure 27. Underlying net of 4%* obtained by the cluster representation procedure
at 6-rings: a) Dissection of the structure to clusters by ToposPro; b) The 6-c
underlying net of the sol topological type obtained after secondary simplification
procedure.

3.5.2.5. [5](ClO4)2
Compound [5](ClOa4)2, another 3D polymer, crystallizes in the highly
symmetric cubic space group 143d with the asymmetric unit containing one-
third of the Cusz SBU, i.e., one Cu?*, one 4-CH(O)-pz’, one-third uz-OH- and
two-thirds ClO4™ counter anion. In the extended structure, all carbonyl groups
are involved in Cu-coordination (Figure 28) with CO-Cu bonds of 1.982(4) A,

the second shortest bond among the structures reported here, and along C-
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O bond of 1.226(7) A. The structure is characterized by six contacts around
the Cus SBU, three dative bonds to neighboring SBUs, and three dative

bonds from neighboring SBUs. The solvent accessible void volume is

4294.78 A3 (31.7%).
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Figure 28. Molecular packing diagram of 5%* viewed along the crystallographic
[111] plane. Counter anions and H-atoms are not shown for clarity. Color coding:
Blue, Cu; red, O; light blue, N, and black, C.

56



3.5.25.1. Topology of [5](ClO4)2
After procedure for simplification of the network, described for [4](CF3SO3)2,
a 3-nodal 3,3,4-c net is determined; this connectivity is not encountered in
the Topos Topologic Database (Figure 29). The point symbol for the net is

{4.82)3{42.6.82.10}3{4%).

-

Figure 29. Standard representation of 52*: the 3,3,4-c underlying net of unknown
topological type obtained after secondary simplification procedure.

Cluster simplification revealed that the net created by CoHsNsOCus clusters
is described by the 6-c uninodal net of the bcs topological type (Figure

30).1%5 There are two other CPs that display bcs topology.169.170
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Figure 30. Underlying net of 52* obtained by the cluster representation procedure
at 5-rings: a) Dissection of the structure to clusters by ToposPro; b) The 6-c
underlying net of the bcs topological type obtained after secondary simplification
procedure.

3.5.3. Powder X-Ray Diffraction Patterns
The powder diffractions of bulk [2](CF3S0O3)2 and [5](ClO4)2 match well with
the simulated patterns, Figure 31 and Figure 33, respectively. Single crystals
of compounds [3][CF3SOa4]2 (major product) and [4][CF3SOa4]2 (minor
product) were isolated from the same reaction mixture. The experimental
diffraction pattern of bulk reaction product reflects this and is a good match

to the overlapping simulated patterns of the two components(Figure 32).
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Normalized Intensity

Figure 31. Powder diffraction of [2](CF3SO3)2. Red, experimental; black, simulated

Normalized Intensity

Figure 32. Powder diffraction of [3](CF3SOs)2. Experimental, purple; simulated
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Figure 33. Powder pattern (red) of [5](ClO4)2 compared to the simulate (green).

3.5.4. Thermogravimetric Analysis
Thermogravimetric analyses of [2](CF3S03)2, [3](CF 3S03)2 and [5](Cl04)2
indicate that all three release solvent molecules before decomposition.
Approximately 5 weight % of [2](CF3S03):2 is lost at < 95 °C corresponding
to two interstitial MeOH molecules, followed by decomposition at ~230 °C.
Approximately 10 weight % of [3](CF3S0s)2 and [5](ClOa4)2 is lost at < 95 °C
corresponding to five H20 and one THF molecules, respectively. Upon
further heating, [3](CF3S0s3)2 undergoes an additional ~ 10 weight % loss,
then decays sharply at 510 °C. Compound [5](ClOa4)2 behaves similarly to

[2](CF3S03)2 (Figure 34).
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Figure 34. TGA of [2](CF3sS0:a3):2 (blue), [3](CF3S03)2 (black) and [5](ClOa)2 (red).

3.6. Experimental Applications
As proof of concept that the synthesis of lattices 32* and 52* (and presumably
also [4](CF3S0s3)2) can be reversed while maintaining intact the Cusz-SBUS,
their dissolution was studied by IR and the 'H-NMR spectra were examined.
Compound [3](CF3S03)2 displays absorptions in the IR spectrum for both
coordinated (1616 cm) and uncoordinated (1663 cm) carbonyl groups.
Upon dissolution in acetonitrile, a slight, but visible, color change occurred
and only one carbonyl absorption appeared at 1680 cm (Figure 35). The IR

spectrum of [5](ClO4)2 shows one carbonyl absorption at 1614 cm?,
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associated with the coordinated aldehyde. Once [5](ClOa)2 was dissolved in
acetonitrile, this band shifted to 1675 cm™ (Figure 36), indicating that the
aldehyde was no longer coordinated. Coordination polymer [2](CF3SO3)2 is
not soluble in MeCN, its IR spectrum showing only the 1668 cm™* absorption
corresponding to uncoordinated CH(O) groups (Figure 37). The NMR
spectrum of [5](ClO4)2 in CD3CN has two paramagnetically shifted
resonances at 37.69 ppm (1H, wiz = 1033 Hz, C(O)H) and 19.85 ppm (2H,
w12 = 312 Hz, H3%) corresponding to a Cu''s-pyrazolato complex (Figure 38).
The chemical shifts of these resonances are similar to those of analogous
Cus compounds we have previously reported,’#? clearly indicating the

presence of a trinuclear species in the solution of [5](ClOa)2.
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Figure 35. IR of [3](CF3S03)2 before (blue) and after (orange) adding acetonitrile.
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Figure 36. IR of [5](ClO4)2 before (blue) and after (red) adding acetonitrile.
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Figure 37. IR of [2](CF3SO3)2 before (blue) and after (orange) adding acetonitrile.
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[5] in MeCN

37.69

19.85

Figure 38.'H NMR of [5](ClOa4)z in acetonitrile-d3

3.7. Conclusions

By reporting the first three CPs based on Cus-4-formyl

pyrazolate

metallacycles, we have shown that formyl groups can be exploited as ligands

for Cu(ll) centers (even in the absence of chelation, such as seen with

pyridine-2-carboxaldehyde) and further exploited this property towards

catenation of the trinuclear SBUs. The extended network structures exhibit

uncommon topologies, such as sol and bcs (in 42+ and 5%, respectively).

When competing, stronger-coordinating ligands are present, the aldehyde

groups remain free and either catenation is accomplished through other

bridging ligands (e.g., 1,2-bpe in 22*), or 0-D Cuz complexes are formed
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when terminal ligands (e.g., chlorides in 1%) are present. Finally, we have

shown that the assembly of the Cus-SBUs into the formyl-linked CPs 32* -

52* is reversible (Scheme 11).

Cu(A), + 4-CH(O)-pzH

solv.

=z
%
CI N___,\/‘
CI\C/ \cU/CI
VAR S\
I N\N—C,u—N/ —
NG J | =
|
|
AT
bpy S \ \N/
\Cu OH\Cu/
N/ \N| N
@ 7 \ N
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_/ \ /N Cu/ N\
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CHZCN |

A= CF3SO3-, C|O4
Solv. = THF, CH5CN, Py

Scheme 11. Reaction pathway determined in the study.
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Chapter 4: Synthesis and Characterization of Hexanuclear Interacting
Prismatic Pyrazolato Open-Cage Complexes (HIPPOs); Structural, VT-NMR,
Magnetic, and Far-IR Studies

4.1. Introduction
For years, various groups have been on a quest to characterize metal-metal
interaction of copper complexes comprised of trigonal Cus subunits. Specifically,
how the various connections, such as covalent or supramolecular interactions,
between the copper clusters effect the magnetics, EPR, NMR, and redox
processes. This quest started in 2002 when Kamiyama et al. synthesized the first
trigonal prismatic Cue pyrazolato complex.!’* What makes these complexes so
interesting is the electronic tunability of ligands and the plethora of ways to connect
the Cus subunits together. The connectivity found in literature (Scheme 12) include
supramolecular conjugation through weakly binding facially oriented counterions
(a),*">173 a hydrogen being shared by two ps-O (b),*# coordinated carboxylates
orienting the subunits linearly (c),! carboxylates orienting the subunits facially
(d),>! a terminal anion weakly binding a neighboring Cus (e),'’® through direct p-
pyrazolate bridging ligands (f),*"48170 a single halide (g),}’” direct p-pyrazole
bridges and an encapsulated halogen (h), 171535 a coordinated copper atom (i),"®

or pyrazoles and another ligand (j).17®
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Scheme 12. Representations of the various motifs of Cus present in literature.

The magnetic interactions in Cus-pyrazolato subunits are complicated by spin
frustration, with the magnetic relationship being dictated by the us-capping ligand.
The magnetic interaction switches from antiferromagnetic to ferromagnetic

occurring as the ps-capping ligand rises above the basal plane to make more acute
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angles with the copper centers, with the transition occurring at ¢ = 92°.444% What
is less understood however, is how the Cus subunits interact when connected in
various ways. What is known so far is that when the Cus subunits are interacting
through supramolecular interactions, there is a weak antiferromagnetic coupling
between the Cus subunits!’2174177 and direct pyrazolate bridging leads to strong
antiferromagnetic coupling between the Cusz subunits.*853171 Furthermore,
encapsulating an ion inside a Cus cage leads to significantly weaker
antiferromagnetic coupling within each subunit as it pushes the ps-OH ligand
farther out of the basal plane,®® and unsymmetric ligands, specifically ones that
lead to a non-parallel basal plane reduce the antiferromagnetic coupling between
the Cus subunits.'’® However, there are many more ways one can imagine
connecting Cus subunits. Another aspect of these compounds that has been
grievously neglected is the Far-IR absorptions, which are diagnostic of Cu-
halogen, Cu-oxygen or Cu-nitrogen bond strengths, with no far-IR data in the
literature even in regards to simple Cus-pyrazolato complexes, of which, the first
motif was reported in 1983.18 Far-IR assignments of Cu-N, O, or X bonds are rare
for all Cu-complexes, especially involving bridging ligands, with only a few studies
being conducted.®-87 Here, we present the first open-cage Hexanuclear
Interacting Prismatic Pyrazolato Open-cage complexes, “HIPPOs”, which have a
structure reminiscent of “Pac-Man” complexes,88189 with Cus compound having
the most similar structure being reported by Coronado.'8 In this paper the crystals
structures of various HIPPOs are discussed as well as magnetic susceptibility,

NMR and the Far-IR absorptions of HIPPOs and related complexes.
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4.2. Experimental
4.2.1. Materials and Methods
All reagents were purchased from commercial sources and used without further
purification. 4-Ph-pzH,**® 4-Cl-pzH,*® and compounds [1] and PPN[2] were
synthesized according to published procedures.*®% Solvents were purified using
standard procedures.'#6 CuCl2-2H2'80 was prepared by drying CuCl2-:2H20 in an
oven at 125°C overnight until the brown anhydrate was obtained, then H2'80 was
added to the salt. Na®OH was prepared by adding H2'80 to Na metal under argon.
All reactions were performed under N2 unless mentioned otherwise. Elemental

analysis was performed at Galbraith Laboratories, Inc.

4.2.2. Variable Low-Temperature NMR
IH-NMR was recorded in acetone-ds, THF-ds, or CD2Cl2 in a Bruker Avance 400

NMR spectrometer. T2 times were calculated using the equation T; = 1/(w1m),
2

assuming T2 ~ T, where w: is width-at-half-height, at room temperature unless

2

otherwise noted.

4.2.3. IR and Far-IR
Far-IR data were collected using an Agilent Technologies Cary 600 Series FTIR
spectrometer with 4 scans from 3500-250 cm-1. Data were analyzed using
Spectragryph 1.2.10 software.*® The samples were mixed with cesium iodide salt,
at an approximate 1:10 ratio, and ground into a fine powder. The powder was

pressed into a pellet and was used for IR collection.
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4.2.4. Computational Methods for Calculated IR
The geometry optimizations and frequency calculations of all copper complexes
have been carried out by Dr. Daniel Belisario Lara using DFT with the B3LYP
functional included with the GAUSSIAN-09 package.'®> Non-metal atoms were
calculated using a triple-C valence polarized basis set. Copper atoms were treated
using the LANL2DZ basis effective core potentials.’®> Comparisons were
calculated between treating the copper atoms at the B3LYP/TVZP level and the
B3LYP/LANDL2DZ level, with closer agreement on both bond distances and
frequencies found with the effective core potential. The Cu-Cl distances were
found to be overestimated by 0.1-0.5 A when compared to values obtained via X-
ray diffraction. Bond distances for other components and ligands showed similar
deviations in agreement with accepted values. Frequencies were typically in
agreement to experimental data by 30 cm™, except for one frequency associated
with Cu-Cl. The peak shapes of simulated spectra were reasonable
approximations of the experimental data. Counterions were not included in the
calculations in order to off-set some of the computational cost of these relatively
large complexes. Phenyl rings attached to pyrazolate were substituted with

hydrogen atoms to further offset computational time.

4.2.5. Magnetic Data Acquisition
Temperature-dependent (T = 1.9 - 300 K, B=1.0T) and field-dependent (B =0 —

9T, T=2,5 and 10 K) magnetization measurements were performed by Dr. R.
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Herchel using a PPMS Dynacool VSM magnetometer (Quantum Design). The

magnetic data were corrected for the diamagnetism of the constituent atoms.

4.2.6. Theoretical Calculations for Magnetic Data
The DFT theoretical calculations were carried out with the ORCA 3.0
computational package.'®* The B3LYP functional was used for calculations of the
isotropic exchange constants J,1°5-1%7 following the Ruiz approach,1981% py
comparing the energies of high-spin and broken-symmetry spin states. The
relativistic effects were treated with the 0" order regular approximation (ZORA)
using a relativistic version of the polarized triple-x quality basis set, ZORA-def2-
TZVP(-f) for Cu, N, Cl and O atoms, and ZORA-def2-SVP basis set for C and H
atoms.?%0 The calculations utilized the RI approximation with the decontracted
auxiliary SARC/J Coulomb fitting basis set?°! and the chain-of-spheres (RIJCOSX)
approximation to exact exchange as implemented in ORCA.2022093 |ncreased
integration grids (Grid5 and Gridx5 in ORCA convention) and tight SCF
convergence criteria were used in all calculations. The molecular fragment used in
the calculations was extracted from the experimental X-ray structure. The

calculated spin density was visualized with VESTA 3 program.2%4

4.2.7. X-ray Crystallography
Single crystals of the compounds were mounted on a MiteGen® CryoLoop™
or on a glass fiber and diffraction data were collected on a Bruker D8 Quest
diffractometer equipped with a Photon 100 CMOS or a Bruker APEX Il

diffractometer with a SMART detector using Mo-Ka radiation. Data were
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collected using APEX 3 suite; structure solution was obtained using intrinsic
phasing with SHELXT.!1® Data were refined by least-square methods
available within SHELXL! using the Olex2 interface.''? Electron densities
corresponding to disordered interstitial solvent molecules were accounted

for by using the MASK routine available within Olex2.

4.3. Synthetic procedures
4.3.1. H-, ClI- and Br-HIPPO
The H-, Cl-, and Br-HIPPO, TPP[{Cus(us-OH)(u-4-R-pz)sCl}2(p-4-R-pz)2(pa-Cl),
(R= H for H-HIPPO, ClI for CI-HIPPO, and Br for Br-HIPPO) were synthesized on
a 1 mmol scale with 3:2:11:1 ratio of CuCl2-2H20, the appropriate 1H-pyrazole,
NaOH, and tetraphenylphosphonium chloride, respectively. The reactants were
stirred overnight in 25 mL THF under a blanket of N2. The reaction mixtures were
then collected, and the filtrate was concentrated using a rotary evaporator. The
product was crushed out by the addition of diethyl ether or hexane. The product
was collected by suction filtration and allowed to air dry overnight. The powdered
sample was collected and redissolved in 4 mL THF and then ~7.5 mL of toluene
was added to the solution. The solutions were then layered with 15 mL of hexane
and allowed to crystallize. The CI-HIPPO was obtained in 71.7 % yield with respect
to Cu. The Br-HIPPO and H-HIPPO were obtained in 32.4 and 34 % yields,

respectively.
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Elemental analysis for PhaP[{Cus(p3-OH)(u-4-Cl-pz)sCliz[pa-Cl}(p-4-Cl-pz)2-thf,
Compound 2, (Cs2H46Cl11CusN1603P), calculated/found (%): C, 35.79/36.06; H,

2.66/2.85; N, 12.84/12.84.

4.3.2. Ph-HIPPO
The synthesis of [{Cus(us-OH)(u-4-Ph-pz)3Cl}2(u-4-Ph-pz)2(u-Cl), Ph-HIPPO,
was carried out on a 0.2 mmol scale in 15 mL of MeCN, using a 1:1:1:2 ratio of
CuCl2-2H20, 4-Ph-pzH, pyridine, and NaOH. It was stirred for 4 hours and
subsequently filtered using suction. The filtrate was allowed to stand until all
solvents evaporated and X-ray quality crystals of Ph-HIPPO were obtained after
2-3 weeks. The Ph-Hippo was obtained in 50.1% vyield with respect to Cu.
Elemental analysis for [{Cus(us-OH)(u-4-Ph-Pz)spyCli2(p2-Cl)(u-4-Ph-pz)],
(C73H61ClI3CusN1602)-2NaCl-MeCN calculated/found (%): C, 49.56/48.7; H,

3.77/3.87; N, 13.10/13.34.

4.3.3. 180-H-HIPPO
The synthesis of TPP[{Cuz(us-8OH)(u-4-R-pz)3Cl}2(u-pz)2(ps-Cl) used specially
prepared reagents on a 1 mmol scale with 3:2:11:1 ratio of CuCl2-2H2*0, 1H-
pyrazole, Na'®OH, and tetraphenylphosphonium chloride, respectively. Before
use, the pyrazole was placed in a desiccator for a week. The reagents were stirred
overnight in 25 ml of dry, degassed THF under a blanket of argon with a 50 pl
aliguot of H2'80. The resulting solution was filtered and set for diethyl ether vapor
diffusion which vyielded X-ray quality crystals of TPP[{Cus(us-120OH)(u-4-R-

pz)3Cl}2(u-pz)2(pa-Cl) after two days. The crystalline product yield was 22.8 %.
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4.4. Results
4.4.1. Crystallography

4.4.1.1. H-, Cl-, and Br-HIPPO

Three HIPPOs, H-, Cl-, and Br-HIPPO consist of two triangular Cus(u-4-R-pz)-
subunits held together by two bridging p-4-R-pz ligands and a ps-Cl. This structural
feature is unique in this series of complexes. The H-HIPPO (Figure 39), CI-HIPPO
(Figure 40) and Br-HIPPO (Figure 41) crystalized in the triclinic P1 space group
and are isostructural. The asymmetric unit encompasses an entire molecule with
the TPP counter ion tucked inside the cage opening (Figure 42). In H-HIPPO, a
THF solvent molecule is hydrogen bonded to the ps-hyrdoxo proton on one of the
subunits. Crystallographic details are listed in Table 6, with selected bond lengths

listed in Table 7.

In all three of these structures a ps-Cl ligand resides within the “jaws” of the
complex, with Cu-Cl bond lengths between 2.560(1) and 3.040(1). The us3-OH
ligands sit 0.555 to 0.608 A above the plane, which is in agreement with previous
literature.5317° The two panes formed by the Cu atoms of the trimer subunits form

73.9, 66.8, and 66.1° angles for H-HIPPO, CI-HIPPO, and Br-HIPPO, respectively
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Figure 39. H-HIPPO - front view. Color code: Black, C; Grey, H; Red, O; Blue, N;
Cyan, Cu; Green, Cl. Counter anions omitted for clarity.

Figure 40. CI-HIPPO - side view. Color code: Black, C; Grey, H; Red, O; Blue, N;
Cyan, Cu; Green, Cl. Counter anions omitted for clarity.
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Figure 41. Br-HIPPO - front view. Color code: Black, C; Grey, H; Red, O; Blue,
N; Cyan, Cu; Green, Cl. Counter anions omitted for clarity.

Figure 42. Counter ion placement in H-HIPPO.
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4.4.1.2. Ph-HIPPO
The Ph-HIPPO (Figure 43) crystalizes in space group Pocn With one half of the
molecule in the asymmetric unit. The copper trimers in Ph-HIPPO are bridged by
a single 4-phenylpyrazolate ligand, the Cu-N bond length of 2.026(3) A. The other
two Cu atoms are terminated by a chloride and pyridine in each subunit. The
Ph-HIPPO has a CI in between the two trigonal trimers similar to the other
HIPPOs, it is only bound to four of Cu atoms, two have a Cu-Cl bond length of
2.668(1) A, the other two have a bond length of 2.941(2) A. The non-bonded Cu-
Cl distances are 3.535(1) A. This Cl-atom bridges diagonally across the
opening with an angle of 159.51(7)°. The p3-OH ligands sit 0.589 A above the
plane, again similar to literature.’® The Cu plane in the singly bridged Ph-Hippo

is at a 31.2° angle, much closer to being cofacial than in the other HIPPOs.

- _‘:‘¢‘ g _?‘ 4V 2
‘ >l y = 8-
J -
v 20 5 3 o

Figure 43. Ph-HIPPO - front view. Color code: Black, C; Grey, H; Red, O; Blue, N;
Cyan, Cu; Green, CI.
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Table 6. Crystal parameters for chapter 4.

Identification

ode H-HIPPO CI-HIPPO Br-HIPPO Ph-HIPPO
Formula Ci12H124CleCU12 | CasHssChiCUs | CosHreBrisCls CrsHe1ClaCus
N3208P2 N1602P Cu12N3204P> N160>
fw (amu) 3083.54 1673.10 4057.56 1681.96
Size (mm) 0.30 x 0.21 x 0.20 x 0.13 x 0.84 x 0.39 x 0.26 x 0.21 x
0.19 0.12 0.16 0.10
Temperature (K) 293(2) 301.24 299.23 273.15
Crystal system triclinic triclinic triclinic orthorhombic
Space group P1 P1 P1 Pben
a (A) 12.043(1) 13.5291(7) 13.737(1) 18.284
b (&) 17.014(2) 16.0367(9) 16.191(1) 21.158(4)
c®) 17.162(2) 17.2368(9) 17.272(1) 18.284(3)
a() 101.787(3) 109.995(2) 110.347(2) 90
B () 100.776(3) 92.558(2) 93.031(2) 90
v 106.228(3) 103.732(2) 104.189(2) 90
V (R3) 3191.6(6) 3381.3(3) 3451.6(4) 7073.1(2)
z 2 2 2 4
Pealc (g/cm? 1.604 1.643 1.952 1579
M (mm-) 2171 2.360 6.633 1.044
Total data 45811 43290 41176 114916
””iq(;?m‘;ata 15909 (0.0686) | 13912 (0.0336) | 14006 (0.0328) | 7433 (0.0826)

20 range (°)

5.628 to 56.788

5.586 to 52.98

5.998 to 52.79

5.89 10 53.428

Goodness of fit
(GOF)

0.986

1.038

1.054

1.035

Ri/WR: (I >
20(1))

0.0522/0.1087

0.0449/0.0887

0.0465/0.1094

0.0546/0.1140

R1/wWR:2 (all data)

0.1186/0.1323

0.0763/0.0986

0.0745/0.1204

0.1005/0.1340
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Table 7. Selected interatomic lengths (A) and angles (°) for chapter 4.

Parameter H-HIPPO CI-HIPPO Br-HIPPO Ph-HIPPO
- ] 1.963(2)- 1.956(3)- 1.977(3)-
Cu—-p-O(H)) | 1.938(3)-2.033(3) 2.050(3) 2.047(3) 2.022(3)
CuN ] 1.937(3)- 1.929(4)- 1.937(4)-
(intra-trimer) | 1939(3)-1.9703) 1.977(3) 1.979(4) 1.958(3)
CuN 1.976(4)-
(nter-timen | 1962(3)-1.995(3) | 1979(3)-1991(3) 1.087(4) 2.026(3)
] . 2.246(1), 2.244(1)-
Cu-Cl(terminal) | 2.246(1),2.263(1) 2.254(1) 2.247(1) 2.271(1)
- 2.5598(9)- 2.546(1)- 2.6677(6),
Cu—-we-Cl | 2.584(1),2.869(1) 5.035(1) 3.040(0) > 041(2)
Hs-O(H)- -+ (Cu3- 0.555(2), 0.561(3),
an) 0.590(3),0.607(4) 0.608(3) 0.605(3) 0.588(4)
Cu-+-Cu 3.6044(8), 3.6288(6), 3.6301(7), 3.607(1)
(inter-rear) 3.6536(8) 3.6321(6) 3.6352(7) '
Cu--Cu 7.203(1) 6.8924(6) 6.8681(8) 5.235(1)
(inter-front)
Cu---Cu 3.1027(6)- 3.1718(7)- 3.1745(9)- 3.2235(9)-
(intra-trimer) 34066(8) 3.4231(7) 3.4125(9) 3.4078(9)
0---0 5.906(5) 5.785(3) 5.783(4) 5.819(8)
Cu-Cl-Cu 68.83(1)- 68.78(3)-
(intra-trimer) | 69-23(3).71.73() 71.69(3) 71.87(3) 69.97(3)
Cu-Cl-Cu 77.45(0), 77.89(3)- 71.65(2),
(inter-trimery | S179(3):86.16(3) 88.13(3) 88.01(4) 75.65(5)
. 122.68(4), 121.95(4), 122.37(4),
Cu-Cl-Cu (trans) 125.40(4) 122.33(8) 122.49(5) 159.51(5)
N ] 103.9(1)- 103.9(1)- 105.8(2)-
Cu-0-Cu 100.6(1)-118.1(1) 119.4(1) 119.6(2) 116.9(2)
- ] 147.8(1)- 147.0(2)- 163.9(2)-
N-Cu-N 153.8(1)-170.6(1) 169.6(1) 170.3(2) 172.4(2)
- ] 162.63(8)- 159.5(1)- 159.4(1)-
O-Cutl 146.1(1)-176.0(1) 178.2(1) 178.6(2) 176.3(2)
Cu plane angle 73.9 66.8 66.1 31.2
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4.4.2. NMR
4.4.2.1. NMR of H-HIPPO
The NMR spectrum of H-HIPPO (Figure 44)has peak integration 3:2:2:2:2:2:1:1:1
with the two additional peaks corresponding to the THF that is hydrogen-bonded
to H-Hippo. The peak for H® (36.87 ppm) envelopes the OH proton peak
throughout the temperature range examined which leads to an integration of three
protons. H2 and HP (36.48, slopes are -0.023 and -0.087 respectively) are
overlapped at RT and separate by -5°C. There are three peaks between 39 and
41 ppm at room temperature, which correspond to the THF (H" and HY) and H¢,
however when the temperature is decreased they become overlapped and appear
as two peaks. H and H9 are assigned to 56.64 and 53.81 ppm, respectively. The
last peak, H®, is assigned to 52.91 ppm. The peaks were assigned based on
distance from the bridging pyrazolates, as the spin density is through the two
pyrazolates as opposed to three in previous literature,*® which is assumed to push
the relative shift farther upfield. The NMR spectra can be seen in Figure 44, with
the proton names in Scheme 13. The shifts, slopes, and T2 times are listed in

Table 8.
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Figure 44. Variable Low-Temperature NMR plot of H-HIPPO. Red, RT;
green, -5 °C; blue, -15 °C, purple -25 °C.

Table 8. NMR shifts (ppm) of H-HIPPO, with T2 times, shifts, and slope.

Proton T2atRT Temperature Slope
(seconds) 20 °C 5°C 15 °C 25 °C (ppm/°C)
H2 0.0849* 36.48 37.27 37.47 37.57 -0.023
HP 0.0849* 36.48 38.78 39.77 40.80 -0.087
He 0.0353 36.87 38.50 39.19 39.87 -0.061
Hd 0.0571 39.69 42.07 43.04 44.15 -0.090
He 0.1208 52.91 56.61 58.22 59.95 -0.142
Hf 0.0739 56.64 60.73 62.53 64.47 -0.157
H9 0.1083 53.81 57.61 59.27 61.03 -0.145
Hh 0.0924 40.30 42.40 43.26 44.15 -0.078
Hi 0.1653 40.64 42.34 42.97 43.57 -0.060
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Scheme 13. Proton labels for H-HIPPO.

4.4.2.2. NMR of CI-HIPPO
The 'H NMR spectrum of CI-HIPPO is similar to the one of H-HIPPO, however it
has fewer peaks, due to the 4’ position Cl and the lack of a THF molecule. The CI-
HIPPO shows a 2:2:2:2:1 ratio for the 18 protons a, c, d, f and the OH proton peak.
The NMR spectrum of CI-HIPPO shows five peaks at RT. There are two well-
defined peaks at 58.72 ppm and 41.30 ppm, which have a 2:2 integration. There
are also three overlapping peaks, around 39.5 ppm that integrates to 5 protons.
These peaks resolve throughout the temperature range investigated. The
presence of Cl in the 4’ position allowed for easy assignment of the us-OH group,
as it only integrates to half of the other peaks, and its relative shift and slope
confirm the assignment for H-HIPPO. The other protons are assigned by the
distance from the bridging pyrazolates, in the same manner as H-HIPPO. This

leads to H? being the least shifted. The three signals at approximately 39 - 40.5
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ppm are overlapping at RT but are resolved at -5°C. The NMR spectra can be seen
in Figure 45. Proton labels are listed in Scheme 14. The shifts, slopes, and T2 times

are listed in Table 9.

C Cu
/ \'E')/ Hf
H¢ N N
= N
N—Cu——
Ci
Ha

Scheme 14. Proton labels for CI-HIPPO.

Table 9. NMR shifts (ppm) of CI-HIPPO, with T2 times, shifts, and slope.

T2 atRT Temperature S|ope
Proton .

(seconds) 20 °C 5°C 15 °C 23°C (ppm/°C)
Ha 0.0628 39.71 40.77 41.08 41.23 -0.034
Hc 0.0365 39.90 42.47 43.49 44.48 -0.075
Hd 0.0483 41.41 43.49 44.27 44 .97 -0.096
Hf 0.0628 58.68 62.80 64.52 66.12 -0.156
OH 0.0430 39.30 40.99 41.61 42.13 -0.060
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Figure 45. Variable Low-Temperature NMR plot of CI-HIPPO. Red, RT;
green, -5 °C; blue, -15 °C, purple -23 °C.

4.4.2.3. NMR of Ph-HIPPO
The NMR spectrum of Ph-HIPPO has many overlapping peaks in the aromatic
region. It appears that many of the protons are not heavily affected by
paramagnetic shift, and the resulting spectra are overlapping peaks and multiplets
(Figure 46), with one peak around 38 ppm (Figure 47) that integrates to 5 protons.

However, peak assignments and T2 calculations were not possible.
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Figure 46. Variable Low-Temperature NMR plot (downfield) of Ph-HIPPO.
Red, RT; green, -5 °C; blue, -15 °C, purple -25 °C.
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Figure 47. Variable Low-Temperature NMR plot (upfield) of Ph-HIPPO. Red, RT;
green, -5 °C; blue, -15 °C, purple -25 °C.
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4.4.2.4. NMR of [1]
The NMR spectrum of compound [1] shows most proton signals to be significantly
shifted downfield compared to the parent Cus PPN[2]. This shift could be attributed
to the encapsulated F-ion as H-HIPPO and CI-HIPPO are also shifted in the same
direction, albeit to a smaller extent, which could be due to the partial encapsulation,
the larger Cu-O-Cu angles, or the difference in electronegativity of the
encapsulated ion. Compound [1] shows the OH proton peak at a very high shift,
70.69, in CH2Cl2 which with H-HIPPO and CI-HIPPO is the first time a OH proton
signals has been observed in hexanuclear Cu complexes. Perhaps the most
interesting information from the spectra is the slopes of H® and H¢ are slightly
positive. The peaks were assigned using the RT spectrum and previous
literature.>® The differences in relative shift, slope, and T2 are listed in Table 10
with the NMR spectra at the various temperatures shown in Figure 48 and Figure

49. The proton labels are listed in Scheme 15.

Table 10. NMR of [1], with T2 times, shifts, and slope.

Proton T2atRT Temperature Slope
(seconds) 20 °C 5o°C 15 °C 25 °C (ppm/°C)
H2 0.1745 47.03 50.22 51.38 52.61 -0.113
HP 0.1083 33.81 35.55 36.23 36.94 -0.063
He 0.1795 7.67 7.64 7.64 7.63 0.001
Hd 0.1745 8.07 8.06 8.04 8.03 0.001
He 0.0751 17.18 17.97 18.29 18.65 -0.030
Hf 0.1964 9.00 9.09 9.13 9.17 -0.003
OH 0.1102 70.69 74.53 76.01 77.56 -0.139
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Figure 48. Variable Low-Temperature NMR plot (upfield) of [1]. Red, RT;
green, -5 °C; blue, -15 °C, purple -25 °C.
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Figure 49. Variable Low-Temperature NMR plot (downfield) of compound 5.
Red, RT; green, -5 °C; blue, -15 °C, purple -25 °C.

Scheme 15. Proton labels for compound [1].
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4.4.2.5. NMR of PPN[2]
PPN[2] has shifts and slopes that differ significantly from the derivative
compounds. Most likely due to the lack of encapsulated anion. The decrease in
temperature shifts all the peaks downfield, although HY and Hfare only very slightly
shifted over the range. The shifts mirror [1], which is explained by their location on
the phenyl rings which are far from the paramagnetic centers and are unaffected
by paramagnetism. However, H® has the second largest slope, -0.107, which is in
contrast to the most comparable compound, [1], where the shift is 0.001. Peaks
were assigned using RT spectra and literature assignments.*® The proton labels
are shown in Scheme 16, differences in relative shift, slope, and T2 are listed in
Table 11 with the NMR spectra at the various temperatures shown in Figure 50

and Figure 51.

Scheme 16. Proton labels for PPN[2].
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Table 11. NMR of PPN[2], with T2 times, shifts, and slope.

T, at RT Temperature Slope
Proton o
(seconds) 20 °C 5°C 15 °C 25 °C (ppm/°C)
Ha 0.2094 35.50 38.96 40.52 42.23 -0.135
Hb 0.1337 18.17 19.70 20.42 21.24 -0.061
He 0.2856 27.96 30.46 31.80 33.36 -0.107
Hd 0.1904* 7.70 7.74 7.75 7.77 -0.001
He 0.0582 11.82 12.18 12.35 12.53 -0.014
Hf 0.1571* 8.01 8.12 8.16 8.18 -0.004
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Figure 50. Variable Low-Temperature NMR plot (upfield) of PPN[2]. Red, RT;
green, -5 °C; blue, -15 °C, purple -25 °C.

90



Compound &
Cug

25C

5 |

|
JM \
A \
\
e — _F—/ \_j M
Compound &
Cué |
15 C i
I
I
N i
" [
M . \
_ o _ — I e o
Compound &
.;u._:_ M\
| |
|
|
|
A
M / I'I
_ o - _ o A N
Compound 6
Cui
RT !
11 ,"1
i
j | |

B e e e T
9.2 9.1 9.0 89

88 8.7 86 85 B.4

" 1 (o)
Figure 51. Variable Low-Temperature NMR plot (downfield) of PPN[2]. Red, RT;
green, -5 °C; blue, -15 °C, purple -25 °C.

4.4.3. IR Analysis

4.4.3.1. IR of H-HIPPO

There are three absorptions of importance in the spectrum of H-HIPPO (Figure
52). Two absorptions are medium-strong absorptions at 282 cm™ and 352 cm™
which correspond to the terminal chloride and Cu-N stretch respectively. There is
another medium strength absorption at 500 cm! that corresponds to another Cu-
N stretch. The peaks correspond well to the range described in previous literature.

Another two peaks at 542 cm™ and 528 cm™ correspond to Cu-O stretch and

91



vibrations. This is confirmed by 80 substitution (selected portion of IR shown in

Figure 53) and DFT calculations.

1000 950 900 8s0 800 750 700 650 600 550 500 450 400 350 300 250
Wavenumbers [1/em]

Figure 52. Far-IR of H-HIPPO.

0.9
0.8
0.7
0.6

0.5

Transmittance

0.4

0.3

0.2

—1
0.1 — 1(0-18)

610 600 590 580 570 560 550 540 530 520 510 500 490 480 470 460 450
Wavenumbers [1/cm]

Figure 53. IR Cu-O stretching bands for 60- and 80-H-HIPPO.

4.4.3.2. Far-IR of CI-HIPPO
The IR spectra of CI-HIPPO (Figure 54) shows an absorption at 295 cm, which
corresponds to Cu-N stretch and is confirmed by the calculations (simulated
spectra shown in Figure 55) which places two absorptions at 301.71 cm and

306.46 cmt, the latter is coupled with pyrazolate distortions. Calculations place
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two more Cu-N absorptions at 504.16 cm™ and 506.22 cm* which have merged
into one observed peak that appears at 529 cm™. The peak at 319 cm?, which is
a Cu-O stretch coupled with pyrazole distortions, DFT places at 309.86 cm.
Additionally, calculations show that there are Cu-O absorptions at 346.63, 452.77
and 455.12. These peaks are seen in the experimental spectrum as a weak peak
at 337.3 and a broad peak with a shoulder at 483. At 263 cm™ a Cu-Cl absorption
coupled with Cu-N is observed, DFT places this at 239.00. Additionally, there is a
shoulder at 280 cm which corresponds to two calculated stretches, 256.57 and
256.92 cm?, associated with Cu-Cl, Cu-N coupled modes. At 250 cm™, at the edge
of the capabilities of our instrument, the start of an absorption is noticeable, DFT
indicates that the peak corresponds to Cu-Cl and calculates two frequencies at

208.89 and 212.47 cm1.

s00 as0 a0 350 300

Figure 54. Far-IR of CI-HIPPO.
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Figure 55. Simulated spectra of CI-HIPPO determined by DFT.

4.4.3.3. Far-IR of Ph-HIPPO

In the spectrum of Ph-HIPPO (Figure 56), calculations place two peaks at 277.58
cm? and 277.91 cm observed as a single peak at 280 cm, corresponding to a
Cu-N stretch. Calculated frequencies at 337.73 cm™, 339.5 cm?, 344.86 cm™, and
346.22 cm, can be seen as a peak at 341.5 cm with a shoulder at 353 cm™™.
Absorptions associated with Cu-O bonds are seen 374.7 cm and strong
absorption at 430 cm™? with a slight inflection at 442.3 cm, the calculated
absorptions are at 440.58, 445.16, which have pyrazolate distortions, and 447.03
cmL. The Cu-Cl absorption that appears at 251.4 cm™ corresponds to a calculated
frequency coupled with pyrazolate distortions at 242.89 cm. There is also a small,
rounded absorption at 305 cm-?, which corresponds to Cu-Cl, Cu-O coupled modes

calculated to be at 311.87 cm™* and 313.77 cm™.
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Figure 56. Far-IR of Ph-HIPPO.

4.4.3.4. Far-IR of [1]
The spectra of [1] (Figure 57), lacks an absorption in the terminal Cl range, which
is to be expected. The Cu-N stretch appears at 364 cm™. A much weaker

absorption at 534 cm corresponding the Cu-O bonds.

1000 550 500 850 800 750 700 650 600 550 500 450 400 350 300 250
Waven o

Figure 57. Far-IR of [1].

4.4.3.5. Far-IR of PPN[2]
The spectrum of PPN[2] (Figure 58) has peaks associated with Cu-N stretches at
282 (a small peak), 314.5 (a shoulder), and 353 cm with a inflection at 341 cm™.

The calculated peaks for Cu-N stretch are shown at 294.84 cm?, 313.83 cm?,
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341.85 cm?, 345.7 cm?, 347.59 cm, and 353.83 cm™. The peaks at 345.7 cm™,
34759 cm?, and 353.83 cm® are seen as one large broad peak in the
experimental spectrum. There are four Cu-p3-O absorptions seen in the
experimental spectrum. One medium absorption at 433 cm, and three strong
absorptions at 501 cm, 534.9 cm?, and 546.9 cm™. The calculated absorptions
for the Cu-ps-O stretches are at 427.05 cm?, 487.28 cm'?, 506.2 cm?, and 520.2

cml, respectively.

1000 950 500 850 a00 750 700 650 00 550 s00 as0 400 350 300

Figure 58. Far-IR of PPN[2].

4.4.3.6. IR Compared to Literature Values
Overall, the IR absorption frequencies are in agreement with previous literature,
which place the vibration frequency for Cu-Cl bonds at 218-345
Cm—l’181,182,185,187,191,205,206 Cu-N at 183-421 cm‘1,181'206'2°7 and Cu-O at 529-594
cm1,182183187 Opserved and calculated data for CI-HIPPO, Ph-HIPPO, and

PPN[2] are listed on Table 12.
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Table 12. Comparison of calculated absorptions and observed absorptions.
* indicates coupling with pz- deformation.

CI-HIPPO Ph-HIPPO PPNI[2]
Calculated Exptl Calculated Exptl Calculated Exptl
233.22
cu-N [P BIR g;;gf 280 (bridging) B/R
: 237.16
337.73
301.71 339.5 341.5
Cu-N 306.46* 295 344 86 353 294.84 282
346.22
504.16 313.83
Cu-N S 529.3 N/A N/A (bridging) 314.5
341.58
345.7 341
Cu-N N/A N/A N/A N/A 347 59 353
353.83
375.9:
Cu-O N/A N/A 379.71 374.7 427.05 433
440.58* 430
Cu-O 309.86* 319 445.16* 442 3 487.28 501
447.03 )
Cu-O 346.63 337.3 N/A N/A 506.2 534.9
452.77 ]
Cu-O 455 12 457:483 N/A N/A 520.2 546.9
208.89 .
Cu-CI 212 47 250 264.9 251.4 N/A N/A
RO 223.75 N/A N/A N/A N/A N/A
Cu-N
234.4
%‘L’j'_(,:\l' 208.89 B/R 237.3 B/R N/A N/A
242.89
%‘L’j'_(,:\l' 239.0 262.8 N/A N/A N/A N/A
Cu-CI 256.57
Cu-N ‘ 256.92 280 N/A N/A N/A N/A
Cu-Cl 311.87
Cu-0 N/A N/A 313.77 305 N/A N/A

4.4.4. Magnetics
The magnetic properties were deeply studied for selected compounds, CI-HIPPO
and Ph-HIPPO, by acquiring temperature and field dependent magnetization data

as showed in Figure 59. The room temperature values of the effective magnetic
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moment (Merr) are 4.28 us for CI-HIPPO and 3.85 us for Ph-HIPPO and these
values are close to the theoretical values of 4.24 ps for six non-interacting Cu(ll)
ions with Sj = 1/2 and gi = 2.0. The et IS continuously decreasing on lowering the
temperature down to ca 50 K and then significant drop of pef is observed down to
values of 0.47 ps for CI-HIPPO and 1.67 ps for Ph-HIPPO at T = 1.9 K. This
magnetic behaviour reflects strong antiferromagnetic exchange interactions within
each Cus(ps-OH) triangles resulting in Swiangle = 1/2 spin state and further weak
antiferromagnetic exchange between these two triangles leading to S = 0
molecular ground state. Here we can expect that difference on low temperature
magnetism is related to strength of the antiferromagnetic exchange between each
Cus(us-OH) triangles in CI-HIPPO and Ph-HIPPO reflecting their structural
differences. Moreover, the triangular systems of Cu(ll), 4853208 Ni(11),20° Fe(l11)210
complexes possessing large antiferromagnetic exchange are well known to exhibit
also the magnetic anisotropy of S = 1/2 ground state due to the antisymmetric
exchange interaction also known as Dzyaloshinsky—Moriya interaction.?!!
Therefore, the following spin Hamiltonian was postulated to interpret magnetism
of CI-HIPPO

H=—Ji(S1-S,+S1-S3+8,-S5+5,-5¢) = J1p(S2-S3+ S5 S6) — Jo(S, - S5 +

S3'S6)+d'(sl><52+52XS3+53X51+S4X55+55XS6+S6XS4)+MBB'

g1 S
Equation 6

and Ph-HIPPO
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H=—Ji(S1-S,+S,-S34+51-S3+55-53) = J15(S1 - S5+ S1/- S3) —

]2(51 51»)+d(51 XS2+SZ XS3 +S3 XSI+Sl'x52'+52'XS3'+S3'XS1')+
ugB-g-Y% . S; Equation 7

where the isotropic exchange parameters Ji1 and Jipb are characterizing magnetic
coupling with Cus(us-OH) triangles and J2 between two triangles, the antisymmetric
exchange is characterized by vector parameter d = (dx, dy, dz), which was simplified

thanks to Moriya symmetry rules?'? to d = (0, 0, dz). Next, the molar magnetization

was calculated from the partition function Z as

dlnz
3394,

Mmol(er (P) = NAkT
Equation 8

and finally, the averaged molar magnetization was calculated as an integral

average to properly simulated powder sample magnetic measurements

1 (2 .
My = Ef(p:O fenzo M6, @) sin 8 dBde
Equation 9
where the magnetic field vector is defined with the help of the spherical

coordinates.

The both temperature and field dependent magnetization data were fitted
simultaneously and the best-fitted parameters for CI-HIPPO are J1 = -240 cm™,
Jib =-225 cm?, J2 = -26 cm™?, |dz| = 17.0 cm™* with an isotropic g-factor g = 2.65,
and for Ph-HIPPO are J1 = -208 cm™, Jib = -145 cm?, J2 = -17 cm?, |d7| = 34.3

cm? with an isotropic g-factor g = 2.22 (Figure 59). Also, the temperature-
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independent magnetism was treated with fixed value of Orip = 0.88x10° m3mol?

per copper atom.

0123456789 0123456789

BIT BIT
0 I I I I I I I O I I I I I I I
0 50 100 150 200 250 300 0 50 100 150 200 250 300
TIK TIK

Figure 59. Magnetic properties of compounds 2 and 4. Each plot shows the
temperature dependence of the effective magnetic moment and in the inset, the
isothermal magnetizations measured at T = 2, 5 and 10 K are given.
Experimental data — empty symbols, full red lines — calculated data with spin
Hamiltonian in eq.1 and parameters in the text.

The analysis of the experimental data confirmed strong antiferromagnetic coupling
within Cus(us-OH) triangles mediated by pyrazolato and hydroxo bridging ligands.
Interestingly, there is sizeable difference in J2 between CI-HIPPO and Ph-HIPPO,

which most probably can be assigned to difference in the electronic properties of

pyrazolato bridging ligands with chloro or phenyl substituent.

4.45. Theoretical calculations

To support our analysis of the magnetic data of CI-HIPPO and Ph-HIPPO, the
Density Functional Theory (DFT) theoretical calculations were performed aiming

to estimate the isotropic exchange parameters J. Based on our previous
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experience with polynuclear systems, B3LYP functional was chosen and the Ruiz’s
approach for calculation of J's were followed employing the broken-symmetry DFT

calculations with computational package ORCA 3.0.

In case of compound 2, the spin Hamiltonian was formulated as

ﬁ = _]12(51 : 52) _]13(S1 ' S3) _]23(52 : 53) _]4-5(54 ' SS) _]46(54- ’ 56) _]56(55 :
56) _]25(52 'SS) _]36(53 ' 56)
Equation 10

and several broken-symmetry spin states were calculated and compared to the
energy of high-spin state, which enabled us to derive these equations for the
values of the isotropic exchange parameters in equation 11 as

Ji2 = (A1 - A3 - As + Azs + A123)/2

J23 = (_A1 +4; + 45 — A123)/2

Jiz3 = (A1 + A3 + A5 — Ays — Ay53) /2

Jas = (_Az + 4, — 4o+ 455 + 4123)/2

Jse = (A4 + A5 + Ag — A123) /2

Jae = (A5 — Ay — Ag + A5 + A423) /2

J2s = (A; + 45 — A;5)/2

Jz3s = (45 — As + Ays + 24453) /2

Equation 11
As a result, we obtained the isotropic exchange parameters of CI-HIPPO as Jiz2 =

-100 cm™?, J23 = -86 cm™, Jiz = -240 cm™, Jas = -171 cm™?, Jse = -111 cm™?, Jas =

-168 cm™, J25 =-23.4 cm™, J3s =-38.9 cm™.

The similar procedure was applied to compound Ph-HIPPO with spin Hamiltonian

defined as
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H=—]1,(S-S;+51-53) —J13(51 - S35+ S1-S3) — J,3(S; - S5+ S5 - S3) —
J11(81-81)
Equation 12

and the relationships for J's were derived as

Jiz = (A1 + Ayp — A33) /4
Jo3 = (411 + 4pp + A33')/4
Jiz = (A1 — Do + A33')/4
Ji1r = 4123

Consequently, the isotropic exchange parameters were derived as Ji2 = -174

cml, Jo3=-124 cml, Jiz =-141 cmL, J1r=-221 cm™.

Generally, the DFT calculations showed large antiferromagnetic exchange within
each Cus(us-OH) triangles both in CI-HIPPO and Ph-HIPPO. Moreover, there is
obvious magneto-structural correlation between Cu-O-Cu angle and the value of
the respective J-parameter as showed in Figure 60 and it holds that the larger
angle which Cu-O-Cu, the stronger antiferromagnetic exchange was calculated.
Next, the values of inter-triangular exchange (J2s and Jss) are quite reasonable for
CI-HIPPO and follows the analysis of the experimental magnetic data, however,
the situation is very different for Ph-HIPPO, where J11 adopted very large value

incompatible with the experiment.
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Figure 60. The magneto-structural correlation between the angle Cu-O-Cu in
Cus(us-OH) triangles of CI-HIPPO and Ph-HIPPO extracted from X-ray structures
and magnetic coupling parameters J calculated by DFT using B3LYP functional.

4.5. Conclusions
Here the first four open cage Cues motifs are reported. This shows that Cu-
pyrazolate motifs can exploited in new ways. Furthermore, we characterize for the
first time Cu-O, Cu-N, and Cu-Cl bonds in Cu-pyrazolate compounds. Magnetic
susceptibility was measured for the new motifs and will be compared to other Cue
compounds and supramolecular Cus compounds to further understand how the
magnetics are affected by the distance, connectivity, and angle of the Cus

subunits. Variable low-temperature NMR studies were also conducted.
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5. Summary and Future Work

The purpose of this project was to determine if a Cus motif could function as a
water oxidation catalyst. Toward this end, Cus has been oxidized and
characterized in a mixed-valent state. The data support the conclusion that a
Cus motif could be used as a WOC, due to the evidence that significant spin
density is located on the ps-oxo ligands. Furthermore, the crystal structures of
the parent Cus and the MV-Cus show that upon oxidation, the central us-O

ligands move ~0.3 A closer.

The attempted synthesis of an elusive positively charged of a Cus compound
with 4-formyl-pzH and terminal pyridine led to novel Cus coordination polymers

with rare Cu-aldehyde coordination and new topology.

Finally, two new open-cage Cus motifs have been synthesized and
characterized. The open-cage motifs were characterized using variable low-
temperature NMR, magnetic susceptibility, and IR spectroscopy. The IR-
spectra have been used to characterize the various copper bonds that have

never been investigated in copper-pyrazolate maotifs.

In future studies, it will be vital to synthesize a flexible rigid Cus motif. While
such complexes eluded this study, there are many synthetic techniques that
could still be employed, such as using the Cu-CPs presented here as a starting
material for the flexible Cus motifs. It was demonstrated that with coordinating

solvents, the coordination polymers can be broken apart into the Cus subunits.
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After the synthesis for flexible a Cus has been perfected, the synthesis should
be modified to allow for a flexible two pillar an open-cage variation that will

facilitate the release of the generated O2% ion.
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