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Abstract

Recently, considerable advancements have been achieved in developing new molecular
electrocatalysts for the production of hydrogen, such as understanding their mechanisms, factors
that affect the catalytic reaction, etc. Hydrogen presents itself as a potential fuel substitute due to
being a renewable energy source with zero carbon emissions, having a maximum gravimetric

energy density to replace petroleum and other petroleum products.

This work demonstrates the successful design, formulation, and electrochemical H>
evaluation of a novel mono- and bimetallic Schiff-base complexes bearing unsymmetric ligands
derived from a calixpyrrole framework, developed as electrocatalysts for the hydrogen evolution
reaction (HER). The introduction of chemically distinct coordination binding pockets, such as
salen or imidazole (termed salixpyrrole and imixpyrrole, respectively), has enabled a
straightforward pathway to coordinate various transition metals into the secondary coordination

sphere, leading to the construction of tunable metal complexes with enhanced catalytic properties.

Both monometallic (2) and bimetallic (3) salixpyrrole complexes were found to be
catalytically active in the presence of p-toluenesulfonic acid (pTSA). Mechanistic investigations
indicated that 2 follows a second-order dependence on acid and first-order dependence on catalyst,
whereas 3 operates via a distinct pathway. The bimetallic species exhibits exceptional catalytic
performance with a TOF of 4640 s and significantly lower overpotential of 0.39 V, emphasizing

the benefit of incorporating a second metal center into the catalyst framework.

The imixpyrrole system (4), on the other hand, was developed by including an imidazole pendant
group into the ligand scaffold and shown to be catalytically active for HER in the presence of

various acids. Three different acid sources (anilinium.BF4, imidazolium.BF4,



triethylammonium.BF4) with varying pKa were selected, and HER activity was systematically
evaluated in THF. Complex 4 displayed PCET behavior with a KIE value of 6.45 in the presence
of weak acid and a more classical pathway (KIE =1.06) with stronger acid anilinium. The highest
TOF of 33040 s with a lower overpotential value of 0.53 V and a faradaic efficiency of 99.3%
was achieved with anilinium. Although complex 4 behaves homogeneously in the presence of both
anilinium and triethylammonium acid, it displayed heterogeneous behavior with imidazolium,

demonstrating the profound impact of proton source on catalytic efficiency and mechanism.

A stepwise metalation strategy to synthesize heterobimetallic Schiff-base complexes was
investigated next. A successful incorporation of redox-inactive Zn (11) and redox-active Cu(l) ions
into the secondary coordination sphere of the imixpyrrole system resulted in two diamagnetic
heterobimetallic complexes (5 and 6). The electrochemical features provide insight into metal-

metal synergism, pointing to enhanced HER potential.

Collectively, this work provides a new blueprint for the rational design of electronically tunable,
unsymmetric Schiff-base complexes capable of efficient proton reduction. It highlights the
essential roles of ligand asymmetry, proton source, and multimetallic cooperativity in governing
catalytic performance, laying the foundation for the future development of next generation HER

catalysts.
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Chapter 1 - Introduction

One of the most pressing global challenges facing the 21% century is developing a clean
and renewable energy source as an alternative to fossil fuel.)®* With the increasing world
population along with rising living standards, global energy consumption tends to increase rapidly
over the next half-century. It is predicted that global energy consumption will grow by at least 2-
folds, from our current burn rate of 12.8 TW to 28-35 TW by 2050.124°, Even though it is possible
to meet this energy requirement with existing natural energy reserves (coal, oil, and dry natural
gases®), this will come with rising economic and environmental impacts, such as increased carbon
emission.”® All together demands the necessity of developing new renewable and sustainable
energy sources.® ! Coming up with new energy sources will require increased energy efficiency,
new methods to reuse existing carbon-based fuels, and an intimidating amount of new carbon-
neural energy. Therefore, the challenge for science, specifically for the discipline of chemistry, is
to develop a secure, sustainable, and carbon-neutral energy system on a larger scale in a cost-
effective manner

In contrast to fossil fuels, that have finite sources in the world, energy sources such as solar,
wind, geothermal, hydropower, and biomass are renewable and each of these categories are evenly
distributed. These sources also have the potential to generate energy with almost zero emission of
both air pollution and greenhouse gases, such as CO.. However, the economic potential is limited
by environmental factors such as the availability of solar irradiation, wind patterns, weather
concerns like the availability of rain, and competing land uses. Currently, renewable energy
sources provide about 14% of global energy demand, mainly dominated by traditional biomass
used for cooking and heating.*?> Meanwhile, 15% (4.6 thousand TWh out of 30.6 thousand TWh)

of global electricity demand is supplied by large-scale hydropower plants where it has almost



reached its capacity due to availability (Figure 1.1). Therefore, the necessity of discovering a new
renewable energy source, one that is not limited by environmental factors, has become the top

priority of the scientific community.
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Figure 1.1. World electricity generation in the stated policies scenario 2010-2035. Adopted from
REF*2,

Hydrogen stands out as one of the most fascinating alternatives to non-renewable energy
sources like fossil fuels. Consequently, the transition of the global energy system from fossil fuels
to hydrogen is an essential task. Hydrogen is considered a clean fuel for the next generation
because it does not produce harmful gases, such as NOx, SOx, or greenhouse gases when burned;
it merely transforms from water to hydrogen and back to water during use. However, the primary
method of hydrogen production, steam reforming, relies on fossil fuels like natural gas as a starting
material. This means that hydrogen production again depends on non-renewable resources,
resulting in greenhouse gas emissions during its creation. Therefore, there is a global demand for

new hydrogen production technologies sourced from carbon-free materials.



1.1. Molecular hydrogen (H2) importance

During the State of the Union address in 20##, U.S. President Bush proposed “$1.2 billion in
research funding so that America can lead the world in developing clean, hydrogen-powered
automobiles” emphasizing the necessity of developing an Hz economy.*® This is not a new idea,
world renowned author Jules Verne was the first one to recognize the possibility of hydrogen
derived from water electrolysis and stated that “I believe that water will one day be the coal of the
future” in 1874, Then Rudolf suggested the usage of hydrogen produced from water electrolysis
as a transportation fuel in the 1930s® as well as the importance of using hydrogen as an energy
storage was suggested by Francis Bacon®®. Therefore, the vision of using hydrogen as an
alternative energy source has been a very compelling yet unrealized discussion for over an
extended period.

Hydrogen is considered an attractive alternative for the energy crisis due to having the largest
gravimetric energy density which makes it a frontline candidate, as well as the only by-product of
water electrolysis, making it environmentally friendly. The estimated requirement of a hydrogen-
based economy is around 150 million tons annually which indicates the demand for efficient
electrolytic and/or photochemical hydrogen evolution reaction (HER) catalysts.'® Therefore, the
development of both homogeneous and heterogeneous catalysts for HER from water/proton
sources has received significant attention.

Hydrogen is not only an attractive alternative energy carrier but also has great demand in
other industrial sectors. It is an essential starting material for ammonia production via the Haber-
Bosch process, which accounts for 54% of global hydrogen use, also an important chemical in the

chemical industry/refineries which accounts for around 35% of its usage (Figure 1.2).



Figure 1.2. Percent of global hydrogen use by industry. Reproduced with permission from REFY’.
1.2. Hydrogenase

A major challenge related to developing homogeneous and heterogeneous catalysts to activate
small molecules like H is the necessity of transferring multiple protons and electrons to a
substrate. Nature has provided the best inspiration for synthetic catalyst design known as enzymes.
Hydrogenases are one of the most well-studied groups of metalloenzymes that catalyze one of the
simplest molecular reactions HER and molecular hydrogen oxidation reactions (HOR) to protons
and electrons.!®1® The hydrogenase term was first proposed by Stephenson and Strickland while
observing the activity in anaerobically grown Escherichia Coli cells for reversible dye reduction
which was inhibited by CO suggesting that a transition metal was involved in H» activation in
1931.202¢

The hydrogenases can be divided into three main groups such as nickel-iron [NiFe], di-iron
[FeFe], and iron [Fe] hydrogenase. This categorization is mainly based on the metal composition
in the active site. Among the hydrogenases [FeFe] favors the Hz evolution and it is the most studied
enzyme while [NiFe] prefers the H> oxidation. Some characteristic features observed for
hydrogenases were the involvement of one or both metals in catalysis and the unique ligand
environment around each metal. It also observed a bridged bimetallic center with open access is

one of the key features for [NiFe] and [FeFe] hydrogenase while the third class [Fe] hydrogenase



only contains one metal center with cofactors which has phenol moieties and CO ligands.?? The
protein environment provides distinct gas channels, electron-transfer chains, and proton pathways
to facilitate the HER also regulates the uptake of H2. The most promising enzyme for Hz evolution
is considered to be [FeFe]-hydrogenase which has turnover frequencies of 102-10* s and produces
hydrogen at 10* molecule Hz s rate.

The [FeFe]-hydrogenase enzyme contains S-bridged proximal and distal Fe metal with an
intermetallic distance of 2.6 A (Figure 1.3).22 Each metal center can be seen coordinated to a
unique ligand environment, where one Fe coordinated with active cubane [4Fe4s] through a
cysteine bridge while other Fe ions contain a free coordination site resulting in two Fe metals with
chemically distinguished environment.?*%" Also, the pendent amine group on the dithiol bridge
seems to participate in the HER mechanism facilitating a proton shuttle between substrates. When
it comes to [FeNi]-Hydrogenase, the complex is now heterobimetallic with a unique ligand
environment around each metal. The Fe center is coordinated by two thiolate ligands between the
Ni and Fe, one CO ligan and two CN" ligands while the Ni center is tetracoordinated with two
terminal cysteine thiolates besides the bridging thiolates.?”?® Interestingly, some of the O-
sensitive [NiFe]-hydrogenases were reported to be showing a distorted proximal [4Fe4S] cubane
where one of the Fe atoms in the cubane is located close enough to bind to a hydroxyl group of an
aspartate.?”?°3° Moreover, it was observed that the active state of hydrogenase contains low-spin
Fe!' and Ni" centers emphasizing the necessity of having low-spin metal centers in the active site

of the catalyst.?"?8
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Figure 1.3. Structures of the [NiFe] hydrogenase and the [FeFe] hydrogenase. Reproduced with
permission from REF?3,

Schematically indicated are the ET chain (via iron-sulfur centers) and pathways for the
dihydrogen and the H* transfer. At the bottom, the chemical structures of the active sites of the
two types of hydrogenases are given; the arrows indicate the open metal coordination site.3!

In summary, the structural features that should be considered when developing synthetic
mimics to achieve high HER reactivity are, 1) the availability of law-valent metals. 2) homo or
hetero metallic structure with a unique coordination environment around each metal, 3) structural
flexibility for H2to access the active site of the catalyst, 4) the availability of “in-built” functional
groups that can participate in proton shuttle or the groups that are rich in electrons to supply
electrons rapidly during HER.

1.3. Homogenous catalysts

When designing an enzyme mimic, inorganic chemists often consider homogenous catalysts,
which are dissolved in the same phase as the reactants.®-¢ Some key advantages of homogeneous
catalysts are the high degree of interaction between the catalyst and reactant molecules, which

means catalysis is not limited to catalytically active surface area like in the heterogenous system



increasing the catalytic activity, high selectivity, avoids mass transfer limitations, and high level
of rational manipulation where you have a higher degree of control over catalyst structure and
mechanism.®"® Therefore, numerous homogenous synthetic models have been developed to
provide further insight into reaction mechanisms.?*34-3¢ The majority of synthetic models are made
up of transition metal complexes due to their fascinating characteristics such as 1) the ability to
form stable interactions with substances that have n-electron systems at various oxidation states;
this feature is especially important for low-valent metal complexes as it enables them to participate
in redox cycles, 2) the ability to coordinate with a variety of ligands with a flexibility in their
coordination number, and 3) the ability to alter the electronic and/or steric conditions in active site
with various combinations of participatory and non-participative ligands.*?

Homogeneous catalyst systems have several disadvantages, including low thermal stability
and the complexity of separation processes during synthesis. Additionally, these catalysts are often
irrecoverable after the reaction, which limits their use in industry. As a result, homogeneous
systems are still not as efficient or economically viable for industrial-scale production processes.*

1.3.1. Hydrogenase mimics

Over the past years, several biomimetic hydrogenase models have been developed for
electrocatalytic hydrogen evolution reaction (HER). Interestingly, Reihlen et al. reported that the
preparation of analogous dithiolate-bridged hexacarbonyl di-iron complexes, [(u-SEt).Fe(CO)e]
in 1929, even before the structural elements of [FeFe]-hydrogenases active site being discovered
(Figure 1.4).° The structural characterization of the H-cluster in 1998-1999 by Peters et al.**?
paved the way for many groups such as Pickett, Rauchfuss, Darensbourg, and many others to
create synthetic hydrogenase models.*** These first-generation [FeFe]-hydrogenase mimics were

synthesized by replacing two CO groups with two CN° ligands to produce [(u-



pdt)Fe2(C0O)4(CN),]* dianion (Figure 1.4), which inspired further synthetic advances in inorganic

chemistry research. Currently, over 300 synthetic models can be found.?84
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Figure 1.4. Synthesis scheme for the preparation of [(u-SEt)2Fe(CO)s] (left), and precursor diiron
hexacarbonyl complex (middle) used in route to the first true [FeFe] hydrogenase model [(u-
pdt)Fe2(CO)a(CN)2]? (right).

Interestingly, even to date, the research on synthesizing better catalytic models for HER
has been highly debated, with nearly 100 new papers published in the last five years.*’>2 Much of
the second-generation work has been done to develop the ligand architecture in the active site, to
overcome limitations like large overpotential requirements, to increase turnover frequencies
(TOF), and to make it more efficient and cost-effective.

All of the model complexes that exist for the [FeFe]-hydrogenases do not display enzyme-
like bifunctional activity. Thus, this complex only allows for H> formation at higher overpotentials,
with low turnover frequencies, and usually require strong acids.>*~® Even after many changes in
the complex structure, such as bearing a terminal hydride having an adjacent amine in the periphery
of the Fe atom, fine-tuning the electronic properties of Fe by replacing CO ligands in the initial
structure with CN and phosphines failed to allow efficient H, generation.*>*"-° Finally, it was
discovered that the presence of an internal base enables efficient proton-shuffling to a basic iron
site, formation of a metal hydride, or having easy access to law valent Fe'Fe'!, Fe’Fe', and Fe®Fe®
oxidation states are considered as the main criteria towards high activity of synthetic hydroganage
enzyme mimics. Based on that, [(terminal-H)Fez(Hadt™)(CO)2(dppv)2] ™ (dppv = cis-C2H2(PPhy)2)
and [Ni(PP"NCH#X),1(BF4)2 (x = OMe, H, CF3) complexes were developed and displayed a fast

formation of a metal hydride along with slow isomerization rate for the bridging hydride formation



which would hamper H. formation. The Ni monometallic complex was reported to have a turnover
frequency of 100 000 s* which clearly emphasizes the importance of an internal proton relay. 233+
36,60

Initially, researchers focused on the metal and the surrounding ligands, such as CO and
CN, in hydrogenase to evaluate the synthetic models. However, the perspective shifted from the
idea that "reactivity occurs at the metal center,” leading them to focus on the more reactive ligands
(actor) as key players when synthesizing catalysts.5-%? The basic idea was that the metal can
cooperate with the ligands in a synergistic manner, where it facilitates chemical processes like
bond activation steps in the catalytic cycle. Based on this concept, complexes based on “redox
non-innocent ligands gained more attraction in HER world.

1.3.2. Porphyrin systems

Researchers have investigated various ligand structures to develop better catalytic models.
Computational studies revealed more information into minima and transition state structures of
catalytically relevant intermediates which improved the ligand structures towards more efficient
HRE.%® Recently, it has been reported that synergy between metal and ligand-based redox activities
could improve the catalytic performance of metal complexes.®*® This combination enables
electron transfer between hybrid ligands m-orbitals and metal d orbitals, facilitating multi-step
electron transfer processes in metal complexes.

One of the notable series of complexes that utilize redox non-innocent ligands is porphyrin-
based macrocycles which are known to undergo Hz evolution from H,O or organic acids.?”®
Porphyrins can be considered as interesting ligands mainly due to their tetrapyrrolic structure with
four nitrogen atoms in the porphyrin core which enables the coordination of a variety of metal

cations. The physical and chemical properties of the ligand system can be easily altered by



introducing different functional groups on meso- or B-positions®®’® or by coordinating an axial
ligand to the metal center.”>"2 The transition and post-transition metal complexes of porphyrins
are known for their acid-resistance characteristics which is a key property of acid-catalyzed HER
catalysis.”>" Additionally, the extended 18 m-electron conjugated system in macrocyclic
porphyrins facilitates the multi-electron and proton transfer reactions allowing HER to occur either
on the metal ion or in the porphyrin ligand system.” Moreover, porphyrin ligands can provide
low-valent metal ions with strong reducing powers which is also important in HER catalyst
development.”

Most importantly, metalloporphyrins can be found in active sites of enzymes facilitating
light harvesting, energy conversion, electron transfer, O» activation, and peroxide degradation.
Heme unit is one of the vastly investigated biological porphyrin units which can be seen in
catalyzing O activation in cytochrome P450, Oz binding in hemoglobin and myoglobin, peroxide
degradation in peroxidase and catalases.””"® In all these applications, the central heme unit is the
same, while the axial ligand varies which seems to be the prominent feature to change their
activities (Figure 1.5). Therefore, researchers have been investigating porphyrin units and their
activities for small molecule activation by installing various substituents to the ligand backbone to
study the effects of electronics, axial ligands, proton relays, charged groups, and sterically bulky

groups for the secondary coordination sphere.”
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Figure 1.5. Heme active sites of (a) hemoglobin, (b) peroxidase, (c) CcO, and (d) cytochrome
P450.

The first ever porphyrin-based homogeneous catalyst was reported by Kellett and Spiro in
1985.7° They reported three cobalt(l1) complexes with water-soluble porphyrins, meso-tetrapyrid-
4ylporphine, meso-tetrakis(N-methylpyridinium-4-yl)porphin chloride, and meso-tetrakis(N,N,N-
trimethylanilinium-4-yl)porphin chloride which seems to activate H> in DMSO upon addition of
0.5-20% water. The Co complex with meso-tetrakis(N,N,N-trimethylanilinium-4-yl)porphin
chloride in the presence of water reacted surprisingly fast and the reported rate constant for HER
was >10* M1st which was larger than some of the Co complexes at that time for HER. They also
noted the complex reaction 8 orders of magnitude faster with HsO" than with H,O. These factors
supported the establishment of cobalt complexes based on porphyrins can be excellent molecular
catalysts for HER. Then factors like controlling the pKa and steric parameters and electronic
properties of the secondary coordination sphere on porphyrin systems were vastly investigated.

In 2011, Nocera and co-workers reported electrocatalytic H> evolution with hangman
cobalt(l) porphyrins (Figure 1.6) in acetonitrile. Benzoic acid and p-toluene sulfonic acid were

used as the proton sources at an overpotential of 800 mV.& They reported one cobalt porphyrin
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complex with a xanthene backbone and a carboxylic acid moiety in the secondary coordination
sphere positioned over the catalytic center and another with bromine instead of a carboxylic acid
group. The carboxylic-contained complex showed a reversible one-electron Co(11)/Co(l) reduction
at -1.10 V vs Fc/Fc* whereas the bromine-contained complex showed catalytic proton reduction
at a potential 120 mV more negative for HER from benzoic acid. This implies a possible
intramolecular proton transfer from the carboxylic hanging group to the metal center which
facilitates efficient hydrogen generation and significantly reduces overpotential. Surprisingly, with
strong acids, both complexes displayed catalytic waves at similar potentials which indicates in the
presence of strong acids the hangman effect was not observed as it was able to directly protonate
Co' 818 These results also emphasize the effect of the proton source when determining the catalytic
activity of complexes for small molecular activation. The catalysts contain a carboxylic acid
hanging group in the secondary coordination sphere in porphyrin complexes reported to undergo
reduction catalysts such as hydrogen evolution, oxygen reduction, and carbon dioxide

reduction.8083-87

4 R =COOH

CeFs 5R=Br

CeFs

Figure 1.6. Molecular structures of hangman porphyrins (4 and 5) for H; evolution.

After extensive research on monometallic metalloporphyrins with various metals such as
Co, Fe, Pd, Ni, and Cu for HER, a doubly fused binuclear Cu(ll) porphyrin, CuF2P was reported

by Moore and coworkers in 2018, to be active for electrocatalytic HER in comparison with the
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non-fused Cu porphyrin monomeric complex (Figure 1.7).8 The fused bimetallic complex gained
attraction due to the favorable properties for catalytic applications such as 1) availability of
multiple coordination sites for metals, 2) delocalized electrons across an extended scaffold, ability
to be reduced as well as oxidized at significantly less applied potentials than to those potentials
required for analogous non-fused porphyrins, and 4) provide alternative strategy to adjust redox
properties of molecular catalyst besides synthesizing catalysts with electron-withdrawing,
electron-donating or acidic functional groups.®®®° Kinetic investigation of fused porphyrin
complex in dichloromethane by using TFA as a proton source resulted in an observed rate constant
above 2,000,000 s* which is considered the highest reported in the literature for HER. Compared
to the analogous non-fused copper porphyrin it also showed lower overpotential demonstrating the
capacity to modify macrocycles towards binuclear complexes for preparing efficient

electrocatalysts.

37 38

Figure 1.7. Molecular structures of a di-Cu complex (37) and a monometallic Cu-complex (38).

Although cofacial metalloporphyrins are not widely investigated for HER, it is one of the
popular ligand systems for O activation, CO2 activation, and water oxidation.®**® The flexibility

of changing metal-metal separation and the electronics in the ligand system makes it very
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interesting to investigate any catalytic reaction. The presence of binuclear Ni and Fe centers in the
hydrogenase active site inspired the investigation of molecular inorganic catalysts containing
binuclear centers for HER, where an appropriate metal separation between two planes allows them
to interact. Naruta’s Pacman porphyrins (Figure 1.8) were studied for CO2 reduction where they
studied overpotential and kinetic parameter changes with secondary coordinated spheres.®* They
reported the synthesis of a few porphyrin dimers and their corresponding monomers; it was found
that although the overpotential is unfavorable, the kcat was significantly higher for the dimer
compared to its monomer. (N = 1.06 V, Keat = 2.36 x 10 s for dimer whereas 1= 0.75-0.85 V, Keat
= 871.4 s for monomers). They also synthesized asymmetrical dimers (Fe,TPFPP-TMP) where
the two Fe atoms have quite different electronic environments. In contrast, the dimer mentioned
above (Fe.DTMP) is symmetrical with two Fe centers that have similar electronic environments.
Surprisingly, the asymmetrical dimer showed favorable overpotentials compared to the
symmetrical dimer and its corresponding monomer. (n = 0.71 V). These results increase interest

in investigating asymmetrical cofacial systems for small molecule activation.

Ar
Ar
FeTPFPP, Ar = CgFs Fe,DTPFPP, Ar',Ar? = CgF5
FeTF,PP, Ar = 2,6-F,CgHs Fe,DTF,PP, Ar' ,Ar? = 2,6-F,CgH3

FeTC|2PP, Ar = 2,6-0'206H3
FeTPP, Ar = CgHs
FeTMP, Ar =2,4,6-Me3CgH>»

Fe,DTCI,PP, Ar',Ar? = 2,6-Cl,CgH5

Fe,DTPP, Ar',Ar? = CgHs

Fe,DTMP, Ar' Ar? = 2,4,6-Me;CgH,
Fe,TPFPP-TMP, Ar' = 2,4,6-Me3CgH,, Ar? = C¢Fs

Figure 1.8. Chemical structures of the six Fe porphyrin dimers and their corresponding monomers.
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Recently, a bimetallic macrocycle featuring a relatively flexible arrangement of two
cofacially linked Ni-porphyrins was synthesized by Apfel and coworkers as a catalyst for HER,
which seems to achieve higher faradaic efficiency of up to 95% confirming the possibility of
dinuclear cofacial systems for HER (Figure 1.9).%® The report showed the dimer displayed the
same photophysical and electrochemical properties as its corresponding monomer. Interestingly,
the dimer showed faster Kinetics with 49,421 ppm hydrogen generation after 5 h electrolysis and
a turnover frequency of 1.4 mmolg*h? whereas the monomer analogue displayed only 7,032 ppm
H. with 0.64 mmolg™*h. They attributed this higher catalytic activity of the dimer to the electron-
mediating function of the linker molecule which should enhance the intramolecular electron
transfer within the macrocycle or the synergistic effects between the two nickel centers. These

results highlight the necessity of cofacial macrocyclic arrangement for electrocatalytic HER.

Ar, Bpin
Pd(PPhj),
MeO Cs,CO3

template
Br Br
“TTY .
N

=ﬁ: % CgH
1 2 Ar, O\_<6 13 3

C4Hg

Figure 1.9. Synthesis of 3, Ni—Ni distance obtained by DFT (B3LYP/6-31G(d)).
1.3.3. Schiff-base systems

Aside from porphyrin porphyrin-containing complexes discussed above, other commonly
used redox active non-innocent chelating ligands for catalytic activities are Schiff-base ligands in
transition metal complexes. The term derived from the name of the German chemist Hugo Schiff
in 1864 who described the product resulting from the reaction between primary amines with

carbonyl compound for the first time, in 1864.%” A Schiff-base can be considered as an analog of

15



an aldehyde or ketone where oxygen is substituted with a primary amine through condensation.
The double bond between C and N is identified as an imine bond and is considered by many to be
synonymous with azomethines.®® Due to their simplicity of synthesis over porphyrins and
phosphine systems which facilitate simple modification using a variety of functionalized amines
such as aryl, alkyl, heteroaryl, or cycloalkyl, etc. as well as the ability to easily coordinate with
various metals, they have captured scientific community’s interest. Additionally, they are known
to show similar catalytic activity as porphyrins.

One of the leading classes of Schiff-base ligands in homogeneous catalysis is salens or
salophen systems which are derived from the condensation between salicylaldehyde and diamine.
In addition to exhibiting structural diversity and selectivity in coordinating with various
metals®*1%, these have a high tolerance against moisture due to their increased stability upon metal
coordination.’®* The salen and salen-like Schiff base complexes are known to be catalytically
active for a variety of organic synthesis such as alkene epoxidation, epoxide ring opening,
cyclopropanations, aziridination, selective hydrogenations, carbonyl cyanosilylation,
polymerization, and imine additions.'>1% one of the promising homogenous Schiff-base-based
catalyst is Jacobsen’s catalysts (Figure 1.10), which features a Mn(111) metal coordination to chiral
ligand system and reported as efficient catalysts for asymmetric epoxidation of cis-alkenes.°
They noted that Schiff base systems are better at enantioselectivity than chiral porphyrin systems
due to bearing chirotopic carbons in the vicinity of the metal which results in better stereochemical
communication in the epoxidation step. Additionally, salen and salen-like systems have been
studied for small molecule activation and reported as catalytically active for oxygen activation and
reduction, hydrolysis and water splitting, hydrogenation and hydrogen evolution CO; activation

and reduction, etc.%9111-115
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Figure 1.10. Structure of Jacobsen's catalyst.
Another class of ligands that is important in developing catalysts is Schiff base containing

diazole and phenol rings due to its wide range of biological applications such as antifungal®®,

119 anti-inflammatory?°, and antipyretic.'?* More

antioxidant!'’, antibacterial*'®, antitumor
importantly, imidazole, an azole subsidiary that contains two nitrogen atoms, is the center
substance in different natural products and biological frameworks including enzymes.1?2-12
Imidazole-based Schiff base catalysts attract significant attention in small molecule activation due
to their metal coordination capability which enables the imidazole to act as a secondary ligand to
enhance the electron density at the metal center, as well as the basic nitrogen at the N3 position,
facilitates the coordination with various transition metals such as Cu, Fe, Ni, and Pd'?, the ability
to tune electronic properties by contributing to ligand field effect and facilitating w-electron
delocalization between the imidazole and Schiff base framework?®, the ability to engage in
hydrogen bonding interactions?’, the ability to act as a proton shuttle in catalytic cycles,*?® the
capability to enhance radical stability and electron delocalization in catalytic oxidation and
reduction processes.*?® However, to this date, very little attention has been paid to imidazole-based
Schiff base systems as molecular catalysts, in terms of small molecule activation.

Another extensively studied Schiff base system is binuclear macrocyclic Co(ll)
calixpyrrole complexes (Figure 1.11).13-132 The ligand system adopted a wedged “pacman”-like
structure resembling cofacial diporphyrin complexes.*®*1% This ligand architecture was

extensively studied by Love'® and Sessler™*” separately and reported higher reaction yields than

“pacman” porphyrins while retaining a similar binuclear structure. Moreover, these complexes

17



were found to be catalytically active for dioxygen reduction at similar potentials as cofacial
porphyrins as well as a formation of superoxo intermediate as a minor species during catalysis
leading lower selectivity towards the four-electron reduction of oxygen to water.'®? That
phenomenon was attributed to faster electron transfer compared to proton transfer resulting in the
generation of a peroxo intermediate emphasizing the importance of proton shuttling or faster
proton transfer mechanisms like PCET.*3 Later studies of the Love group investigated the effect
of changing bite angle and metal-metal distance which was revealed by substituting anthracenyl
backbone instead of o-phenylenediamine spacer favors the formation of the desired superoxo
complex over peroxo intermediate through reversible oxygen binding.**® The authors reported
that using stronger acids inhibits the catalyst, unlike porphyrin analogues, and they reasoned that

usage of too strong acid might protonate the pyrrolide donors causing metal ion dissociation.'*

R
=N R
NZCo—N~$

Figure 1.11. Structure of a bimetallic Co macrocyclic Schiff-base calixpyrrole complex.
The development of asymmetric catalysts can be considered a somewhat novel approach

in molecular catalyst synthesis because they exhibit high catalytic activity, stereoselectivity, and
broad substrate generality. Shibasaki and coworkers have focused on synthesizing heterobimetallic
Lewis acid/Brgnsted base bifunctional catalysts using chiral Schiff base ligands for catalyzing
organic reactions.**® They focused on constructing unique and flexible ligand environments around
each meant center to achieve high catalytic activity resembling most enzyme active sites like
cytochrome C oxidase. They have developed multiple bifunctional hereto-dinuclear and
homodinuclear Schiff base catalysts for various asymmetric transformations. They have reported

increased catalytic activity and selectivity due to the new metal combinations and unique
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environments. Although this approach has not been tested with small molecule activation, it is

expected to yield promising results due to the rapid expansion of the field.
1.4. Performance evaluation factors for electrocatalysts

Electrocatalytic hydrogen evolution is an uphill, energy-requiring reaction as reflected by
positive Gibbs free energy value (AG). The reaction also needs to overcome a significant kinetic
barrier for it to be a successful reaction. The role of catalysts is very crucial in that aspect as it
supports lowering the kinetic barrier for the specific reaction, in this case, HER (Figure 1.12a).
The evaluation of the catalytic performance for hydrogen evolution reaction can be done based on
several key factors demonstrating the activity of the catalyst, catalyst stability, and catalyst
efficiency (Figure 1.12b). The activity of the catalyst is characterized by overpotential, Tafel
slope, and exchange current density depending on the catalyst's nature (Figure 1.12b). The
stability of the catalyst is indicated by changes in overpotential or current over time (Figure 1.12c),
while its efficiency is defined by the faradaic efficiency and turnover frequency parameters

(Figure 1.12.d).140
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Figure 1.12. A Schematic illustration of the catalyst’s role in lowering the activation energy
barrier; b—d schematic illustrations of the performance evaluation parameters of electrocatalyst,
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including, b activity in terms of overpotential, Tafel slope, and exchange current density, ¢ stability
in terms of current- and potential-time curves, and d efficiency in terms of faradaic efficiency and
turnover frequency. Reproduced with permission from REF°,

1.4.1. Evaluating the activity of the catalyst.

Overpotential (n) refers to the difference between the practical potential needed to be applied
to the system to make it function and the standard potential of the redox couple of the H*/H, under
the operating conditions or the difference between the actual voltage needed for the reaction due
to the higher kinetic barrier and thermodynamic potential (1.23 V).**! The applied potential highly
depends on the reaction conditions such as choice of solvent, proton source, acid concentration,
and temperature and the standard potential of the H*/H. couple strongly depends on both the
solvent and the pKa value of the proton source used.!*? This parameter is a very crucial descriptor
in evaluating the activity of the electrocatalysts because it represents the energy requirement of the
catalyst in other words the extra voltage requirement beyond the thermodynamic potential. A good
electrocatalyst is a catalyst that can facilitate the reaction with minimal energy loss. Therefore, a
lower n value for a targeted reaction means that it requires less additional energy to drive the
reaction efficiently hence, considered a good catalyst.

Another important feature used to indicate the activity of the catalyst is the Tafel slope which is
closely linked to the rate of HER specifically for heterogenous catalysts. The Tafel plot graphing
the overpotential (n) as a function of log j which is the current density that is expressed by the
equation: n=a-+b log j results in two important Kinetic parameters. One is the Tafel slope b which
is related to the catalytic reaction mechanism in terms of electron transfer kinetics, and the other
is the exchange current density jo which can be extracted by obtaining the current at zero
overpotential representing the intrinsic charge transfer under equilibrium conditions.'*® By
definition, a smaller Tafel slope means faster reaction kinetics and vice versa. A higher exchange

current density means a greater charge transfer rate and a lower reaction barrier therefore to be
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identified as a better catalyst, a lower Tafel slope and higher exchange current density values are
expected.
1.4.2. Evaluating the stability of the catalyst

Thermodynamic and Kinetic stability is an important parameter to consider in evaluating the
catalyst potential for use in real-world applications such as fuel cells. There are two main methods
to evaluate the stability of an electrocatalyst. One is by chronoamperometry (I-t curve) or
Chronopotentiometry (E-t curve) and the other method is cyclic voltammetry (CV). The first
method evaluates the current variations with time under fixed potential (I-t curve) or the potential
variation with time under fixed current (E-t curve). The longer the resulting current or potential
remains constant, the catalyst is considered more stable and better. The CV method measures the
current by cycling the potential through a potential range. Usually, this experiment requires more
than 5000 cycles of run at a decided scan rate. ° The steadier the current value is, the more cycles,
the more stable the catalyst is. Both of those methods are very common methods to evaluate
catalyst stability in homogenous catalysis. Linear sweep voltammetry (LSV) is another method
that can be applied to both homogenous and heterogeneous systems but is more popular with solid
catalyst systems. This method measures the overpotential shift before and after CV at a specific
current density. The smaller the change of overpotential is, the better the catalyst's stability. 43

1.4.3. Evaluating the efficiency of the catalyst.

Faradaic efficiency is a quantitative parameter obtained during bulk electrolysis experiments
and defined as moles of Hz quantified/mol of H2 theoretical based on charge transferred through
the cell x 100%.%** The experimental value of hydrogen can be determined by analyzing the gas
production from the cell using the gas displacement method, gas chromatography, or by using a

hydrogen gas detector. This parameter quantifies the selectivity of the catalyst toward H> gas
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production, values closer to 100% indicate the highly efficient catalyst meaning most of the charge
is used to produce hydrogen gas.

Turnover frequency (TOF) is another useful parameter to evaluate the efficiency of the
catalyst which describes the reaction rate in terms of the catalytic site. By definition, it indicates
the amount of reactants that can be converted to the desired products (the number of electrons
exchanged) per catalytic site of the redox-active compound in the solution per second.*
Calculating TOF values precisely for homogenous systems is much easier compared to
heterogenous systems due to the necessity of estimating a precise number of active sites per
electrode area. Despite that fact, the TOF parameter is still considered a generous way to compare

catalytic activity among different catalysts.
1.5. Sues group chemistry

Love and Sessler both independently developed macrocyclic Schiff base calixpyrrole
Systems?30-132.137.138.145,148 haged on years of studies on cofacial “pacman” porphyrins,47-1%
Interestingly, compared to porphyrins, Schiff base synthesis is much more straightforward and
simpler while displaying similar catalytic reactivities. Moreover, similar to “pacman” porphyrins,
macrocycles are also known to adopt cofacial geometries. As discussed above, the promising
catalytic activity of Naruta’s Pacman asymmetric porphyrins and Shibasaki’s unsymmetric
calixpyrroles catalysts for organic reaction catalysis inspired the creation of multiple coordination
sites and synthesizing bimetallic complexes. Their modification of the secondary coordination
sphere favors catalytic activities, and some of the modifications even favored the formation of
heterobimetallic structures. Furthermore, the Love group macrocycle system was shown to be

catalytically active towards small molecules. Given the promising results generated by Naruta’s

group, shibasaki’s group, and Love's group, the Sues group has decided to apply a similar approach
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to synthesize unsymmetric complexes. That is, targeting a system like the Love group macrocycle
where the complex adopts a cofacial arrangement with two chemically distinct coordination

spheres.
1.6. Thesis goals

The goal of this thesis is the development and characterization of novel unsymmetric Schiff
base complexes for use as small molecule activation electrocatalysts. The synthesis and
characterization of salixpyrrole and imixpyrrole complexes are discussed, as well as their
electrochemical properties and electrochemical activity towards hydrogen evaluation are
evaluated. Additionally, the factors affecting catalytic activity such as metal type and number of
metals, acid strength, etc. are discussed. Mechanisms are tested by electrochemical methods.

Chapter 2 discusses the development of novel monometallic and bimetallic unsymmetric
cofacial palladium complexes supported by ligands featuring calixpyrrole and salen coordination
motifs, characterization of those complexes, and preliminary catalytic activity towards hydrogen
evolution reaction. The results of this work were published in the Inorganic Chemistry Journal of
the American Chemical Society.*® Both complexes were isolated in a good yield and coordinated
with palladium to obtain mono-and bimetallic complexes. The electrocatalytic activity was
evaluated using para-toluenesulfonic acid monohydrate as the proton source, which revealed the
catalytic activity of both complexes towards HER and the generation of homogenous catalysts.
The catalytic activity of two complexes towards HER was compared to each other to study the
effect of several metals in the unsymmetric cofacial system for catalytic activity.

Chapter 3 focuses on devoloping unsymmetric cofacial palladium complexes supported
by ligands featuring calixpyrrole and imadzole coordination motifs. The characterization of those

complexes, and the tunability of the complex in the presence of different proton sources towards
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hydrogen evolution reaction were discussed. The complexes were isolated in a good yield and
coordinated with palladium to obtain monometallic complex. The electrocatalytic activity was
evaluated using anilinium.BF, Imidazolium.BF4, and triethylammonium.BF4, which revealed the
catalytic activity of imixpyrrole complexes towards HER in the presence of all three acids and the
mechanistic differences. The catalytic activity of the complex in the presence of each acid towards
HER was compared to each other to study the profound impact of external conditions on the
unsymmetric cofacial system for catalytic activity.

Building on this farmwork, Chapter 4 explores a novel synthetic strategy for constructing
heterobimetallic Schiff-base complexes. Through a stepwise metalation approach, incorporation
of various transition metal ions into the secondary coordination sphere of the imixpyrrole system
was studied. Electrochemical characterization was carried out to understand the redox features of
the synthesized complexes. Although crystallographic characterization remains elusive due to
challenges in crystalizing charged multimetallic complexes, spectroscopic and analytical evidence
was used to confirm the formation of the expected complexes.

Chapter 5 postulated future opportunities with these unique ligand architectures. Specifically,
different ways to modify the ligand scaffold to become more accessible by shifting to more positive
potentials. This may be achieved by changing metel-metal separation of the cofacial system,
introducing different hetero atoms, and incorperating cataions into the ligand scaffold are a few

suggestions that are being discussed.
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Chapter 2 - Unsymmetric co-facial “Salixpyrrole” hydrogen

evolution catalysis: two metals are better than one

Portions of this chapter appear in the following manuscript:
Somachandra, M. S.; Averkiev, B.; Sues, P. E. Unsymmetric Co-Facial “Salixpyrrole”
Hydrogen Evolution Catalysts: Two Metals Are Better than One. Inorg. Chem. 2024, 63 (29),

13346-13357. https://doi.org/10.1021/acs.inorgchem.4c01101.

2.1. Abstract

Developing ligand architectures that emulate enzyme active sites offers a promising strategy for
creating efficient catalysts aimed at activating small molecules for sustainable energy applications.
Essential design elements include chemically distinct binding pockets for multiple metal centers
and a three-dimensional framework to control the spatial arrangement of catalytic sites. Based on
these principles, this study presents mono- and bimetallic unsymmetric cofacial palladium
complexes (2 and 3, respectively) supported by ligands featuring calixpyrrole and salen
coordination motifs, referred to as "salixpyrrole” ligands. These complexes were synthesized via
a straightforward Schiff-base reaction, yielding the desired products in appreciable amounts.

Both complexes (2 and 3) demonstrated activity as hydrogen evolution electrocatalysts, utilizing
para-toluenesulfonic acid monohydrate as the proton source. Notably, the two salixpyrrole
catalysts exhibited distinct mechanistic behaviors: complex 2 displayed a second-order
dependence on acid concentration, while complex 3 followed a first-order dependence.
Furthermore, the bimetallic catalyst (3) outperformed its monometallic counterpart (2), achieving
significantly higher turnover frequencies (4640 s™' compared to 1680 s! for 2) and operating at

lower overpotentials (0.39 V versus 0.69 V for 2).
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These findings establish proof-of-concept that bimetallic catalysts with chemically distinct
coordination sites exhibit superior catalytic performance compared to their monometallic or

symmetric counterparts, highlighting their potential for advancing sustainable energy solutions.
2.2. Introduction

The development of a secure, clean, and renewable energy source has become a significant
technological challenge shaping our global future. Technologies based on the reduction and
oxidation of abundant small molecules play an important role in this matter because those
technologies can be categorized as clean energy sources. Fuel cells are a promising technology for
use as a source of heat and electricity, and hydrogen fuel cells have attracted increasing attention
as a potential alternative to carboniferous fossil fuels. Effective hydrogen production from
water/proton sources by using a catalyst composed of transition metals plays a vital role in this
process. Therefore, researchers have been paying much attention towards designing catalysts for
H. evolution either in organic solvents in the presence of a proton source or aqueous solutions.?*

Biological systems, on the other hand, use metal clusters, redox-active ligands, and amino
acids as enzymes to break down challenging catalytic transformations into sequences of
elementary steps to avoid high activation energy barriers. In nature, the hydrogenase enzymes
([Fe], [FeFe], and [NiFe]) use transition metals to catalyze HER and this is achieved through the
construction of uniquely shaped microenvironments in enzyme active sites with amino acid side
chains and/or cofactors that carefully control the positioning of catalytically active metal centers.>
" Moreover, another common theme in natural systems is the use of multiple metal centers in
chemically distinct binding sites to facilitate multielectron transfer processes. (Figure 2.1).>”’
Although these enzymes are very capable of catalyzing small molecule activation, their translation

to industrial applications has proven difficult.
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Figure 2.1. Structures of the [FeFe]-hydrogenase (left) and [NiFe]-hydrogenase active sites with
the different metal binding sites highlighted. Reproduced with the permission from REF’.

The chemistry of enzyme active sites has inspired a lot of structural and fundamental
synthetic mimics to probe bioinspired multi-electron transfer processes and spectroscopic
properties. Rauchfuss et al. have created a diiron catalyst to mimic the active site of [FeFe]-
Hydrogenase enzyme® and Bullock et al. have created a series of monometallic nickel
diphosphacycloheptane complexes to mimic the natural hydrogenases (Figure 2.2).2%*! Most of
these complexes exhibit exceptional catalytic activity for H, evolution and oxidation. While some
of these complexes achieve turnover frequencies of approximately 100,000 s, their catalytic
performance is hindered by overpotentials of 625 mV. In contrast, some natural hydrogenases are

believed to operate with an overpotential <100 mV.°
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Figure 2.2. General structure of the nickel diphosphacycloheptane complex.

Another synthetic route to design bi- and multimetallic complexes for small molecule
activation are cofacial or Pacman diporphyrin complexes, because of the known characteristics of
metalloporphyrins in nature for light harvesting, energy conversion, multi-electron transfer, O2

activation, and peroxide degradation (Figure 2.3, left). The synthetic mimics are known to have
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exceptional control over the intrametallic separation as well as a well-known coordinative
environment of the porphyrin,*22°, which makes metalloporphyrin competent candidates for HER,
OER, and ORR catalysis. Some of these complexes are also known to show fascinating
stoichiometric and catalytic small molecule chemistry, like hydrogen activation, OER, and
ORR.1%-20 Although initial “Pacman” porphyrin ligands contained two identical binding pockets
for metals, a novel approach to better mimic enzyme active sites involves designing a ligand
system with a chemically distinct coordination environment.?*2® However, the synthesis of
“Pacman” diporphyrin complexes is significantly difficult and complicated, and known to produce
poor yields. These synthetic challenges have slowed the research progress in sustainable energy
technologies and represent a significant barrier to further implementation of these exquisite ligand

systems.

Figure 2.3. General structures of bimetallic cofacial porphyrin (left) and calixpyrrole (right)
“pacman” complexes.

Cofacial calixpyrroles are a similar class of ligands developed by Love, Sessler, and their
co-workers that can be readily prepared in three high-yielding steps from pyrroles (Figure 2.3,
right). These ligand systems are known to show similar characteristics to pacman diporphyrin
complexes upon metal complexation.?’-%¢ The structural similarities have drawn the attention of

the small molecule activation chemical industry to explore these ligands as building blocks for

39



more complex ligand architecture. For example, dicobalt complexes of Schiff base calixpyrroles
were found to participate in oxygen reduction.® 0

Still, platinum (Pt) and Pt-based compounds are considered the best choice among the other
electrocatalysts for HER, because of their outstanding activity and high current density. According
to the Sabatier principle, to be an ideal HER catalyst, it should have optimum hydrogen adsorption
and desorption energies.***3 A volcano plot representing calculated hydrogen adsorption energies
on different metal surfaces by Narskov et al.*! relative to exchange current densities indicates the
peak position at zero, where Pt is the closest among other metals, and the next closest being Pd
(Figure 2.4). A large amount of work has gone into the development of non-Pt-based catalysts due
to Pt being expensive and scarcity to overcome limitations like low durability and less CO
poisoning. Since Pd is one of the Pt group metals with high adsorption energy immediately after

Pt, as well as due to the generation of diamagnetic complexes, which would aid with spectroscopic

characterization, the usability of Pd as a substitute for Pt has been widely investigated.*+4¢

-1

.2-1
P R
& 3 “® Pdegpi(1})
g -4
- 4
2 5
— i Auool\u
=) w
3 * ¢
Nb
ol b gAu(11)
Mo
%
B S—r——r—f—r——r—r—r—r—r—y T
06 04 02 00 02 04 06

AG,./ (eV)

Figure 2.4. Volcano plot of exchange current density (jo) as a function of the DFT-calculated
Gibb's free energy (AGh=) of the adsorbed atomic hydrogen on a pure metal. Reproduced with the
permission from REF*,

In this work, we report on the synthesis of unsymmetric co-facial “Salixpyrrole” and its

catalytic activity towards HER. These species are expected to be like co-facial porphyrins with
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chemically distinct environments but more flexible and easier synthesis. Recently, our group
reported the synthesis of a palladium calixpyrrole complex with pendant amines and its catalytic
activity for the HER,*" which provides a great opportunity to modify the ligand system to have a
unique chemically distinguished environment compared to its first coordination sphere. At the
same time, this novel synthesis route provides an interesting pathway to synthesize
heterobimetallic complexes with targeted chemical environments. Herein, we outline the synthesis
of “salixpyrrole” from a previously reported palladium calixpyrrole complex (1) as the starting
material. The new ligand structure contained not only calixpyrrole but also salen binding pockets
in the second coordination sphere. Both mono- and bimetallic palladium complexes, 2 and 3,
respectively, were synthesized and characterized. This work will compare their coordination

geometry, electrochemical properties, and catalytic activity toward HER.

2.3. Results and discussion

2.3.1. A novel method to synthesize complex 1

Recently, our group reported the synthesis of palladium calixpyrrole complex (1) by
deprotonating the pyrrole species with two equivalents of KH, followed by a salt metathesis
reaction with one equivalent of Pd(OAc). in THF to produce a four-coordinated square planar
complex. The yield of the reaction was reported as 57.4 %, which can be considered a moderate
yield.*” During this study, we were able to develop a synthesis procedure to increase the reaction
yield of this product to 70%, which is beneficial in future synthesis. The pyrrole ligand was reacted
with one equivalent of Pd(OAc), in DCM, resulting in a red color powder with *H NMR peaks
comparable to those published in the paper. Similar to the published results, the imine C-H signals
were shifted upfield from 5.3 ppm to 7.75 ppm, and the pyrrole NH signals between 11 and 12

ppm have disappeared, confirming the coordination of Pd to the calixpyrrole core. The increase in
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yield upon changing solvent can be attributed to the higher polarity of THF compared to DCM,
leading to lower product purity. THF can act as a ligand and compete with Schiff base for
coordination with Pd(I1), forming solvated Pd(11) species.*® The absence of KH base also could be
a factor in resulting in higher yields, since KH is a very strong base, it may over-deprotonate
pyrrole groups, leading to side reactions.*°
2.3.2. Synthesis and characterization of complexes 2 and 3

The monometallic palladium salixpyrrole complex (2) was synthesized by following an
extremely straightforward pyrrolidine-catalyzed Schiff-base reaction developed by Garcia Ruano
and Cid et al.® The synthesis was done by using complex 1 and 4-tert-butyl-salicylaldehyde
(Scheme 2.3.1) as starting materials, and the product was isolated in moderate yields (51%). A
simple condensation reaction between one equivalent of complex 1 with excess 4-tert-butyl-
salicylaldehyde in THF resulted in the expected monometallic pd complex (Scheme 2.1). In this
procedure, pyrrolidine was used as a catalyst to prevent the usage of highly concentrated acidic
media during transamination, as well as molecular sieves were used as a water scavenger to
increase the reaction rate. The *H NMR spectra show characteristic peaks for salicylaldehyde
incorporation compared to complex 1. The appearance of the 2" imine peak at 8.19 ppm and the
upfeild shift of the previous imine peak from 7.75 ppm to 7.49 ppm confirms the salicylaldehyde
substitution. Also, the appearance of the peak at 1.27 ppm, which can be attributed to the tert-
butyl, supports that conclusion.

Our initial attempts to synthesize the free salixpyrrole ligand were unsuccessful according
to the *H NMR spectra of the crude reaction mixture, which shows multiple imine and aldehyde
groups. We attributed these results to the hydrolysis of the existing imine bond in the free ligand

of complex 1. It is believed that the conditions that are applied to form the new imine bond with
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4-tert-butyl-salicylaldehyde lead to the hydrolysis of the existing imine bond, hence multiple
unwanted side reactions. Therefore, complex 1 was utilized as the starting material, with Pd
employed to lock the imine bond within calixpyrrole functionalities.

Scheme 2.1. General Synthetic Procedure for Salixpyrrole Complexes 2 and 3.

Ph_ Ph Ph_ Ph =

tBu, THF fBu tBu N\

1) Pd(OAc),, 2 LiOtBu, N, -,

\ N N / N / - DCM/THF \N,F'd,
HzN NH 2) Pd(OAc),, 2 LiOtBu, @[

2) 10% NH DCM DCMATHF A
3

The bimetallic palladium complex (3) was synthesized using 2 as a starting material. The
monometallic complex reacted with an excess of Pd(OAc)2, which was used as the metal source,
and LiOtBu, which was used as the base to deprotonate the phenols (Scheme 2.1). The reaction
was done in two steps to provide the lost palladium during Pd-black formation under the reaction
conditions. The product was isolated in moderate yields (47%), and the *H NMR spectrum
confirms the metal coordination with the characteristic salen imine peak shift upfield from 8.19
ppm to 7.21 ppm. The pyrrole imine also shifted to upfield from 7.49 ppm to the range between
7.23 — 7.16 ppm, which is understandable considering it is further away from metal coordination.
In addition to NMR spectroscopy, both 2 and 3 complexes were characterized in the solid

state utilizing single-crystal X-ray diffractometry (Figure 2.5). The monometallic complex (2)
adopted a square planar coordination geometry, which resembles the configuration of complex 1.
An exception, however, was that the metal was bound completely in the plane of the calixpyrrole
ligand nitrogen donors, whereas, in complex 1, the palladium center adopted a distorted square
planar configuration with the metal bound slightly out of the calixpyrrole ligand nitrogen donors.*’

Moreover, the palladium center was more tightly bound to the pyrrolidine nitrogen with shorter
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bond lengths of 1.937 A between Pd(1)-N(17), whereas to the imine donors (Pd(1)-N(12) bond
lengths of 2.118 A) (Table 2.1). These results are consistent with complex 14 and the results
reported by Love et al.%* for bimetallic palladium “pacman” complexes. It was also observed that
the angle between N(17)-Pd(1)-N(17) bond for pyrrolidine donors was compressed just below 90°
(86.3°), compared to the bond angle between N(17)-Pd(1)-N(12) which is more compressed being
almost 80° (80.4°) (Table 2.1). This can be attributed to the formation of the five-membered ring
between imine and pyrrolidine donors and the palladium metal center upon coordination. To
compensate for the compressed angles, the bond angle between N(12)-Pd(1)-N(12) for the imine
bond donors was expanded beyond 90° (112.1°) (Table 2.1). The calixpyrrole C=N imine bond
length for complex 2 (N(12)-C(13) bond length of 1.32 A) was slightly longer than the imine bond
seen in the free ligand (N(3)-C(6) and N(4)-C(11) bond lengths of 1.28 A and 1.29 A, respectively).
These results were comparable to those imine bond lengths seen in the analogous palladium
complexes.*’>! It could be due to © back-bonding from the palladium center, which weakens the
imine bond. On the other hand, the 2" imine bond, salen C=N in complex 2, was much similar in
length to the free ligand imine bond length.

Table 2.1. Selected bond lengths and bond angles for 2.

Bond Lengths (&) Bond angles (Deg)
PA()-N(17) 1.93703) N(17)-Pd(1)-N(17) 86.3(5)
Pd(1)-N(12) 2.118(3) N(17)-Pd(1)-N(12) 80.4(4)
N(12)-C(13) 1.325(4) N(12)-Pd(1)-N(12) 112.1(5)

N(9)-C(8) 1.281(4) N(12)-C(13)-C(14) 119.2(3)
H(20)-N(9) 1.58
0(20)-N(9) 2.57

Interestingly, complex 2 displayed C>-symmetry with the pendent groups on opposite sides

of the calixpyrrole plane. The phenol moieties in salicylaldehyde can be seen hydrogen bonded to
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the salen imine nitrogens with H(20)-N(9) and O(20)-N(9) distances of 1.58 and 2.57 A,

respectively (Table 2.1).

Figure 2.5. ORTEP3 representation (thermal ellipsoids at 50% probability) and atom numbering
for: (a) 2, most of the hydrogens have been omitted for clarity. (b) 3, most of the hydrogens have
been omitted for clarity.

On the other hand, the bimetallic complex (3) adopted a distorted cofacial conformation
with two square planar palladium centers (Figure 2.5). The coordination geometry of the
calixpyrrole core was very similar to the reported palladium complexes.*”°! Interestingly, with the
second metal coordination, the palladium was bound slightly out of the plane of the four nitrogen
donors in the calixpyrrole center (0.011 A). Additionally, compared to the monometallic complex,
the palladium center was found to be more tightly bound to the pyrrolide nitrogens. It was reflected
by having shorter bond lengths between the pyrrolide nitrogen Pd(1)-N(6) and Pd(1)-N((8) (1.92
A compared to 1.937 A between Pd(1)-N(17) in 2) as well as bond lengths between imine donors
Pd(1)-N(8) and Pd(1)-N(30) (2.07 and 2.04 A, respectively compared to Pd(1)-N(12) bond lengths
of 2.118 A of 2) (Table 2.2). It was also observed that the angle between N(6)-Pd(1)-N(28) bonds
for pyrrolide donors was compressed just below 90° (89.4°), compared to the bond angle between
N(6)-Pd(1)-N(8) and N(28)-Pd(1)-N(30) which were more compressed being almost 80° (80.7°

and 80.0°, respectively) (Table 2.2). This can be attributed to the formation of the five-membered
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ring between imine and pyrrolidine donors and the palladium metal center upon coordination. In
contrast, the bond angle between N(8)-Pd(1)-N(30) for imine donors was expanded beyond 90°
(110.3°) to compensate for the compressed angles. Lastly, the calixpyrrole C=N imine bond length
for complex 3 (N(8)-C(7) and N(30)-C(29) bond lengths of 1.32 and 1.32 A, respectively) was
slightly longer than the imine bonds seen in the free ligand (N(3)-C(6) and N(4)-C(11) bond
lengths of 1.28 A and 1.29 A, respectively) but similar to the imine bonds in complex 2 (Table
2.2). As discussed earlier, it is believed that this weakening could be due to © back-bonding from
the palladium center. Even though the calixpyrrole binding pocket displayed parameters similar to
the reported palladium complexes (5), the salen binding pocket exhibited some moderate
differences compared to some known monometallic palladium salophen systems (4) (Figure

2.6).52°%

=N N= tBu
N5 =< 0
e T

a) tBu 4 ({Bu

b)

Figure 2.6. (a) Structure of the monometallic tert-butyl substituted palladium salophen
complex 4 (left) and a side-on view of the tetradentate plane showing the dihedral angle (right);
and (b) Structure of the bimetallic palladium “pacman” calixpyrrole complex 5 (left), a side-on
view showing the dihedral angle between the cofacial planes (middle), and a front-on view
showing the torsional twist (right).
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The palladium center in the salen portion of 3 adopted a square planar configuration with
the metal bound slightly out of the plane of the two nitrogen and two oxygen donors (0.005 A).
The Pd(I1) center is coordinated in a cis-planar fashion by the two phenolic oxygen atoms and two
imine nitrogen atoms. Surprisingly, the palladium center was found slightly closer to the oxygen
donors rather than the imine nitrogens, whereas in most of the known monometallic salophen
complexes, it was found to be closer to the imine nitrogens®>* (Pd(2)-0(45), Pd(2)-O(23), Pd(2)-
N(15, and Pd(2)-N(37) bond lengths of 2.01, 2.00, 2.04, and 2.03 A). Additionally, all of the bond
lengths for complex 3 were lengthened by 0.02 to 0.05 A in contrast to the reported monometallic
complexes.>*>* These changes can be attributed to the more strained/twisted binding mode forced
by the co-facial arrangement compared to the monometallic ligand architecture. It is also observed
that the bond angle between the phenolate donors O(45)-Pd(2)-O(23) for 3 was significantly
compressed below 90°(82.1°), whereas the bond angles for the two six-membered ring systems
0O(45)-Pd(2)-N(37) and O(23)-Pd(2)-N(15) were close to 90° (91.6 and 89.4°) (Table 2.2). Lastly,
the bond angle between the imine donors N(15)-Pd(2)-N(37) was well expanded beyond 90°
(98.4°). These results were consistent with the previous findings for palladium-based
monometallic salophen complexes.>*%* The salen C=N imine bond lengths for the coordinated
salen core for 3 (N(37)-C(38) and N(15)-C(16) bond lengths of 1.30 and 1.32 A, respectively)
were longer than those seen in the uncoordinated portion of the Salen core in 2 (N(9)-C(8) bond
lengths of 1.28 A)which was attributed to the 7 back-bonding from the palladium center (Table
2.2).

Additionally, the metal-metal distance and dihedral angle between the calixpyrrole plane
(PdN4) and salen plane (PdN20) were found to be larger in comparison to the reported palladium

calixpyrrole “pacman” complex 5 by Love et al. 52 (Pd(1)-Pd(2) distance 4.09 A and dihedral angle
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of 3, 52.3° compared to 3.83 A and 44.7° seen for 5). It is hypothesized that this increased
separation between the cofacial planes is caused by the bulky tert-butyl groups. This hypothesis
can be supported by the following: 1) the two metal centers in 3 were more offset than the metal
centers in 5 (average torsional twist ® = 27.9° as opposed to ® = 25.0),%? likely to minimize steric
clash between the meso-phenyl moieties of the calixpyrrole unit and the tert-butyl groups; and 2)
the more distorted square planer salen palladium metal center which further twists the entire
structure (dihedral angle of 13.1° for 3 as opposed to 5.8° seen for 4), likely due to the steric bulk
of the tert-butyl functionalities (Figure 2.5).

Table 2.2. Selected bond lengths and bond angles for 3.

Bond Lengths (&) Bond angles (Deg)
Pd(1)-Pd(2) 4.09
For calixpyrrole core

Pd(1)-N(6) 1.921(4) N(6)-Pd(1)-N(8) 80.67(16)
Pd(1)-N(28) 1.917(4) N(28)-Pd(1)-N(6) 89.41(16)
Pd(1)-N(8) 2.067(4) N(28)-Pd(1)-N(30) 80.04(16)
Pd(1)-N(30) 2.044(4) N(30)-Pd(1)-N(8) 110.26(16)

N(8)-C(7) 1.320(6)
N(30)-C(29) 1.316(7)

For salen core

Pd(2)-N(15) 2.043(4) 0O(23)-Pd(2)-N(15) 91.57(15)
Pd(2)-N(37) 2.029(4) 0O(45)-Pd(2)-N(37) 89.42(15)
Pd(2)-O(23) 1.998(4) 0(23)-Pd(2)-O(45) 82.13(14)
Pd(2)-O(45) 2.011(4) N(37)-Pd(2)-N(15) 98.36(16)
N(15)-C(16) 1.315(6)
N(37)-C(38) 1.296(6)

The straightforward and modular nature of this synthetic route makes it attractive for the

synthesis of novel cofacial systems. In this synthesis, different functionalities were incorporated
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such as hydroxide functionality on the salicylaldehyde starting material were incorporated ortho
into the imine bond as well as the transition metal complex incorporated adjacent to the pendent
amines on 1. These modifications suggest that this synthetic route for Schiff-base formation was
relatively insensitive to steric encumbrance in these positions. However, systems that place too
much bulk close to the aldehyde or imine groups may make the imine-bond formation sluggish.
Therefore, it is hypothesized that various aldehydes with acidic protic groups like phenols and
calixpyrrole starting materials with various donor groups and meso-substituents can be utilized.
These types of modifications will be extremely useful in future studies for tuning the binding
pockets of the cofacial systems or even with the synthesis advancements of heterobimetallic
unsymmetric complexes.
2.3.3. Electrochemical characterization

The electrochemical properties of the salixpyrrole complexes 2 and 3 were evaluated using
cyclic voltammetry (CV) in THF due to the limited solubility in more polar solvents like
acetonitrile. Tetrabutylammonium hexafluorophosphate (TBAP) was used as the supporting
electrolyte. The monometallic complex showed similar electrochemical characteristics to complex
1 and its free ligand in THF (Figure 2.7a) The voltammogram for 2 displayed a quasi-reversible
redox couple around -0.25 V vs ferrocene/ferrocenium (Fc/Fc*) couple, which can be attributed to
the calixpyrrole ligand-based oxidation according to the previous computational studies on
complex 1.4” This hypothesis is further supported by the reducing open circuit potential (OCP) of
2, which was measured to be -1.97 V vs Ag/AgNOs suggesting the redox couple corresponded to
an oxidative process. The appearance of the more anodic shoulder on the reduction peak around -
0.35 V vs Fc/Fc* suggested the occurrence of the two overlapping electron transfer processes. The

cyclic voltammograms of salophen complex 4 and its free ligand also displayed reduction peaks
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around -0.33 V and -0.20 V vs Fc/Fc*, respectively in THF (Figure 2.7 d and e). Therefore, it is
possible to assume that the shoulder around -0.35 V in 2 corresponds to the “salen” portion of the
salixpyrrole ligand. Additionally, there were two irreversible oxidation peaks around 0.43 V and
0.72 V vs Fc/Fc™ in the CV for complex 2. When comparing 2 to the 4 and its free ligand in THF,
which displayed similar irreversible oxidations around 0.55 V, 0.74 V vs Fc/Fc* and 0.33 V, 0.7

V vs Fc/Fc*, respectively (Figure 2.7), it is possible to attribute these irreversible oxidations to the

salen portion of the ligand in 2.
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Figure 2.7. Representative CVs (0.1 M TBAP in THF, 0.25 mM ligand or complex, glassy carbon
working electrode, platinum wire counter electrode, 0.01 M Ag/AgNO3 reference electrode, scan
rate = 800 mV/s) of: a) complex 2; b) the free ligand of 1; c) complex 1; d) the free ligand of 4; (e)
complex 4; and (f) complex 3.

Bimetallic complex 3 also had similar electrochemical characteristics as 2 (Figure 2.7f).
The evident quasi-reversible couple around -0.32 V vs Fc/Fc* was attributed to the calixpyrrole
ligand-based oxidation, which was further supported by the measured OCP of -1.52 V vs
Ag/AgNOs3, suggesting an oxidative process. The two irreversible oxidation peaks around 0.42
V and 0.71 V vs Fc/Fc* were attributed to the palladium salen portion of 3 after comparing it
with the cyclic voltammograms of salophen complex 4 and its free ligand. Moreover, the
reduction peak around -0.44 was quite broad compared to the reduction peak in 2, which
suggests the occurrence of two overlapping electron transfer processes.

Interestingly, further examination of the redox couple of 2 and 3 around -0.25 V and -
0.32 V vs Fc/Fc*, respectively (Figure 2.8 and Figure 2.9), revealed that this feature's

reversibility depended on the scanning window utilized. If irreversible oxidations at more
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positive potentials were excluded, a more linear correlation between peak potential and scan rate
was seen. Furthermore, the peak current ratio (anodic (ia)/cathodic (ic)) became much closer to
unity, and the peak current was increasing as a function of the square root of the scan rate,
confirming the redox couple's reversibility.>® In particular, for 2, the reduction peak no longer
displayed the shoulder, which was seen with the larger scanning window as well as for 3, the
broad peak around -0.44 V vs Fc/Fc* became less broad with a narrower scanning window
(Figure 2.9). According to these results, the shoulder feature in the reduction peak of the
voltammogram of 2 and the broadening of the reduction peak in 3 can be attributed to one of the

oxidations in the positive region discussed above.
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Figure 2.8. a) CVs of the quasi-reversible redox couple of 2 with a wide scanning window at
different scan rates (0.1 M TBAP in THF, 0.25 mM 2, glassy carbon working electrode, platinum
wire counter electrode, 0.01 M Ag/AgNO3 reference electrode, scan rate = 20 to 800 mV/s); b)
plot of anodic and cathodic current vs. the square-root of scan rate; ¢) CVs of the quasi-reversible

redox couple of 2 with a narrow scanning window at different scan rates; and d) plot of anodic and
cathodic current vs. the square-root of scan rate.

0.04 -
j(\ 0.02 +
&
e~
S
=
S
O 0.00 -

-0.02 T T T T T T T T
-3.00 -2.00 -1.00 0.00 1.00
Potential (V vs. Fc/Fc*)
(a) —20mV/s 100 mV/s ——200 mV/s 400 mV/s —600 mV/s —800 mV/s

56



0.012 ~

0.008 ~ R?=0.9395 -
[ ]
j(\ 0.004 - _
&
S [
% 0 A [ | N -
i n
S [
O -0.004 - R2=0.8394
-0.008 -
-0.012 T T T T : T . T )
0 5 10 15 20 25 30
%
(b) manodic mcathodic
0.010 ~
0.005 -
<
&
S 0.000
S
S
O
-0.005 -
'0.010 T T T T T T x T T T T 1
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1
Potential (V vs. Fc/Fc*)
(C) —20 mV/s 100 mV/s 200 mV/s 400 mV/s —600 mV/s —800 mV/s

57



0.004 -

H
0.002 + ]
— [ ]
< R?=0.9781 -
£ .
€ 0 .
L E
5 =
O R?=0.988 ™
- o
-0.002 +
-0.004 . ‘ . . : ‘ : . - T : )
0 5 10 15 20 25 30
Vv
(d) manodic ®cathodic

Figure 2.9. a) CVs of the quasi-reversible redox couple of 3 with a wide scanning window at
different scan rates (0.1 M TBAP in THF, 0.25 mM 3, glassy carbon working electrode, platinum
wire counter electrode, 0.01 M Ag/AgNQO3 reference electrode, scan rate = 20 to 800 mV/s); b)
plot of anodic and cathodic current vs. the square-root of scan rate; ¢) CVs of the quasi-reversible

redox couple of 3 with a narrow scanning window at different scan rates; and d) plot of anodic and
cathodic current vs. the square-root of scan rate.

2.3.4. Electrocatalytic hydrogen evolution reaction (HER)

Para-toluenesulfonic acid monohydrate was used as the proton source to examine the
electrochemical behavior of complexes 2 and 3. Irreversible reductions accompanied by increased
peak currents were indicative of catalytic HER at -2.2 V and -2.35 V vs Fc/Fc* for 2 and 3,
respectively, under unoptimized conditions (Figure 2.10). Surprisingly, the onset of catalysis did
not correlate with any of the electrochemical features observed in Figure 2.7 for both complexes.
The differential pulse voltammetry (DPV) technique was used to further analyze the complexes.
Unfortunately, no additional irreversible features were observed in both voltammograms at
negative potentials but the characteristic irreversible oxidation peaks discussed above were visible

during DPV at positive potentials with the expected enhancement in the current. Furthermore, H
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NMR spectroscopy results confirmed that the direct protonation of complexes 2 and 3 did not
occur upon the addition of pTSA under non-reducing conditions. Even though there was no visible
direct protonation in the presence of strong acids like pTSA, it is possible that there is a weak
interaction between complexes and pTSA based on literature precedent.> The authors reported
hydrogen bonding interaction between TsO™ groups and the tetraprotonated macrocyclic free
ligand of complex 5. They used pTSA as an acid catalyst to facilitate the imine formation during
the ligand synthesis. The initial crystal structure presented had three TsO™ units hydrogen-bonded
to iminopyrrole units. Treatment with triethylamine was needed to remove the pTSA and isolate
the free ligand of 5. Therefore, it is possible to hypothesize such interaction occurring with 2 and

3, which would facilitate HER.
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Figure 2.10. Representative CVs of 2 and 3 showing electrocatalytic HER in THF (0.1 M TBAP,
no complex or 0.25 mM complex, 25 mM pTSA, glassy carbon working electrode, platinum wire
counter electrode, 0.01 M Ag/AgNO:s reference electrode, scan rate = 50 mV/s).

However, if the scanning window for CVs of 2 and 3 narrowed down to negative potentials,

an irreversible reduction was seen around -2.8 VV and -2.9 V vs Fc/Fc™, respectively, in the absence

of acid (Figure 2.11). These irreversible reductions appeared to be very unstable and disappeared
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after multiple cycles. Therefore, for this work, i, was obtained from the peak current of the second
scan in Figure 2.11 for 2 and 3, respectively. This approach was taken to estimate catalytic rates
conservatively. Catalytic onset for HER was anodic compared to these reductions; therefore, it can
be hypothesized that in the presence of pTSA, the reduced forms of 2 and 3 are stabilized such that
catalytic turnover can occur. This phenomenon can be supported by Dempsey and co-workers'
article, where they reported a Co(dmg) complex as HER catalyst.>® The emergence of a new
catalytic wave indicated the oxidation of Co species, which is stabilized by the acids present in the

medium. It is anticipated that a similar behavior could be observed with compounds 2 and 3.
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Figure 2.11. CVs of the salixpyrrole complexes in the absence of acid (0.1 M TBAP in THF,
glassy carbon working electrode, 0.25 mM 2 or 3, platinum wire counter electrode, 0.01 M
Ag/AgNO3 reference electrode) for: a) 2 (scan rate = 1 V/s); and b) 3 (scan rate = 8 V/s).

Next, the studies were carried out to figure out the current dependence on the scan rate
(Figure 2.12 and Figure 2.13). At the higher scan rates, the peak position shifted cathodically
and became less well-defined. Therefore, the catalytic current ica, was measured at the point
where it begins to plateau the most. The scan rate independence point was achieved around 1
V/s for 2 and 8 V/s for 3, suggesting that the bimetallic system displayed faster reaction kinetics
compared to the monometallic system. Additionally, the current response for both 2 and 3 was
varied linearly with the square root of the scan rate, suggesting a homogeneous process for
salixpyrrole systems.>” These results contradict the results seen for complex 1, which generated
a heterogeneous catalyst in the presence of pTSA.*” Therefore, several controls were carried out
to confirm the homogeneity of the catalytic process for salixpyrrole systems.%® A simple “rinse”
test indicated that the catalytically active species were not adsorbed on the glassy carbon

electrode surface (Figure 2.14). Then, a mercury pool test was carried out to rule out

61



nanoparticle formation for 2 or residual Pd-black affecting HER for 3 (Figure 2.15). Lastly, it

was confirmed that platinum was not leaching from the counter electrode (Figure 2.16).
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Figure 2.12. a) Catalytic CVs at different scan rates (0.1 M TBAP in THF, 0.25 mM 2, 25 mM
pTSA, glassy carbon working electrode, platinum wire counter electrode, 0.01 M AgNO3

reference electrode, scan rate = 20 to 1000 mV/s); b) plot of normalized catalytic current vs. scan
rate.
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Figure 2.14. CVs of rinse test results using THF as the rinsing solvent (0.1 M TBAP in THF, 0.25
to 0 mM 2 or 3, 25 mM pTSA, glassy carbon working electrode, platinum wire counter electrode,
0.01 M Ag/AgNO3 reference electrode, scan rate = 800 V/s) for: a) 2; and b) 3.
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Figure 2.15. CVs of mercury pool tests for hydrogen evolution (0.1 M TBAP in THF, 0.25 mM
2 or 3, 45 mM pTSA, mercury pool working electrode, platinum wire counter electrode, 0.01 M
Ag/AgNO:s reference electrode) for: a) 2 (scan rate = 1 V/s); and b) 3 (scan rate = 8 V/s).
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Figure 2.16. CVs of hydrogen evolution with a graphite rod counter electrode (0.1 M TBAP in

THF, 0.25 mM 2 or 3, 45 mM pTSA, glassy carbon working electrode, 0.01 M Ag/AgNO3
reference electrode) for: a) 2 (scan rate = 1 V/s); and b) 3 (scan rate = 8 V/s).
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2.3.5. Kinetic investigation

The catalyst dependence of the salixpyrrole system for HER was investigated, and the icat was
measured at 3.0 V to limit overlap with direct reduction of pTSA at the glassy carbon electrode
due to the absence of distinct peaks or plateaus in both voltammograms for 2 and 3 (Figure 2.17).
For both systems catalytic current was found to increase linearly with catalyst concentration
(Figure 2.18 and Figure 2.19). This relationship indicated a first-order dependence on the catalyst
according to Eq. 1°°, where n is the number of electrons transferred in the redox event (2 for HER),
F is Faraday’s constant (96,485 C/mol), A is the electrode surface area in cm? (although the
electrochemical surface area is preferred it is usually treated as the geometric surface area), D is

the diffusion coefficient in cm?s™, and x is the order with respect to acid.

icqe = nFA[cat]\/Dk[H*]* @
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Figure 2.17. Catalytic CVs with increasing catalyst concentration (0.1 M TBAP in THF, 0.05 to
0.25mM 2 or 3,45 mM pTSA, glassy carbon working electrode, platinum wire counter electrode,
0.01 M AgNO3 reference electrode) for: a) 2 (scan rate = 1 V/s, current for 0.1 to 0.25 mM 2

picked at 3.0 V to limit overlap with background); and b) 3 (scan rate = 8 V/s, current for 0.05 to
0.25 mM 3 picked at 3.0 V to limit overlap with background).
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Figure 2.18. Plot of ics Vvs. catalyst concentration for 2 (0.1 M TBAP in THF, 0.05 to 0.25 mM 2,

45 mM pTSA, glassy carbon working electrode, platinum wire counter electrode, 0.01 M AgNO3
reference electrode, scan rate = 1 V/s).
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Figure 2.19. Plot of icat vs. catalyst concentration for 3 (0.1 M TBAP in THF, 0.05 to 0.25 mM 3,
45 mM pTSA, glassy carbon working electrode, platinum wire counter electrode, 0.01 M AgNO3
reference electrode, scan rate = 8 V/s).

The effect of water on HER was also explored due to the usage of monohydrated pTSA as
the proton source, and both 2 and 3 exhibited an increased catalytic current response with the
addition of more water equivalents. The monometallic complex displayed the highest current
response with pTSA.3H20, while the bimetallic complex displayed the highest response with
pTSA.H20 (Figure 2.20). Bullock et al. reported similar results for nickel diphosphacycloheptane
and diphosphacyclooctane complexes bearing pendant amine groups.®%-%* The authors reported a
catalytic rate enhancement with the addition of water, and it was attributed to more facile proton
delivery through water, which acts as an intermolecular proton relay between the acid substrate
and the catalyst that contains bulky substituents.%%* Therefore, it is believed that water plays a
similar role with respect to the salixpyrrole systems. As we discussed above in 2, the palladium
center is sterically hindered by the pendant salen functionalities, which sit above and below the
plane of the metal. In 3, cofacial arrangement and bulky tert-butyl groups partially restricted the
access to the space between the two coordination planes. So, it could be envisioned that water acts

as a cocatalyst and enhances the proton transfer from bulky pTSA in solution for both 2 and 3.
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Interestingly, for 2, there was a slight anodic shift in icat with the addition of three and four
equivalents of water, which was not visible with 3 (Figure 2.20). Based on the literature precedent,
this suggests that a water-assisted proton transfer was preceding an electron transfer in the rate-
determining step for 2. According to Artero et al., the cobalt polypyridyl HER electrocatalyst
displayed an anodic shift for the Co''/Co' couple upon acid addition, suggesting a coupled chemical
reaction like protonation. The catalyst was found to proceed through an ECEC mechanism, where
E represents an electron transfer followed by a protonation-like chemical transfer (C). For 2, in
particular for three or four equivalents of water with respect to pTSA, icat Was measured at the peak
current, but for all other cases, including all concentrations of water for 3, icat was measured at 3.0

V as mentioned before (Figure 2.21).
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Figure 2.20. Plot of ica? vs equivalents of water with respect to pTSA for: a) 2 (0.1 M TBAP in
THF, 0.25 mM 2, 45 mM pTSA, 0 to 180 mM H:O, glassy carbon working electrode, platinum
wire counter electrode, 0.01 M AgNO:s reference electrode, scan rate = 1 V/s). b) 3 (0.1 M TBAP
in THF, 0.25 mM 3, 45 mM pTSA, 0 to 180 mM H-0, glassy carbon working electrode,
platinum wire counter electrode, 0.01 M AgNOs reference electrode, scan rate = 8 V/s).
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Figure 2.21. Catalytic CVs with increasing water equivalents with respect to pTSA (0.1 M
TBAP in THF, 0.25 mM 2 or 3, 45 mM pTSA, 0 to 180 mM H20O, glassy carbon working
electrode, platinum wire counter electrode, 0.01 M AgNO3 reference electrode) for: a) 2 (scan
rate = 1 V/s, current for 0 to 90 mM H20O picked at 3.0 V to limit overlap with background); and
b) 3 (scan rate = 8 V/s, current for 0 to 180 mM H20 picked at 3.0 V to limit overlap with
background).

Lastly, the acid dependence for salixpyrrole systems was investigated (Figure 2.22).
Interestingly, for this scenario, the two systems behaved significantly differently from one another.
The monometallic system displayed a linear correlation between ics: and acid concentration, while
the bimetallic system displayed a linear correlation between ic: and the square root of acid
concentration (Figure 2.23). According to Eq. 1, 2 indicated a second-order dependence with an
acid independence point around 60 mM of pTSA, while 3 indicated a first-order dependence with

an acid independence point around 40 mM of pTSA.
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Figure 2.22. Catalytic CVs with increasing acid concentration (0.1 M TBAP in THF, 0.25 mM 2
or 3, glassy carbon working electrode, platinum wire counter electrode, 0.01 M AgNO3 reference
electrode) for: a) 2 (5 to 75 mM pTSA, scan rate = 1 V/s, current for 55 mM pTSA and above
picked at 3.0 V to limit overlap with background); and b) 3 (5 to 56.25 mM pTSA, scan rate = 8
V/s, current for 25 mM pTSA and above picked at 3.0 V to limit overlap with background).
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Figure 2.23. Plot of ica® vs acid concentration for: (a) 2 (0.1 M TBAP in THF, 0.25 mM 2, 5 to
87.5 mM pTSA, glassy carbon working electrode, platinum wire counter electrode, 0.01 M
AgNO:s reference electrode, scan rate = 1 V/s). (b) 3, 5 to 62.5 mM pTSA, glassy carbon working
electrode, platinum wire counter electrode, 0.01 M AgNOs reference electrode, scan rate = 8 V/s).

Once the optimized conditions were achieved, other important parameters like turnover
frequency (TOF), overpotential, and faradaic efficiency were calculated. The TOF for
homogeneous catalysts like salixpyrrole was calculated using eq 5 (v = scan rate), which is a
simplified version of the equations below.®® The Randle-Sevcik equation (eq 2)provides the

relationship between the peak current i, and catalytic concentration, where v is the scan rate in
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the absence of acid, R is the ideal gas constant, T is the temperature in K (298 K), n is the number

of electrons transferred in HER (2), the factor of 0.4463 is related to the diffusion equations.®

. FvD
i, = 0.4463FA[cat] /R”—T 2)

Thus, the ratio between catalytic and peak current (icat/ip) can be obtained from the quotient eq

landeq 2.

icat _ _m_ |RTk[H*}*
ip 04463 Fv

©)

Under pseudo-first-order conditions, k,,s = k[H*]? equation simplifies to eq 4.7

icat __ n RTKops (4)
ip  0.4463 Fv

Then, eq 4 can be simplified to eq 5 under optimized conditions.

Kobs = TOFnay = (1.94 V") v (-t)z (5)

p

All the above equations that can be used to calculate TOF, are best suited for
electrocatalysts under “pure kinetic conditions” where an S-shaped catalytic wave that is scan
rate independent is easily observed. Although the CVs reported for this project show plateau
current at low acid concentrations at optimized conditions, data collected at higher acid
concentrations no longer displayed S-shaped waves. This can be attributed to the proximity of
the catalytic wave to the edge of the solvent window and the overlap with the direct reduction

of pTSA at the glassy carbon electrode. One of the alternative methods developed to determine
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TOF for electrocatalysts that do not operate under pure kinetic conditions is the foot of the wave
analysis (FOWA) method, which requires an accurate measurement of E1/> for the catalyst in the
absence of substrate. As discussed above, according to our data, it is not possible for 2 and 3 to
FOWA to calculate TOF.%>%8-"1 Therefore, despite the absence of S-shaped waves, the TOF was
calculated by using Eg. 5 according to Dempsey and co-workers' recent review.’>’>’3 The
authors have reported that this method is still applicable to TOF calculations as an initial
assessment of catalytic performance. Moreover, they also reported that calculating TOFs in this
way for nonideal systems was inherently conservative, as it underestimated rate constants. The
calculated TOFs for 2 and 3 were found to be 1680 + 120 and 4640 + 840 s, respectively.
Despite the resulting higher current response with pTSA.3H.0, the pTSA.H20 was used to
calculate these measurements due to increased background overlapping at optimized conditions
(Figure 2.24). Although these values are not as large as the many reported HER catalysts such
as the fastest HRE catalyst reported by Bullock and co-workers which had TOF of 100,000 s
160-64 the salixpyrrole system can be considered quite active, and comparatively favorable for
HER, like many known HER electrocatalysts from Artero,’*"> Grapperhaus,®®"®"" and many
others.”®% |t was also quite impressive that the bimetallic system was almost three times faster

than the monometallic system, or 40% faster on a per Pd atom basis.
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Figure 2.24. Catalytic CVs showing the increase in background overlap with increasing water
concentrations using 65 mM pTSA (0.1 M TBAP in THF, 0.25 mM 2, 0 to 130 mM additional
H20 added, glassy carbon working electrode, platinum wire counter electrode, 0.01 M AgNO3
reference electrode, scan rate = 1 V/s). Therefore, the values used to calculate TOF for 2 were
picked at 3.0 V using 65 mM pTSA without additional H20 to limit overlap with the background.

At optimized conditions, the homogenous catalysts 2 and 3 operate at an overpotential of
0.39+0.2and 0.69 £ 0.4 V, respectively, moreover, 3 displayed a much lower overpotential than
2. These overpotentials were calculated using established procedures from Appel and Helm (see
experimental section for calculations).®® The experimentally determined pKa for monohydrate
pTSA in THF was found to be 11.8.87 Interestingly, the overpotential for 3 was significantly
smaller compared to many known HER catalysts, including the diphosphacycloheptane systems
developed by Bullock et al. which had overpotentials of 0.7 V.6364 These results confirmed that

complex 3 was not only much faster and more active than 2 but also much more efficient and

required less energy input.

Controlled potential electrolysis (CPE) studies were carried out to figure out the stability

and faradaic efficiency of salixpyrrole systems. For 2, the calculated faradaic efficiency was 90.5
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+ 5.8% while for 3 it was 91.7 £ 2.5% (see experimental section for calculations). Both systems
displayed a linear increase in charge transfer versus time, resulting in a stable current response
for CPE over time, indicating the catalysts were relatively stable under the reaction conditions.
They did not undergo large structural changes during the catalytic cycle (Figure 2.25 and Figure
2.26). Once again, the bimetallic catalyst was proven to be more desirable compared to its

monometallic analog, with a larger proportion of the charge productivity generating the desired

product.
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Figure 2.25. A representative controlled potential electrolysis experiment in THF (0.2 M TBAP,
0.25 mM 2, and 65 mM pTSA with a 6 mm glassy carbon rod working electrode, 0.01 M
Ag/AgNO:; reference electrode; 0.1M TBAP, 65 mM ferrocene with a 6 mm graphite counter

electrode; 0.5 C of charge passed, potential held at -3.00 V vs. Fc/Fc™) showing: a) current vs time;
b) normalized charge transferred vs. time.
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Figure 2.26. A representative controlled potential electrolysis experiment in THF (0.2 M TBAP,
0.25 mM 3, and 45 mM pTSA with a 6 mm glassy carbon rod working electrode, 0.01 M
Ag/AgNO:; reference electrode; 0.1M TBAP, 45 mM ferrocene with a 6 mm graphite counter
electrode; 0.5 C of charge passed, potential held at -3.00 V vs. Fc/Fc*) showing: a) current vs.
time; b) normalized charge transferred vs. time.
2.3.6. Mechanistic implications

To further understand the mechanism of hydrogen evolution using salixpyrrole systems,
kinetic isotope effect (KIE) studies were carried out in the presence of pTSA-di1.D20 or pTSA-ds
(Figure 2.27). The rate constants derived from Eq. 3 were used to obtain KIE values. For 2, the
obtained H/D KIE value was 1.33 + 0.08, whereas for 3 it was 1.13 + 0.13. Both complexes
displayed smaller KIE values, which were distinct from inverse KIEs that were reported for some
metal-hydrides HER catalysts as well as from larger KIEs associated with electrocatalysts thought
to be proceeding through proton shuttling.?38® Therefore, it is believed that the salixpyrroles
systems were displaying secondary KIE values, indicating that H/D bond breaking was not
involved in the rate-determining step.®® A similar H/D KIE value was observed for zinc-based

thiosemicarbazone electrocatalysts that affected both HER and hydrogen oxidation in methanol in

the presence of acetic acid and triethylamine, respectively.”’ It was found that for zinc systems,
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the ligand reduction and the coupling of reduced thiosemicarbazone radical intermediates were
critical for catalytic activity.
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Figure 2.27. CVs of H/D KIE experiments (0.1 M TBAP in THF, 0.25 mM 2 or 3, glassy carbon
working electrode, platinum wire counter electrode, 0.01 M AgNOs reference electrode) for: a) 2
(65 mM pTSA or pTSA-ds, scan rate = 1 V/s, current picked at 3.0 V to limit overlap with

background); and b) 3 (45 mM pTSA or pTSA-ds, scan rate = 8 V/s, current picked at 3.0 V to
limit overlap with background).

Initially, it was believed that the pendant salen phenol moieties in 2 could act as proton

shuttles and participate in proton-coupled electron transfer (PCET). Although a PCET process
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after the rate-determining step would still be possible with experimental results for 2, it is
unlikely that it could occur beforehand due to the small KIE value observed. It is possible that
the hydrogen bonding that was seen between salen imine and phenol moieties in the crystal
structure of 2 is strong enough to prevent the hydroxyl group from participating in proton
shuttles. Based on the results obtained from kinetic studies and KIE values, two protonations
preceded the rate-determining step, which does not involve bimolecular hydrogen production
(first-order dependence with respect to the catalyst was observed for 2). Further mechanistic
studies are anticipated to further elucidate the mechanism of action for monometallic system 2
as there is limited literature to support it. Additionally, the hydrolysis of the free imine
functionality (salen imine) was an initial concern for 2 due to the reaction conditions that were
used for HER. But, based on CPE results and spectroscopic evidence (UV-vis), it was confirmed
that complex 2 is stable in the presence of pTSA in optimized conditions (Figure 2.28). It is also
believed that the hydrolysis of 2 is not occurring to any significant extent. In particular, it was
confirmed that the hydrolysis of both salen pendant groups to generate starting material 1 seems
impossible considering the homogenous nature of 2 for HER, as 1 seems to generate a

heterogeneous HER catalyst in the presence of pTSA.*’
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Figure 2.28. UV-vis spectra of: a) 2, 2 with 5 equivalents of pTSA, and 2 with 260 equivalents of
pTSA in THF; and b) 3, 3 with 5 equivalents of pTSA, and 3 with 180 equivalents of pTSA in

THF.

On the other hand, the bimetallic complex 3 displayed first-order dependency with respect
to acid, whereas the monometallic complex showed second-order dependency, which indicates
that the two complexes follow distinct catalytic pathways from each other. Considering faster

kinetics and lower overpotential value upon coordination of extra palladium metal, it can be
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hypothesized that having two metal centers is critical for catalytic performance. Due to less
literature precedent about palladium-based salen HER electrocatalysts, it is difficult to predict
how the two planes of the salixpyrrole system interact with the proton source to produce
hydrogen. It can be envisioned that the bimetallic complex would act similarly to the zinc
thiosemicarbazone HER electrocatalyst, as it also displayed a first-order dependence on the
catalyst and acid.”” The authors have reported that the Zn complex facilitates the HER through
ligand-centered radical coupling compared to the usual metal-hydride formation as the key
intermediate. The reaction mechanism involves protonation and reduction to produce a ligand-
centered radical, possibly on one or more imine moieties, followed by fast inter- or intramolecular
coupling and then hydrogen evolution to complete the catalytic cycle. According to the observed
kinetic data for the salixpyrrole system, it is possible to consider other alternative pathways, such
as the formation of the most common metal-hydride intermediates or full reduction of one of the
ligand arms to generate an amide. According to the literature, the latter is more feasible, which is
proved by theoretical calculations using density functional theory for nickel calixpyrrole
analogue.®® Future mechanistic studies are yet to be done to get a clear idea.

The increased activity was seen for 3 compared to 2, widening up whole new possibilities for
catalyst design. The activation of the catalyst can be tuned not only by ligand architecture but
also with various combinations of metals. Therefore, the scope for modifying the cofacial
salixpyrrole system is beyond the monometallic catalyst or the traditional symmetric “pacman”

system. The study to examine heterobimetallic unsymmetric analogs of 3 is underway.
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2.4. Conclusion

In summary, mono- and bimetallic complexes bearing unsymmetric ligands with calixpyrrole and
salen coordination binding pockets, or “salixpyrrole” complexes 2 and 3, respectively, were
synthesized, fully characterized, and their electrochemical properties were studied. Unlike
traditional unsymmetric co-facial “pacman” porphyrin systems, the salixpyrrole species could be
generated in a straightforward and relatively high-yielding Schiff-base reaction using the
previously reported palladium calixpyrrole complex 1 as a starting material.

Both 2 and 3 were found to be active HER electrocatalysts in the presence of pTSA, even
though the onset of catalysis did not correlate with any electrochemical features in the absence of
substrate. The monometallic salixpyrrole species was found to follow a second-order dependence
on acid concentration and a first-order dependence on the catalyst, ruling out a bimolecular
pathway for hydrogen production. Additionally, TOFs up to 1680 s were displayed, with an
overpotential of 0.69 V and a faradaic efficiency of 90.5%. Moreover, a H/D KIE value of 1.33
was measured for 2, indicating that H/D bond-breaking was not involved in the rate-determining
step.

For the bimetallic complex 3, on the other hand, a completely different mechanism of action
was uncovered. The bimetallic system was found to be first-order in both acid and catalyst.
Furthermore, a H/D KIE value of 1.13 was seen, which was very similar to a zinc
thiosemicarbazone HER catalyst that operated through a ligand-based radical and bimolecular
hydrogen production.[® It was thought that 3 could proceed through a similar catalytic mechanism
based on the results from the kinetic investigations. A dramatic increase in TOFs (4640 s1) and a

more modest increase in faradaic efficiency (91.7%), as well as a significant decrease in
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overpotential (0.39 V), were also seen for 3, in comparison to 2. This suggested that coordination
of the second palladium center greatly enhanced catalytic efficiency.

These results gave critical insight into ligand/catalyst design in that a bimetallic co-facial
catalyst with chemically distinct binding sites generated a superior catalytic system in comparison
to its monometallic analogue. Moreover, previously reported palladium-based symmetric
calixpyrrole “pacman” complexes were not reported to be catalytically active for any
transformation.*8! Therefore, the unsymmetric nature of the salixpyrrole species was also found
to impart distinct chemical reactivity to the systems reported herein. Further studies aimed at
elucidating the exact mechanisms of action for 2 and 3, as well as the catalytic activity of

heterobimetallic salixpyrrole systems, are currently underway.
2.5. Experimental section

2.5.1. General considerations

All procedures and manipulations were performed under an argon or nitrogen atmosphere
using standard Schlenk-line and glove box techniques unless stated otherwise. Solvents were dried
and deoxygenated under argon using a LC Technology Solutions Inc. SP-1 stand-alone solvent
purification system. All alcohols were dried and distilled over activated magnesium (magnesium
turnings and a crystal of iodine) under a nitrogen atmosphere. Deuterated solvents were purchased
from Cambridge Isotope Laboratories, Sigma Aldrich, Acros Organics, or Alfa Aesar, degassed,
and dried over activated molecular sieves prior to use. 1 was synthesized according to a literature
procedure (spectroscopic characterization matched reported data),*®* and anhydrous para-
toluenesulfonic acid was prepared by treating para-toluenesulfonic anhydride with one equivalent
of H20. All other reagents were purchased from commercial sources and utilized without further

purification unless stated otherwise. NMR spectra were recorded at ambient temperature and
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pressure using a Bruker 400 MHz spectrometer (400 MHz for *H and 101 MHz for *3C). The H
and 3C NMR spectra were measured relative to partially deuterated solvent peaks, but are reported
relative to tetramethylsilane (TMS). Elemental analyses were performed at the University of
Rochester, Department of Chemistry, on a PerkinEImer 2400 Series 11 Analyzer. All crystals were
mounted in inert oil and transferred to the cold gas stream of a diffractometer. Single crystal X-
ray data were collected using a Rigaku XtaLAB Synergy-S diffractometer equipped with a HyPix-
6000HE Hybrid Photon Counting (HPC) detector and dual Mo and Cu microfocus sealed X-ray
source (Cu Ka A = 1.54184 A). The data collection strategy was calculated using CrysAlisPro to
ensure desired data redundancy and percent completeness. Unit cell determination, initial
indexing, data collection, frame integration, Lorentz-polarization corrections and final cell
parameter calculations were carried out using CrysAlisPro. An absorption correction was
performed using the SCALE3 ABSPACK scaling algorithm embedded within CrysAlisPro. The
structures were solved using the ShelXT structure solution program using Intrinsic Phasing and
refined by Least Squares using the ShelXL program. All non-hydrogen atoms were refined
anisotropically. Hydrogen atom positions were calculated geometrically and refined using the
riding model. Olex2 was used for the preparation of the publication materials. Cyclic voltametric
measurements were recorded using a Bio-Logic model SP-50 potentiostat. Tetrabutylammonium
hexafluorophosphate (TBAP) was used as the supporting electrolyte and was recrystallized prior
to use by slow addition of pentane into a THF solution followed by cooling in a freezer (-30 °C).
The working electrode was a glassy carbon electrode or a mercury pool electrode; the reference
electrode was a Ag/AgNQOs non-aqueous electrode (0.01 M in CH3CN with 0.1 M TBAP); and a
platinum wire or graphite rod was used as the counter electrode. The glassy carbon electrode was

polished with 0.05 um alumina and washed with distilled water prior to each measurement.
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Electrochemical measurements were conducted at room temperature under an argon or nitrogen
atmosphere and processed using EC-Lab V11.21. Reported half-wave potentials were referenced
to the Fc/Fc* redox couple by adding high purity ferrocene to the sample solution. Controlled
potential electrolysis experiments were also performed with a Biologic SP-50 model potentiostat
and processed using EC-Lab V11.21. The working electrode was a 6 mm glassy carbon rod, the
counter electrode was a 6 mm graphite rod, and the reference electrode was a 0.01 M Ag/AgNOs
non-aqueous electrode (0.01 M in CH3CN with 0.1 M TBAP). The amount of hydrogen produced
was quantified using an ATO Inc. model ATO-SKY2000-H2 handheld gas detector (0 to 500 ppm)
and a calibration curve derived from known volumes of ultra-high purity hydrogen gas (Airgas).

2.5.2. Synthesis of 2

A solution of 0.200 g (0.313 mmol) of 1 in approximately 2 mL of THF was added to a
solution of 0.334 g (1.878 mmol) of 3-tert-butylsalicylaldehyde in approximately 1 mL of THF
charged with 3A activated molecular sieves. A catalytic amount of pyrrolidine was added (0.3 mL
of 10 mol% pyrrolidine in DCM) and the color of the solution immediately turned from orange to
dark red. The reaction mixture was stirred overnight and then approximately 10 mL of pentane
was added. After stirring the suspension for an additional 1 h the solvent was decanted. This step
was repeated three times, and the precipitation was isolated by filtration. The orange powder was
washed with 2 x 10 mL pentane to remove any unreacted 3-tert-butylsalicylaldehyde. The product
was dissolved in approximately 10 mL of DCM and filtered to remove the 3A activated molecular
sieves. The filtrate was dried under reduced pressure to give 2 as an orange solid. Yield: 0.155 g
(51.2%). Crystals suitable for single crystal X-ray diffraction studies were grown from the slow
evaporation of a pentane/dichloromethane solution of 2. *H NMR (400 MHZ, CDCls) 8: 8.19 (s,

2H, imine-CH), 7.49 (s, 2H, imine-CH), 7.32 (d, 2H, aromatic-CH, J = 7.5 Hz), 7.25 — 7.21 (m,
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4H, aromatic-CH), 7.19 — 7.14 (m, 6H, aromatic-CH), 7.08 (d, 2H, aromatic-CH, J = 7.5 Hz), 7.00
—6.98 (m, 6H, aromatic-CH), 6.82 — 6.75 (m, 4H, aromatic-CH and pyrrole-CH), 6.45 (dd, 2H,
aromatic-CH, J = 6.0, 3.2 Hz), 5.91 (d, 2H, pyrrole-CH, J = 7.5 Hz), and 1.27 (s, 18H, C-(CHz3)3)
ppm. ¥C NMR (101 MHz, CDCls) 8: 163.02 (imine-CH), 160.44 (aromatic-C), 159.30 (imine-
CH), 150.32 (aromatic-C), 146.78 (aromatic-C), 143.06 (aromatic-C), 142.51 (aromatic-C),
137.76 (d, aromatic-C), 137.24 (d, aromatic-C), 130.51 (aromatic-CH), 130.11 (aromatic-CH),
129.36 (aromatic-CH), 127.53 (aromatic-CH), 126.78 (aromatic-CH), 126.14 (aromatic-CH),
126.14 (aromatic-CH), 124.40 (aromatic-CH), 119.00 (aromatic-C), 118.78 (aromatic-CH),
118.41 (aromatic-CH), 117.91 (pyrrole-CH), 112.33 (pyrrole-CH), 62.15 (C-Phy), 34.72 (C-
(CHs)s), and 29.13 (C-(CHas)s) ppm. Elemental analysis calcd for Cs7Hs2NsO2Pd-0.33DCM: C,

69.71, H, 5.37, N, 8.51, found: C, 69.51, H, 5.36, N, 8.36.
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Figure 2.29. 'H NMR spectrum (400 MHz, CDCls) of 2 (top), 3C NMR spectrum (101 MHz,
CDCIs) of 2 (bottom).

2.5.3. Synthesis of 3

A solution of 0.100 g (0.445 mmol) of Pd(OAc)2 in approximately 2 mL of DCM was
added to a solution of 0.100 g (0.104 mmol) of 2 in approximately 2 mL of DCM. A solution of
0.017 g (0.210 mmol) of LiOtBu in approximately 1 mL of THF was then added, followed by
another 5 mL of DCM. The reaction mixture was stirred for 2 hours, Celite was added, and then
stirred for another 30 min. The solution was filtered to remove Pd-black and Celite. The filtrate
was dried under reduced pressure to give a dark red residue. The product was dissolved in
approximately 2 mL of DCM, and another portion of Pd(OAc). (0.100 g in 2 mL of DCM),
LiOtBu (0.017 g in 1 mL of THF), and 5 ml of DCM were added. The previous steps were then
repeated yielding a dark red residue. The product was dissolved in a minimum amount of THF

(around 3 mL) and layered with pentane (around 3 mL). A black precipitate formed immediately
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after layering, which was removed by filtration through Celite. The clear orange filtrate was then
placed in a freezer (-30 °C) overnight. The orange solid was collected by filtration and dried under
reduced pressure to give 3. Yield: 0.052 g (47.2%). Crystals suitable for single crystal X-ray
diffraction studies were grown from the slow evaporation of a pentane/tetrahydrofuran solution
of 3. H NMR (400 MHz, CDCls) &: 7.54 (s, 2H, imine-CH), 7.31-7.28 (m, 2H, aromatic-CH),
7.23-7.16 (m, 8H, aromatic-CH and imine-CH ), 7.08 (d, 2H, aromatic-CH, J = 8.2 Hz), 7.05 (d,
2H, aromatic-CH, J = 5.9 Hz), 6.95 — 6.87 (m, 6H, aromatic-CH), 6.84 — 6.77 (m, 4H, aromatic-
CH and pyrrole-CH), 6.64 (d, 2H, aromatic-CH, J = 7.8 Hz), 6.32 (t, 2H, aromatic-CH, J=7.5
Hz), 5.84 (d, 2H, pyrrole-CH J = 4.0 Hz), and 1.42 (s, 18H, C-(CH3)3) ppm. 3C NMR (101 MHz,
CDCl3) 8: 169.86 (imine-CH), 164.89 (aromatic-C), 159.22 (imine-CH), 152.39 (aromatic-C),
146.39 (aromatic-C), 145.27 (aromatic-C), 144.00 (aromatic-C), 141.25 (aromatic-C), 140.38
(aromatic-C), 138.12 (aromatic-C), 132.64 (aromatic-CH), 132.43 (aromatic-CH), 129.48
(aromatic-CH), 129.17 (aromatic-CH), 127.65 (aromatic-CH), 127.54 (aromatic-CH), 127.42
(aromatic-CH), 126.57 (aromatic-CH), 126.36 (aromatic-C), 126.32 (aromatic-C), 126.18
(aromatic-CH), 124.65 (aromatic-CH), 121.19 (aromatic-C), 119.29 (pyrrole-CH), 114.75
(aromatic-CH), 113.42 (pyrrole-CH), 62.82 (C-Phy), 35.68 (C-(CHz3)3), and 29.85 (C-(CHa)a3)
ppm. Elemental analysis calcd for Cs7HsoNsO2Pd2-0.33DCM: C, 63.05, H, 4.68, N, 7.69, found:

C, 63.01, H, 4.58, N, 7.32.
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Table 2.3. Selected Crystal Data, Data Collection, and Refinement Parameters for 2 and 3.

Empirical formula
FW

lattice type

space group

T,K

a, A

b, A

c, A

a, deg

$, deg

7, deg

v, A3

Z

peaic/Mg m3
#(Cu/Mo, Ka) mm?
F(000)

cryst size, mm®

range 0 collected, deg
reflns collected/unique

abs cor

Max and min transmn coeff.

goodness of fit

2
Cs7Hs52N6O2Pd
959.44
monoclinic
c2

200.0(1)
23.1945(2)
14.65309(13)
6.73346(6)
90
91.9239(8)
90
2287.22(3)

2

1.393

3.673 (Cu)

996.0

0.07 x 0.042 x 0.018

7.136 to 155.596

28657/4897

1.000 and 0.87625
1.063

93

3
Cs7Hs0N6O2Pd;
1063.83
Monoclinic
P2i/c
180.0(1)
13.5236(2)
16.6893(3)
20.9406(5)
90
95.6763(18)
90
4703.12(16)
4

1.502

6.566 (Cu)

2168

0.129 x 0.007 x 0.004

3.284 10 77.372

31843/9236

Semi-empirical from equivalents

1.000 and 0.640
1.063



R1(I>20(I))a 0.0202 0.0435
wR?2 (all data)a 0.0499 0.1137
peak and hole, e A-3 023 and -0.41 0.726 and -1.19

a Definition of R indices: R1 = X(Fo — Fc)/X(Fo); WR2 = [Z[w(Fo? — Fc?)2)/[ Z[w(Fo?)?]]*?

2.5.4. Electrocatalytic H evolution

The electrochemical conditions of the catalytic trials included 0.1 M TBAP electrolyte in
THF, 0.05 mM to 0.25 mM of 2 or 3, 5 to 350 equivalents of para-toluenesulfonic acid
monohydrate (pTSA, 5 to 87.5 mM), and scan rates between 20 mV/s to 20 V/s. The three-
electrode setup consisted of a glassy carbon working electrode, a platinum wire or graphite rod
counter electrode, and a 0.01 M Ag/AgNO3 reference electrode. All CVs were referenced versus
the Fc/Fc* redox couple. All CVs were recorded under an argon or nitrogen atmosphere in dry
THF. For the “rinse” test results, the working electrode was removed from the cell following
catalysis, rinsed with THF solvent, and then placed in a fresh acidic electrolyte solution without 2
or 3 present (0.1 M TBAP, 25 mM pTSA). To determine the Kinetic isotope effect (KIE), para-
toluenesulfonic acid-d; - DO (pTSA-ds, 65 mM for 2 and 45 mM for 3) in THF was utilized.
2.5.5. Sample overpotential calculation®:8792

E,+ = Ey+ —0.05916 V x pK,  (S1)
E,+ =(—0343V) - 0.05916 V x 11.8 = —1.04V

n= |EH+ - Ecat/zl (S2)
n=[|(-1.04V - (-1.73+0.04 V[ =0.69 £ 0.04 V

2.5.6. Sample turnover frequency calculation®®

. 2
TOF, .. = (1.94 V1) (—t) (S3)

5
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0.338735 mA)2
0.011499 mA

TOF,.. = (1.94V"1) x 1 V/s x (

TOFy. = 1,680 + 150 5!

2.5.7. Sample faradaic efficiency calculation

1mole™ N 1 mol H,
96485C 2mole”

Theoretical moles of H, = 3.60 X 107° mol

Theoretical moles of H, = 0.5C X (54)

y = 790.35 ppm/mL x (From calibration curve Figure) (S5)
63.8 ppm = 790.35 ppm/mL x
x = 0.0807 ...mL

Experimental moles of H,

B 0.0807 ...mL
~ 24789.57 ... mL/mol

(From ideal gas law at 25°C) (S6)

Experimental moles of Hy, = 3.26 X 107® mol

Experimental moles H,

Faradaic Ef fici _ X 100 (S7
aradaic Ef ficiency Theoritical moles H, 7
Faradaic Effici _ 326 % 107° mol x 100

aradaic Ef ficiency = 3.60 X 10-6 mol

Faradaic Ef ficiency = 90.5%

95



250 ~

N
o
o

>

y = 790.35x ‘
R?=0.9952

-
a
o

100 4

H, Concentration (ppm)

[ou)
o
L

——t

0 0.05 0.1 0.15 0.2 0.25 0.3
Injected H, volume (mL)

Figure 2.31. Calibration curve used to calculate Faradaic efficiency.

2.5.8. Controlled potential electrolysis

A glassy carbon working electrode was placed into a sealed bulk electrolysis cell filled
with a solution of 0.2 M TBAP in THF, 0.25 mM 2 or 3, 65 mM or 45 mM pTSA (for 2 and 3,
respectively), along with a 0.01 M Ag/AgNO:s reference electrode reference electrode (Figure S3).
The graphite counter electrode, separated by a porous frit, was submerged in a solution of 0.1M
TBAP in THF and 65 mM or 45 mM ferrocene (for 2 and 3, respectively). Bulk electrolysis
experiments were carried out at a controlled potential of -3.0 V vs. Fc/Fc™ until 0.5 C of charge
was passed. The solution in the cell was then stirred for 1 hour to ensure equilibration between the

solvent and headspace before sampling.
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Figure 2.32. Image of the electrolysis cell utilized for controlled potential electrolysis after 0.5 C
of charge had been passed.
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Chapter 3 - Electrocatalytic hydrogen evolution with unsymmetric
co-facial “Imixpyrrole”: Acid strength governs mechanism and
stability

3.1. Abstract

Understanding the challenges and opportunities associated with HER catalysts can help in
designing effective electrocatalysts with improved reaction kinetics and stability. Some challenges
that are associated with hydrogen evolution reactions (HER) are high overpotential and Kinetic
limitation requirements in catalysts, as well as the catalyst's dependency on acidic and basic
environments. This dependency is leading to differences in reaction mechanisms, kinetics, and
adsorption behavior of the reaction intermediates.! Based on these principles, a systematic study
was carried out in the presence of different acids (CeHsN.BF4, C3HsN2.BF4, and HNEt3.BF4) to
understand the impact of acidic environment on the HER catalyst. A monometallic unsymmetric
cofacial palladium complex (4) supported by ligands featuring calixpyrrole and imidazole
coordination motifs, referred to as “imixpyrrole” ligands, was synthesized and used as a HER
catalyst.

The complex was catalytically active for HER in the presence of all three acids. Notably,
the catalyst displayed homogeneous behavior in the presence of both anilinium and
triethylammonium, whereas it was heterogeneous in nature in the presence of moderate
imidazolium acid. The complex showed second-order dependence on acid concentration and first-
order dependence on the catalyst concentration in the presence of all three acids, ruling out the
bimolecular pathway for HER. Interestingly, the imixpyrrole system was found to be faster (33080

st compared to 4160 s and 2680 s for triethylammonium and imidazolium, respectively) and
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more energy efficient with anilinium than with the other two acids. It was found that the catalyst
was operating at a much lower overpotential value with anilinium compared to the other two acids
(0.53 V compared to 0.99 V and 0.89 V for triethylammonium and imidazole, respectively). KIE
values were found to be very distinct, indicating different mechanistic pathways. These findings

provide crucial insight into how acid strength can impact on catalyst mechanism and nature.
3.2. Introduction

Relying on non-renewable fossil fuels for our energy needs has been a critical issue that
requires immediate attention. As the global population continues to grow, the consumption of
fossil fuels and the environmental pollution resulting from fuel combustion have also risen.
Consequently, the pursuit of new sustainable and clean energy sources has become a significant
focus of scientific research for an extended period. One of the most focused renewable energy
sources is hydrogen energy due to its high calorific value (120 MJkg?) and pollution-free
combustion.?® Using hydrogen as an alternative energy dates back to 1874, but the interest in
hydrogen as a synthetic fuel has increased since the 1970s due to concerns about global warming
and the depletion of oil reserves. In the twentieth century, a mixture called “Town gas,” which is
a combination of carbon monoxide and hydrogen obtained from coal and water, was widely used
to heat and light homes and to supply street lighting, but the use was rapidly reduced due to the
advent of electricity. * In the past 20 years, much research has been done to synthesize a better
catalyst to facilitate hydrogen production. Unfortunately, despite all the efforts, the challenges that
lie in the way of a hydrogen economy are enormous.

Understanding the challenges and opportunities associated with HER catalysts can help in
designing effective electrocatalysts with improved reaction kinetics and stability. Some challenges

that are associated with hydrogen evolution reactions are high overpotential and kinetic limitation
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requirements in catalysts, which can be improved by optimizing the catalyst structure, the
electronic structure of the catalyst, and modifying active sites of the catalyst.*®, hereditary
adsorption of hydrogen onto the catalyst surface can also be improved by understanding and
controlling the adsorption process.>**! Another major challenge that scientists faced during the
development of HER catalysts was the catalyst's dependency on acidic and basic environments.
This dependency is leading to differences in reaction mechanisms, kinetics, and adsorption
behavior of the reaction intermediates.*

Recently, it has been emphasized that optimizing catalyst performance relies not only on
tuning the electronic properties of the starting (pre)catalyst but also on manipulating the
mechanistic pathways that can affect the nature of the active species.? Utilizing a metal complex
that exhibits potential bifurcations in its catalytic Pathways because of its ligand system that
responds to both protons and redox conditions allows for the comparison of various pathways by
adjusting the catalytic parameters, such as pKa of the acid or applied potential.*** In an acidic
environment, the mechanistic pathway for HER primarily includes the discharge of a proton (H™)
from the proton source (electrolyte) onto the catalytic surface, then its reduction to produce
hydrogen gas (Hz). The reaction for HER can be represented as: 2H* + 2e~ — H,.%® Although
there are more protons (H*) readily available in an acidic environment, the overpotential for a
specific HER catalyst could be higher compared to alkaline environments, depending on the
catalyst's stability in different pH, how protons react with the catalyst surface, and how easily the
catalyst can be reduced.’~?° Under acidic conditions, proton adsorption and desorption steps play

a crucial role in determining reaction Kinetics, leading to different reaction mechanistic pathways.

13-15,21,22
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Herein, we choose a Schiff-base calixpyrrole complex containing an imidazole moiety in
the secondary coordination sphere (Imixpyrrole) for the study to describe how catalytic potential
and strength of the proton source affect the HER. Schiff bases are usually synthesized in the
presence of acid or base catalysts or with the use of heat?>?” and some of them are even reactive
in the presence of strong acids, resulting in insoluble salts.?®-3! Therefore, finding optimal acidic
conditions is very crucial for Schiff-base catalysts. On the other hand, it is expected that the
incorporation of the imidazole group, which has both electron-withdrawing and strong proton
transfer ability, in the secondary coordination sphere, may improve the electrocatalytic HER

activity of metal-calixpyrrole catalysts (Figure 3.1).2%
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Figure 3.1. Coordination bonding modes (left) and molecular orbitals (right) envisaged for
imidazole-Cu(ll) in square planer geometry as obtained from DFT calculations. Reproduced with
the permission from REF?2,

108



3.3. Results and discussion

3.3.1. Synthesis and characterization

The palladium imixpyrrole complex was synthesized as shown in Scheme 3.1 in a similar
manner as described in Chapter 2 for the palladium salixpyrrole system.3® The synthesis was done
by using complex 1 and 1-Methyl-2-imidazolecarboxaldehyde as starting materials, and the
product was isolated in moderate yields (60%). Pyrrolidine was used as a catalyst to prevent the
usage of highly concentrated acidic media during transamination, as well as molecular sieves were
used as a water scavenger to increase the reaction rate. The *H NMR spectra show characteristic
peaks for methyl-imidazolecarboxaldehyde incorporation compared to complex 1. The appearance
of the 2" imine peak at 8.16 ppm and the upfield shift of the previous imine peak from 7.75 ppm
to 7.43 ppm confirms the imidazole substitution. Also, the appearance of the peak at 3.82 ppm can
be attributed to the methyl group in the N1 position on the imidazole ring.

Unfortunately, like the salixpyrrole project, the attempts to synthesize the free imixpyrrole
ligand were unsuccessful according to the *H NMR spectra of the crude reaction mixture. This was
also attributed to the hydrolysis of the existing imine bond in the free ligand complex 1 as described
in Chapter 2. Therefore, complex 1 was utilized as the starting material, with Pd employed to lock
the imine bond within calixpyrrole functionalities.

Scheme 3.1. General Synthesis procedure for Imixpyrrole complex 4.

\
1 2 @z/\o THF
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In addition to NMR spectroscopy, complex 4 was characterized in the solid state utilizing
single-crystal X-ray diffractometry. The complex adopted a distorted square planar coordination
geometry, which resembles the configuration of complex 1 and other reported palladium
complexes (Figure 3.2).3% Interestingly, unlike the monometallic salixpyrrole complex, the
palladium was bound slightly out of the plane of the four nitrogen donors in the calixpyrrole center,
similar to complex 1 and the calixpyrrole core of the bimetallic salixpyrrole system.**** Moreover,
the palladium center was more tightly bound to the pyrrolidine nitrogen’s compared to the imine
nitrogen’s. It was reflected by having shorter bond lengths between the pyrrolidine nitrogen Pd(1)-
N(1) and Pd(1)-N(2) (1.9434 A and 1.9411 A, respectively) compared to imine donors where the
bond lengths for Pd(1)-N(3) and Pd(1)-N(4) are 2.0825 A and 2.0825 A, respectively (Table 3.1).
These results consisted of complex 1,%* monometallic and bimetallic salixpyrrole complexes.®® As
well as the results reported by Love et al.*® for bimetallic palladium “pacman” complexes. It was
also observed that the angle between N(1)-Pd(1)-N(2) bonds for pyrrolide donors was compressed
just below 90° (87.95°), compared to the bond angle between N(1)-Pd(1)-N(3) and N(2)-Pd(1)-
N(4) which were more compressed being almost 80° (80.13° and 80.19°, respectively) (Table 3.1).
That can be attributed to the formation of the five-membered ring between imine and pyrrolidine
donors and the palladium metal center upon coordination. In contrast, the bond angle between
N(3)-Pd(1)-N(4) for imine donors was expanded beyond 90° (111.67°) to compensate for the

compressed angles similar to salixpyrrole systems and complex 1(Table 3.1).3334
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Figure 3.2. ORTEP3 representation (thermal ellipsoids at 50% probability) and atom numbering
for complex 4; most of the hydrogen atoms have been omitted for clarity.

Lastly, the calixpyrrole C=N imine bond length (N(3)-C(6) and N(4)-C(11) bond lengths
of 1.310 and 1.308 A, respectively) was slightly longer than the imine bonds seen for free ligand
(N(3)-C(6) and N(4)-C(11) bond lengths of 1.28 A and 1.29 A, respectively) (Table 3.1). As
discussed in Chapter 2, those results were comparable to the imine bond lengths seen in the
analogous palladium complexes®*® and it is believed that this weakening could be due to & back-
bonding from the palladium center. The 2" free imine bond, on the other hand, the imidazole C=N
bond length in complex 4 was much similar in length to the free ligand imine bond length.

Interestingly, complex 4 did not display Co-symmetry like in the monometallic salixpyrrole
system. The pendant methyl-imidazole groups can be seen on the same side of the calixpyrrole
plane, and no hydrogen bonding is visible with imine nitrogens in the secondary coordination
sphere. This phenomenon might be due to having a less bulky methyl group in the imidazole arm

compared to the tert-butyl groups in the salen pendant groups in salixpyrrole.
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Table 3.1. Selected bond lengths and bond angles for Complex 4.

Bond Lengths (&) Bond angles (Deg)
Pd(1)-N(1) 1.9434(15) N(1)-Pd(1)-N(2) 87.95(6)
Pd(1)-N(2) 1.9411(15) N(1)-Pd(1)-N(3) 80.13(6)
Pd(1)-N(3) 2.0825(14) N(2)-Pd(1)-N(4) 80.19(6)
Pd(1)-N(4) 2.0802(15) N(3)-Pd(1)-N(4) 111.67(6)
N(3)-C(6) 1.310(2) N(1)-Pd(1)-N(4) 168.12(6)
N#4)-C(11) 1.308(2) N(2)-Pd(1)-N(3) 167.72(6)
N(5)-C(24) 1.268(3) N(3)-C(6)-C(5) 118.42(15)
N(6)-C(28) 1.269(3) N#4)-C(11)-C(10) 118.24

The straightforward and modular nature of this synthetic route, while incorporating an
imidazole moiety into the secondary coordination sphere, makes it attractive for the synthesis of
bio-mimicking novel cofacial systems. This synthetic route allowed incorporating amphoteric
functionality like imidazole ortho to the imine bond, besides hydroxide functionality on the
salicylaldehyde as discussed in Chapter 2. All these modifications suggest the promising nature of
this synthesis route for Schiff-base complex formation, even for tuning the binding pockets of the
cofacial systems, or with the synthesis advancements of heterobimetallic unsymmetric complexes.

3.3.2. Electrochemical characterization.

The electrochemical properties of imixpyrrole complex 4 were evaluated using cyclic
voltammetry (CV) in THF due to the limited solubility in more polar solvents like acetonitrile.
Tetrabutylammonium hexafluorophosphate (TBAP) was the supporting electrolyte (Figure 3.3).
A quasi-reversible redox couple was seen around 0 V vs ferrocene/ferricenium (Fc/Fc™) couple,
which corresponds to similar electrochemical characteristics to complex 1 and its free ligand in

THF.3* It can also be seen that these electrochemical features are similar to the salixpyrrole
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monometallic system. This hypothesis is further supported by the measured OCP value (-0.88 V
vs Ag/AgNOs). Additionally, the OCP of the imixpyrrole system sits closer HER window
compared to both monometallic and bimetallic salixpyrrole systems which had a measured OCP
of -1.97 V and -1.52 V vs Ag/AgNOs, respectively, suggesting that the imixpyrrole system is
more suited for hydrogen evolution reaction.®-8 It is possible to attribute the two reduction peaks
around -1.4 V and -0.15 V vs Fc/Fc* in the cyclic voltammogram as ligand-based oxidations
according to previous discussions. Also, the two irreversible oxidation peaks around 0.64 V and
0.87 V vs Fc/Fc* in CV can be attributed to ligand-based oxidations, possibly from the portion of
the ligand containing imidazole.
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Figure 3.3. Representative CVs (0.1 M TBAP in THF, 0.25 mM ligand or complex, glassy carbon
working electrode, platinum wire counter electrode, 0.01 M Ag/AgNOs reference electrode, scan
rate = 800 mV/s) (a) Complex 4; b) the free ligand of 1; c) complex 1.

3.3.3. Electrocatalytic hydrogen evolution reaction (HER)

As discussed earlier, the catalytic activity and mechanistic pathway for the HER catalyst
are highly dependent on the reaction conditions. Therefore, it is important to investigate different
experimental conditions for any specific catalytic reaction, such as the hydrogen evolution
reaction. Any catalyst can be homogeneous in one set of conditions while it can behave as a
heterogeneous catalyst for another set, for the same molecular complex.®® To examine the above
aspect and the potential of the imixpyrrole complex as an HER catalyst, three proton sources with
varying pKavalues in THF were selected: anilinium tetrafluoroborate ( CsHsNeBF4, pK,'F = 5.2),
imidazolium tetrafluoroborate  (CsHsN2eBFs, pKa'"F = 9.4), and triethylammonium
tetrafluoroborate ( HNEtseBF4, pKa'F = 12.5), respectively.*® Moreover, BF4 anion was used as
the counterion for all three acids due to its weakly coordinating and electrochemically inert
behavior, which makes it a popular choice in nonaqueous electrochemistry for preserving clean,

redox behavior.**3 A detailed electrochemical analysis was carried out to evaluate the catalytic
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efficiency and mechanistic differences of the monometallic imixpyrrole system in the presence of
all the above proton sources as the substrate for HER.

At first, cyclic voltammograms were recorded in the presence of both imixpyrrole and the
proton source. The voltammograms were compared to see whether the enhancement of current
near the onset was due to the presence of the complex or not. Significantly, irreversible reductions
accompanied by increased peak current were observed for all three proton sources, suggesting a
catalytic proton reduction reaction towards the evolution of Hz gas (-1.6 V, -1.8 V, and -2.2 VV vs
Fc/Fc* for CeHgNeBF4, CsHsN2eBF4, and HNEtseBF4, respectively) (Figure 3.4). The catalytic
wave was shifted cathodically with weaker acid, indicating that more energy is needed to drive
HER, as expected. The differential pulse voltammetry (DPV) technique was used to further
analyze the complex. Unfortunately, no additional irreversible features were observed in the

voltammogram.
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Figure 3.4. Representative CVs of “Imixpyrrole” showing electrocatalytic HER in THF in the
presence of different acids. (0.1 M TBAP, no complex (black) or 0.25 mM complex (colored), 25
mM acid, glassy carbon working electrode, platinum wire counter electrode, 0.01 M
Ag/AgNO:s reference electrode, scan rate = 800 mV/s); (a) CsHsNeBF4, (b) CsHsN2eBF4, (C)
HNEt;eBF4.

Unlike with the salixpyrrole system, the onset of catalysis correlates with the
electrochemical features observed in Figure 3.3 for all three proton sources. Moreover, the catalyst
onset shifts anodically with stronger acid (CeHsNeBF4), as anticipated, indicating the need for less
driving force for HER. Although, the catalytic onset for HER in the presence of stronger acid was

anodic compared to the 2" reduction peak (-1.4 V vs Fc/Fc* in Figure 3.3) and cathodic to the

first reduction peak (-0.15 V vs Fc/Fc™), interestingly the onset potential of second reduction of
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imixpyrrole matches well with catalytic onset (-1.04 V) observed in Figure 3.4. suggesting that
the HER catalytic activity depends on the charge state of imixpyrrole complex.**

Next, the studies were carried out to determine the current dependence on the scan rate in
the presence of all three acids (Figure 3.5). For anilinium and imidazolium acids, the peak
positions shifted cathodically at higher scan rates and became less well-defined; therefore, the
catalytic current icat was measured at the point where it begins to plateau the most. In contrast,
for the weaker acid triethylammonium, the peak shape remained well-defined and S-shaped even
at higher scan rates, suggesting the reaction is operating under pure kinetic conditions.**#® The
scan rate independence point was achieved around 11 V/s for CeHgNeBFs, 9 V/s for
C3HsN2eBF4, and 2 V/s for HNEtzeBF4. This suggests that the imixpyrrole complex would
experience faster kinetic rates for the hydrogen evolution reaction (HER) in the presence of
strong acid. Interestingly, the current response for complex 4, when using anilinium.BF4 and
triethylammonium.BFs showed a linear variation with the square root of the scan rate. In
contrast, the current response with imidazoliumeBF, displayed a linear relationship with the
scan rate itself. This behavior suggests a homogeneous process for the imixpyrrole system in the
presence of aniliniumeBF4 and triethylammoniumeBF4, whereas a heterogeneous process in the
presence of imidazoliumeBF4.*” Therefore, several controls were carried out to confirm the
catalyst’s behavior during the catalytic process for imixpyrrole system in the presence of
different acids.®® As discussed earlier, heterogeneity or homogeneity of a catalyst highly
depends on the reaction conditions. Considering that imidazolium acid can promote H-bonding
or — stacking with pendant uncoordinated imidazole groups in the imixpyrrole system, which
may induce pre-organization or extended supramolecular aggregation of complexes at the

electrode surface and act as a proton-activated heterogeneous film, leading to heterogeneous
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behavior. The authors, Andreas and co-workers, reported the existence of hydrogen bonding
between imidazolium and imidazole groups within histidine residues, highlighting their
importance in pH sensing mechanisms.*®“° Gonzalez et al. demonstrated how imidazolium-
functionalized polythiophenes aggregated and formed a film on conjugated polyelectrolytes,
and Tang et al. investigated how imidazolium cations can form hydrogen bonds with activated
carbon electrodes or how imidazole-based molecules can engage in n—n stacking interactions

with carbon materials.>>*? Therefore, it is possible to hypothesize that similar interactions

between imidazolium and imidazole lead to such behavior in THF.

16

R®=0.9884
14 E" E % {
10 §
° e
< -
5 6
4
2
0
0 50 100 - 5
W (YmVHs
(a) ( |
p
9
N i o E
T T gt { ..... +
6 E% ....... T
5
Y
3 ¢
3
2
1
0
0 2000 4000 6000 8000 10000 000

V (mV/s)

(b)

118



(©)

(d)

-
%
23
2
1
0
] 10 20 30 40 50 60 70 80 90
W (\mVHs)
0.3
0.2
0.1
0

Current (mA)
<)
N

-0.3
-0.4
-0.5
-3 2.5 2 -1.5 -1 0.5 0
Potential (V vs Fc/Fc*)
——200 mV/s 1000 mV/s 3000 mV/s —— 6000 mV/s
—— 11740 mV/s —— 15000 mV/s —— 20000 mV/s

119



0.156

0.10

0.05

0.00

-0.05

< 010
£
€ -0.15
g
5 -0.20
O
-0.25
-0.30
-2.00 -1.80 -1.60 -1.40 -1.20 -1.00 -0.80 -0.60 -0.40 -0.20 0.00 0.20
Potential (V vs Fc/Fc*)
——400 mV/s 800 mV/s 1000 mV/s 2000 mV/s 3000 mV/s 4000 mV/s
(f) ———5000 mV/s ——6000 mV/s ——7000 mV/s 8000 mV/s ——9000 mV/s 10000 mV/s
0.10
0.00

Current (mA)
o
N
o

-3.50 -3.00 -2.50 -2.00 -1.50 -1.00 -0.50 0.00
Potential (V vs Fc/Fc*)
——— 200 mV/s 600 mV/s  ——1000mV/s ———2000mV/s  —— 3000 mV/s
(g) 4000 mV/s ——5000mV/s ~ —— 6000 7000

Figure 3.5. Plot of normalized catalytic current vs. scan rate (a) CeéHsNeBF4,(b) C3HsN2eBF4, ()
HNEtzeBF4; Catalytic CVs at different scan rates (0.1 M TBAP in THF, 0.25 mM 4, 25 mM acid,
glassy carbon working electrode, platinum wire counter electrode, 0.01 M AgNO3 reference
electrode) (d) CeHsNeBF4,(scan rate = 200 to 20000 mV/s), (f) CsHsN2eBF4 (scan rate = 400 to
10000 mV/s), (g) NEtzeBF4 (scan rate = 200 to 7000 mV/s).

Therefore, several controls were carried out to confirm the catalyst’s behavior during the
catalytic process for imixpyrrole system in the presence of different acids.*® A simple “rinse”
test indicated that the catalytically active species were not adsorbed on the glassy carbon
electrode surface in the presence of anilinum and triethylammonium acids, while in the presence
of imidazolium acid, it indicated that the active catalytic species were adsorbed on the glassy

carbon electrode surface confirming heterogenous process (Figure 3.18). Then, a mercury pool
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test was carried out to rule out nanoparticle formation (Figure 3.19), and a Pt wire test was

carried out to confirm that platinum was not leaching from the counter electrode (Figure 3.20).

3.3.4. Kinetic investigation

Since the imixpyrrole complex exhibited homogeneous behavior with both anilinium.BF4
and triethylammonium.BF4, the comparison between these acids was conducted first. The
background current (the current in the absence of the catalyst) for both acids was negligible
therefore, the catalytic peak current was calculated at the peak position (Figure 3.21). Kinetic
information, such as rate constant (kobs), the maximum turnover frequency (TOFmax), can be
extracted from cyclic voltammograms when the peaks are S-shaped, the S-shaped catalytic plateau
current is independent of the scan rate and acid concentration.> Therefore, the acid dependency
experiment was carried out for imixpyrrole system in the presence of both CeHsNeBF4 and
HNEt:eBF4 acids. For both systems, the catalytic current was found to increase linearly with acid
concentration (Figure 3.6). This relationship indicated a second-order dependence on the acid
concentration according to Eq. 2, where n where n is the number of electrons transferred in the
redox event (2 for HER), F is Faraday’s constant (96,485 C/mol), A is the electrode surface area
in cm? (although the electrochemical surface area is preferred it is usually treated as the geometric
surface area), D is the diffusion coefficient in cm?s, and x is the order with respect to acid. In the
case of C¢HgNeBF4, no visible acid independence point was observed in the graph between ica
vs. [CeHsNeBF4]2. Therefore, 94 mM was determined to be the acid independence point based on
UV-vis results; beyond that point, the hydrolysis of the free imine functionality (imidazole imine)
was possible (Figure 3.7). On the other hand, triethylammonium showed a clear acid

independence point around 150 mM.
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lcqt = NFA[cat]\/Dk[H*]* (D

i2,; = n?F?A%[cat])*Dk[H"]? (2)
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Figure 3.6. Plot of ica® vs acid concentration for: (a) AniliniumeBF4 (0.1 M TBAP in THF, 0.25
mM 4, 5 to 250 mM CegHgNeBF4, glassy carbon working electrode, platinum wire counter
electrode, 0.01 M AgNO:s reference electrode, scan rate = 11 V/s). (b) TriethylammoniumeBF,,
15 to 200 mM HNEtzeBF4, glassy carbon working electrode, platinum wire counter electrode, 0.01
M AgNO:3 reference electrode, scan rate = 2 V/s).
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Figure 3.7. UV-vis spectra of 4 with different equivalents of anilinium tetrafluoroborate.

Then, the catalyst dependence of the imixpyrrole system in the presence of both acids for
HER was investigated. As mentioned before, the catalytic current was measured at the peak point
on the cyclic voltammogram (Figure 3.22). For both systems catalytic current was found to
increase linearly with catalyst concentration (Figure 3.8). This relationship indicated a first-order

dependence on the catalyst according to Eq. 1.
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Figure 3.8. Plot of ica vs. catalyst concentration for: (a) AniliniumeBF4 (0.1 M TBAP in THF,
0.05 to 0.25 mM 4, 94 mM CsHsNeBF4, glassy carbon working electrode, platinum wire counter
electrode, 0.01 M AgNOg reference electrode, scan rate = 11 V/s). (b) TriethylammoniumeBF,
0.05 to0 0.25 mM 4, 150 mM HNEtzeBF4, glassy carbon working electrode, platinum wire counter
electrode, 0.01 M AgNOs reference electrode, scan rate = 2 V/s).

After confirming the heterogeneous nature of the imixpyrrole complex in the presence of
imidazoliumeBF4, experiments were carried out to obtain kinetic parameters such as TOF. The
background current was negligible, and the voltammogram displayed a S-shaped peak for
imixpyrrole complex in the presence of imidazoliumeBF4 acid. Therefore, above mentioned
equations (Eg. 1 and Eq. 2) can be used to figure out the reaction order with respect to acid and
catalyst concentration. The acid dependency results revealed that the catalytic current linearly
increased with acid concentration, indicating a second-order dependence with respect to acid
(Figure 3.9). The graph between ic? vs. [H*]? clearly displayed a plateau, resulting in an acid
independence point around 125 mM in the presence of imidazoliumeBF4. The catalyst dependence
of supported species in the presence of imidazolium acid was also probed. The catalytic current
was found to increase linearly with the catalyst concentration at low catalyst concentration (0.05
to 0.4 mM), confirming first-order dependence on the catalyst according to Eq.1 (Figure 3.10).
But, upon increasing catalyst concentration beyond 0.4 mM, a plateau was observed as anticipated,

indicating a catalyst independence point (Figure 3.10) around 0.4 mM for adsorbed species. This

124



result agreed with the heterogeneous nature of the catalyst in the presence of imidazoliumeBF4, as
it would be expected that the electrode surface would become saturated at a certain catalyst
concentration, after which, increasing the catalyst concentration would not enhance hydrogen
evolution. Interestingly, for all three acids, regardless of their catalytic nature, all of them showed
second-order dependence with acid and first-order dependence with catalyst.
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Figure 3.9. Plot of ica® vs acid concentration for imidazoliumeBFs (0.1 M TBAP in THF, 0.25
mM 4, 5 to 200 mM CzHsN.eBF4, glassy carbon working electrode, platinum wire counter
electrode, 0.01 M AgNOs reference electrode, scan rate = 9 V/s).
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Figure 3.10. Plot of ica vs. catalyst concentration for ImidazoliumeBF, (0.1 M TBAP in THF,

0.05 to 1 mM 4, 125 mM CzHsN,eBF4, glassy carbon working electrode, platinum wire counter
electrode, 0.01 M AgNOs reference electrode, scan rate = 9 V/s).
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Once the optimized conditions were achieved, other important kinetic parameters like
turnover frequency (TOF), overpotential, and faradaic efficiency were calculated. The TOF for the
homogeneous catalyst was calculated using Eg. 4, which is a simplified version of the equation
below.>® The Randle-Sevcik equation (Eq. 3) provides the relationship between the peak current ip
and catalytic concentration, where v is the scan rate in the absence of acid, R is the ideal gas
constant, T is the temperature in K (298 K), n is the number of electrons transferred in HER (2),
the factor of 0.4463 is related to the diffusion equations.*®

icc  n |RTK[H*]*

feat _ 3
i, 04463, Fv 3)

. 2
l
kops = TOFpax = (1.94 V" Yv (f—‘“) (4)
P

As mentioned earlier, the above equations that can be used to calculate TOF are best suited
for electrocatalysts under “pure kinetic conditions” where an S-shaped catalytic wave that is scan
rate independent is easily observed. Since, S-shaped catalytic wave was observed for imixpyrrole
system at optimized conditions in the presence of both acids, it is possible to use above mentioned
equation for TOF calculations. The calculated TOFs for CsHgNeBFs and NEt;eBF4 were found to
be 4190 and 33040 s, respectively, as substrates. Although these values are not the highest values
that have been reported by using CsHsNeBFs; and HNEtzeBF4 as proton sources or for a
monometallic Schiff base catalyst,>*’ the imixpyrrole system can be considered quite active and
comparatively favorable for HER, like many known HER electrocatalysts from Artero,%%
Grapperhaus,>%® and many others.%2% It is also quite impressive that the imixpyrrole system
was almost eight times faster with strong acid (CeHsNeBF4) as a proton source than with weaker

NEtzeBF4 acid. Moreover, the monometallic imixpyrrole system in the presence of weaker
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triethylammoniumeBF4 as a proton source showed similar activity as the bimetallic salixpyrrole
system in the presence of strong pTSAeHO as a proton source, indicating the promising nature
of the imixpyrrole system as a HER catalyst.

The turnover frequency for the imixpyrrole system in the presence of imidazolium.BF4 was
also calculated using stabilized S-shaped peak current. For the calculation of TOF,%" the
following equation (Eg. 5) was used initially to figure out the surface coverage of the adsorbed
species, where ip is the peak current of the adsorbed species in the absence of acid, n is the number
of electrons transferred (estimated to be 1 for the observed redox couple, Figure 3.3), F is the
Faraday’s constant, R is the ideal gas constant, v is the scan rate T is the temperature in K, I'" is

the surface coverage area of the working electrode.

i = VAT (5)

With the calculated value of surface coverage for the adsorbed species, the TOF was then
calculated using the equation below (Eq. 6), where j is the catalytic current density and n is the
number of electrons transferred during HER. Based on the kinetic data discussed earlier, a first-
order dependence on imixpyrrole system surface coverage was expected, and it was also assumed
that all the surface-confined species were catalytically active.

J
nkr*

TOF = (6)

The calculated TOF value was 2680 s or 37920 s cm™ (see experimental for
calculations). Although this is not a very high number like other heterogeneous catalysts,%® it can
be considered competitive compared to some of the fastest reported platinum nanoparticles (TOF
of 1500 to 9000 s1.%° On the other hand, this result is still very impressive considering the

molecular origin of the Schiff-base catalyst 4, but exhibits heterogeneous behavior with
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imidazolium acid. This kind of hybrid behavior, which combines the molecular design with
heterogeneous stability, is rare and notable.

At optimized conditions, the homogeneous catalyst imixpyrrole in the presence of
anilinium and triethylammonium acids operates at an overpotential of 0.53 + 0.07 and 0.99 £ 0.05
V, respectively. Moreover, with anilinium acid, 4 displayed a much lower overpotential than the
imixpyrrole with triethylammonium as a proton source. These overpotentials were calculated using
established procedures from Appel and Helm (see experimental section for calculations).”® These
overpotential values are comparable to those reported for Pd-based hydrogen production catalysts
developed by Bullock et al., which had overpotentials of 0.7 V."..72 These results confirmed that
imixpyrrole complex in the presence of anilinium tetrafluoroborate as a proton source was not only
much faster and more active than with triethylammonium tetrafluoroborate as a proton source but
also more energetically efficient and required less energy input. When it comes to the imidazolium
acid system, the heterogeneous imixpyrrole catalyst is found to operate at an overpotential of
0.89+0.05 V (see experimental for calculations). This value is also comparable to the earlier-
mentioned HER catalytic systems.”1.72

Controlled potential electrolysis (CPE) studies were carried out to figure out the stability
and faradaic efficiency of imixpyrrole systems in the presence of both all three acids. For

imixpyrrole complex (4) with aniliniumeBF4, the calculated faradaic efficiency was 99.3%, and
with imidazoliumeBF it was 98.6%, while for the imixpyrrole system with triethylammonium, it

was 97.2% (see experimental section for calculations). The imixpyrrole complex displayed a linear
increase in charge transfer versus time in the presence of all the acids, resulting in a stable current
response for CPE over time. These results indicate that the catalyst was relatively stable under the

optimized reaction conditions and did not undergo large structural changes during the catalytic
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cycle (Figure 3.11 and Figure 3.12). Once again, the strong acid conditions were proven to be
more desirable compared to the weaker acid conditions for the imixpyrrole system, with a larger

proportion of the charge productively generating the desired product.

0.00

-0.05

-0.10
-0.15
?5: -0.20
& -025
5
O -0.30
-0.35
-0.40
0 10 20 30 40 50
(a) Time (min)
0.00
-0.10
-0.20
Q 030
o
q
C -0.40
-0.50
-0.60
0 10 20 30 40 50
(b) Time (min)

Figure 3.11. A representative controlled potential electrolysis experiment in THF (0.2 M TBAP,
0.25 mM 4, and 94 mM CeHgNeBF; with a 6 mm glassy carbon rod working electrode, 0.01
M Ag/AgNO; reference electrode; 0.2 M TBAP, 94 mM ferrocene with a 6 mm graphite
counter electrode; 0.5 C of charge passed, potential held at -1.8 V vs. Fc/Fc*) showing: a)
current vs time; b) normalized charge transferred vs. time.
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Figure 3.12. A representative controlled potential electrolysis experiment in THF (0.2 M TBAP,
0.25 mM 4, and 150 mM HNEtzeBF4 with a 6 mm glassy carbon rod working electrode, 0.01 M
Ag/AgNO:s reference electrode; 0.2 M TBAP, 150 mM ferrocene with a 6 mm graphite counter
electrode; 0.5 C of charge passed, potential held at -2.5 V vs. Fc/Fc*) showing: a) current vs time;
b) normalized charge transferred vs. time.

3.3.5. Mechanistic implications

To further understand the homogeneous mechanism of hydrogen evolution using the
imixpyrrole system, the kinetic isotope effect (KIE) studies were carried out in the presence of
both duretated-aniliniumeBFs (CeHsN-dzeBF4) and deuterated-triethylammoniumeBFs (NEts-
dieBF4) acid (Figure 3.13). The rate constant derived from Eq. 3 was used to obtain KIE values.
Interestingly, in the presence of aniliniumeBF4, the obtained H/D KIE value was 1.05 + 0.031,

whereas in the presence of triethylammoniumeBF, it was 6.45 + 1.09. The imixpyrrole system
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with anilinium displayed a smaller KIE value much similar to the salixpyrrole system.3® As
mentioned in Chapter 2, these KIE values are very distinct from inverse KIEs that are associated
with electrocatalysts thought to be proceeding through proton shuttling.”’* Therefore, it is
believed that the imixpyrrole system in the presence of anilinium was displaying secondary KIE
values, indicating that H/D bond breaking was not involved in the rate-determining step as reported
in the literature.5%™ In contrast, the imixpyrrole system showed a distinct difference in mechanism
in the presence of triethylammoniumeBF4. The obtained KIE value was much bigger than the value
obtained in the presence of a stronger acid, aniliniumeBF4 indicating that H/D bond formation was
involved in the rate-determining step. Moreover, such larger KIE values are consistent with the
proton-coupled electron transfer (PCET) mechanism.’
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Figure 3.13. CVs of H/D KIE experiments (0.1 M TBAP in THF, 0.25 mM 4, glassy carbon
working electrode, platinum wire counter electrode, 0.01 M AgNOs reference electrode) for: a)
AniliniumeBFs (94 mM (CesHs)NHzeBF4 or (CsHs)NDseBF4, scan rate = 11 V/s); and b)
TriethylammoniumeBF4 (150 mM HNEts;eBF4 or DNEtzeBF;, scan rate = 2 V/s).

Among all the acids that were used for this study, aniliniumeBFs was the strongest.
Therefore, the protons are readily available in the reaction medium, leading to fast and non-rate-
limiting proton transfer. Based on KIE values, the imixpyrrole system is expected to follow a
stepwise mechanism, likely adhering to the ECEC mechanism (where E corresponds to an electron
transfer step and C to a chemical reaction, here protonation). Initially, it was believed that the
uncoordinated, pendant imidazole moieties in 4 can act as internal proton shuttles or relay sites.
Although a PCER process after the rate-determining step would still be possible with experimental
results for imixpyrrole in the presence of aniliniumeBF4, it is unlikely that it could occur
beforehand due to the small KIE value observed. Based on the results obtained from kinetic studies
and KIE values, two protonations preceded the rate-determining step, which does not involve
bimolecular hydrogen production (first-order dependence with respect to the catalyst was observed
for 4 with anilinium). Interestingly, the behaviour of imixpyrrole system in aniliniumeBF; is quite
different compared to its starting material (complex 1), which showed higher KIE values.®* This

can be attributed to the fast proton transfer capability of the imidazole group compared to the
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pendant amine group, leading to the mechanistic differences.”’~"® Further mechanistic studies are
anticipated to further elucidate the mechanism of action for monometallic system 4 in the presence
of anilinium.BF4, as there is limited literature to support it.

In the case of triethylammoniumeBF,, the KIE results clearly indicate the possibility of
PCET mechanism. The imixpyrrole complex with triethylammonium also showed second-order
dependency with respect to acid concentration and first-order dependency with respect to catalyst
concentration, like when the complex with aniliniumeBF4. Additionally, the hydrolysis of the free
imine functionality (imidazole imine) was ruled out for triethylammoniumeBF4 based on CPE
results and spectroscopic evidence (UV-vis), it was confirmed that complex 4 is stable in the
presence of HNEtz;eBF4 in optimized conditions (Figure 3.14). It was reported in several cases
that some complexes in the presence of weak acids adopt to undergo a PCET mechanism to
overcome the proton transfer barrier.””"® It has also been reported that the imidazole group can act
as an internal proton shuttle or relay site, indicating support for PCET via the pendant imidazole
hypothesis.”>8 It is believed that the imixpyrrole system also undergoes a similar mechanistic

pathway in the presence of triethylammoniumeBF..
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Figure 3.14. UV-vis spectra of 4 with different equivalents of Triethylammonium
tetrafluoroborate
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The mechanistic investigation in the presence of imidazolium acid is yet to be done. But
with the results obtained so far, it is possible to hypothesize some mechanical aspects. The catalyst
showed second-order dependency with respect to acid and first-order dependency with respect to
catalyst, like both of the anilinium and triethylammonium acids. It is also shown that the hydrolysis
of the free imine moiety was not taking place in the presence of optimized imidazolium acid
concentration based on CPE and UV-vis evidence (Figure 3.15). The anodic shift is displayed
with increasing catalyst concentration that can be attributed to the possibility of aggregation, which
may stabilize the oxidized form of the catalyst or change its solvation environment.®58! making
the complex easier to oxidize, or it can indicate the possibility of a PCET mechanism.’’:82
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Figure 3.15. UV-vis spectra of 4 with different equivalents of Imidazolium tetrafluoroborate.

3.4. Conclusion

In summary, the monometallic imixpyrrole complex (4) bearing unsymmetric ligands with
calixpyrrole and imidazole coordination binding pockets was synthesized, characterized, and its
electrochemical properties were studied. Unlike the traditional co-facial “pacman” porphyrin
system, the generation of imixpyrrole species was straightforward and relatively high yielding.
Synthesis of this novel unsymmetric Schiff base was done using the previously reported palladium

calixpyrrole complex 1 as a starting material.
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As the catalytic activity, the mechanistic pathway, and the nature of the catalyst for HER
are highly dependent on the reaction conditions, this study was carried out to examine the effect
of acid on the catalytic HER activity of imixpyrrole complex. Therefore, three proton sources with
varying pKavalues in THF were selected: anilinium tetrafluoroborate ( CsHsNeBF4, pK,™F = 5.2),
imidazolium tetrafluoroborate (CsHsN2eBFs, pKa™MF = 9.4), and triethylammonium
tetrafluoroborate ( HNEt;eBF4, pKa'™" = 12.5), respectively.

For imixpyrrole complex (4) in the presence of aniliniumeBF4, the catalyst was found to
be catalytically active for HER and homogeneous in nature. It also displayed second-order
dependence on acid and first-order dependence on catalyst, ruling out a bimolecular pathway for
hydrogen production. Additionally, the calculated TOF of 33040 s was displayed, with an
overpotential of 0.53 £ 0.07 V and a faradaic efficiency of 99.3%. Moreover, a H/D value of 1.06
was measured for the imixpyrrole system in the presence of aniliniumeBF4, indicating that H/D
bond-breaking was not involved in the rate-determining step.

With triethammoniumeBF, the imixpyrrole catalyst, was catalytically active for HER and
homogeneous in nature. The monometallic system was found to be second-order in acid and first-
order in catalyst, similar to the previous situation. A lower TOF of 4190 s and a higher
overpotential of 0.99 + 0.05 V were indicated as anticipated for a weaker acid environment
compared to the strong aniliniumeBF4. The faradaic efficiency was found to be 98.6%, which was
slightly less than before. Surprisingly, the KIE data indicated a completely different mechanism
of action with a calculated KIE value of 6.45, indicating the possibility of PCET mechanism.

Finally, the imixpyrrole complex in the presence of moderate imidazolium acid displayed
a completely different behavior. The catalyst was found to be catalytically active for HER but

heterogeneous in nature. The imidazolium system also displayed second-order dependency for
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acid and first-order dependency for catalyst, ruling out the bimolecular pathway. Surprisingly, the
lowest calculated TOF value of 2680 s was observed in the presence of imidazolium with a
moderate overpotential value of 0.89 V. The faradaic efficiency for the imixpyrrole with
imidazolium as the proton source was found to be 97.2%. Further study is needed to understand
the mechanistic aspects of this situation.

These results have given a critical insight into ligand/catalyst design and a promising novel
pathway for heterobimetallic imixpyrrole synthesis. Moreover, it has provided further insight into
the impact of the proton source on catalytic activity. Further studies aimed at elucidating the exact

mechanisms of action for 4.

3.5. Experimental Section

3.5.1. General considerations

All procedures and manipulations were performed under an argon or nitrogen atmosphere
using standard Schlenk-line and glove box techniques unless stated otherwise. Solvents were dried
and deoxygenated under argon using a LC Technology Solutions Inc. SP-1 stand-alone solvent
purification system. All alcohols were dried and distilled over activated magnesium (magnesium
turnings and a crystal of iodine) under a nitrogen atmosphere. Deuterated solvents were purchased
from Cambridge Isotope Laboratories, Sigma Aldrich, Acros Organics, or Alfa Aesar, degassed,
and dried over activated molecular sieves prior to use. Imidazolium tetrafluoroborate was
purchased from AA Blocks. 1 was synthesized according to a literature procedure with changes as
mentioned in chapter 2 (spectroscopic characterization matched reported data).>* All other reagents
were purchased from commercial sources and utilized without further purification unless stated
otherwise. NMR spectra were recorded at ambient temperature and pressure using a Bruker 400

MHz spectrometer (400 MHz for *H and 101 MHz for *C). The H and 3C NMR spectra were
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measured relative to partially deuterated solvent peaks, but are reported relative to
tetramethylsilane (TMS). Elemental analyses were performed at the University of Rochester,
Department of Chemistry, on a PerkinElmer 2400 Series 1l Analyzer. All crystals were mounted
in inert oil and transferred to the cold gas stream of a diffractometer. Single crystal X-ray data
were collected using a Rigaku XtaLAB Synergy-S diffractometer equipped with a HyPix-6000HE
Hybrid Photon Counting (HPC) detector and dual Mo and Cu microfocus sealed X-ray source (Cu
KaA=1.54184 A). The data collection strategy was calculated using CrysAlisPro to ensure desired
data redundancy and percent completeness. Unit cell determination, initial indexing, data
collection, frame integration, Lorentz-polarization corrections, and final cell parameter
calculations were carried out using CrysAlisPro. An absorption correction was performed using
the SCALE3 ABSPACK scaling algorithm embedded within CrysAlisPro. The structures were
solved using the ShelXT structure solution program using Intrinsic Phasing and refined by Least
Squares using the ShelXL program. All non-hydrogen atoms were refined anisotropically.
Hydrogen atom positions were calculated geometrically and refined using the riding model. Olex2
was used for the preparation of the publication materials. Cyclic voltametric measurements were
recorded using a Bio-Logic model SP-50 potentiostat. Tetrabutylammonium hexafluorophosphate
(TBAP) was used as the supporting electrolyte and was recrystallized prior to use by slow addition
of pentane into a THF solution followed by cooling in a freezer (-30 °C). The working electrode
was a glassy carbon electrode or a mercury pool electrode; the reference electrode was a
Ag/AgNO3 non-aqueous electrode (0.01 M in CH3CN with 0.1 M TBAP); and a platinum wire or
graphite rod was used as the counter electrode. The glassy carbon electrode was polished with 0.05
pm alumina and washed with distilled water prior to each measurement. Electrochemical

measurements were conducted at room temperature under an argon or nitrogen atmosphere and
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processed using EC-Lab V11.21. Reported half-wave potentials were referenced to the Fc/Fc*
redox couple by adding high purity ferrocene to the sample solution. Controlled potential
electrolysis experiments were also performed with a Biologic SP-50 model potentiostat and
processed using EC-Lab V11.21. The working electrode was a 6 mm glassy carbon rod, the counter
electrode was a 6 mm graphite rod, and the reference electrode was a 0.01 M Ag/AgNO3 non-
aqueous electrode (0.01 M in CH3CN with 0.1 M TBAP). The amount of hydrogen produced was
quantified using an ATO Inc. model ATO-SKY2000-H2 handheld gas detector (0 to 500 ppm) and
a calibration curve derived from known volumes of ultra-high purity hydrogen gas (Airgas).

3.5.2. Synthesis of 4%

A solution of 0.200 g (0.313 mmol) of 1 in approximately 2 mL of THF was added to a solution
of 0.2068 g (1.878 mmol) of 1-methyl-2-imidazolecarboxaldehyde in approximately 1 mL of THF
charged with 3A activated molecular sieves. A catalytic amount of pyrrolidine was added (0.3 mL
of 10 mol% pyrrolidine in DCM), and the color of the solution immediately turned from orange to
dark red. The reaction mixture was stirred overnight, and then approximately 10 mL of pentane
was added. After stirring the suspension for an additional 1 h the solvent was decanted. This step
was repeated three times, and the precipitation was isolated by filtration. The orange powder was
washed with 2 x 10 mL pentane to remove any unreacted 1-Methyl-2-imidazolecarboxaldehyde.
The product was dissolved in approximately 10 mL of DCM and filtered to remove the 3A
activated molecular sieves. The filtrate was dried under reduced pressure to give 2 as an orange
solid. Yield: 0.155 g (60%). Crystals suitable for single-crystal X-ray diffraction studies were
grown from the slow evaporation of a pentane/dichloromethane solution of 2. *H NMR (400 MHZ,
CDClIs) 8: 8.16 (s, 2H, imine-CH), 7.43 (s, 2H, imine-CH), 7.14 (dd, 4H, aromatic-CH, J = 7.13

Hz), 7.09 — 7.02 (m, 4H, aromatic-CH), 6.88 (t, 3H, aromatic-CH), 6.79-6.74 (m, 6H, aromatic-

138



CH), 6.73 (d, 2H, pyrrole-CH, J = 6.73 Hz), 5.90 (d, 2H, pyrrole-CH, J = 5.89 Hz), and 3.82 (s,

6H, CHz) ppm.
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Figure 3.16.*H NMR spectrum (400 MHz, CDCI3) of 4
3.5.3. Crystal structure data

Table 3.2. Selected Crystal Data, Data Collection, and Refinement Parameters for 4.

4
empirical formula CasHzsN1oPd
FW 823.24
lattice type triclinic
space group p-1
T,K 200.0(10)
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a, A 9.48081(7)

b, A 14.09221(13)

c, A 14.74721(13)
a, deg 105.8395(8)

B, deg 102.9956(7)

y, deg 91.3090(6)

vV, A3 1839.48(3)

Z 2

pead/Mg m3 1.486

w/mm? 4.486

F(000) 844.0

cryst size, mm? 0.23 x 0.16 x 0.09
range 20 collected, deg 6.418 to 155.23
reflns collected 42971

Semi-empirical from
abs cor P

equivalents

Max and min transmn coeff. ~ 1.000 and 0.87625

goodness of fit 1.087

peak and hole, e A 0.41/-0.52

3.5.4. Electrocatalytic H. evolution

The electrochemical conditions of the catalytic trials included 0.1 M TBAP electrolyte in

THF, 0.05 mM to 0.25 mM of 4 in the presence of aniliniumeBF4 and triethylammoniume«BF4 and
0.05 mM to 1 mM of 4 in the presence of imidazoliume«BFs, 5 to 500 equivalents of anilinium

tetrafluoroborate (CeHgN«BF4, 5 to 125 mM), 100 to 800 equivalents of imidazolium
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tetrafluoroborate (CsHsN2¢BF4, 25 to 200 mM), and 60 to 1000 equivalents of triethylammonium
tetrafluoroborate (HNEtzeBF4, 15 to 250 mM), and scan rates between 20 mV/s to 20 V/s. The
three-electrode setup consisted of a glassy carbon working electrode, a platinum wire or graphite
rod counter electrode, and a 0.01 M Ag/AgNOs reference electrode. All CVs were referenced
versus the Fc/Fc* redox couple. All CVs were recorded under an argon or nitrogen atmosphere in
dry THF. For the “rinse” test results, the working electrode was removed from the cell following
catalysis, rinsed with THF solvent, and then placed in a fresh acidic electrolyte solution without 4
present (0.1 M TBAP, 25 mM of acid). To determine the kinetic isotope effect (KIE), deuterated
acids (94 mM for anilinium, 125 mM for imidazolium, and 150 mM for triethylammonium) in
THF were utilized.
3.5.5. Controlled potential electrolysis

A glassy carbon working electrode was placed into a sealed bulk electrolysis cell filled
with a solution of 0.2 M TBAP in THF, 0.25 mM 4 in the presence of anilinium and
triethylammonium, 0.4 mM 4 in the presence of imidazolium, 94 mM aniliniumeBF4, or 125 mM
imidazoliumeBF;, or 150 mM triethylammoniumeBF4, along with a 0.01 M Ag/AgNO:s reference
electrode (Figure ). The graphite counter electrode, separated by a porous frit, was submerged in
a solution of 0.2M TBAP in THF and 94 mM or 125 mM, or 150 mM ferrocene (for anilinium,
imidazolium, and triethylammonium, respectively). Bulk electrolysis experiments were carried out
at a controlled potential of -1.8 V with anilinium, -2.3 V with imidazolium, and -2.5 V with
triethylammonium vs. Fc/Fc™ until 0.5 C of charge was passed. The solution in the cell was then

stirred for 1 hour to ensure equilibration between the solvent and headspace before sampling.
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Working

Reference Counter

Figure 3.17. Image of the electrolysis cell utilized for controlled potential electrolysis after 0.5 C
of charge had been passed.
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Figure 3.18. CVs of rinse test results using THF as the rinsing solvent (0.1 M TBAP in THF, 0.25
mM of 4, 25 mM of acid, glassy carbon working electrode, platinum wire counter electrode, 0.01
M Ag/AgNO:s reference electrode, scan rate = 800 V/s) for: a) CeHsNeBF4; b) CsHsN2eBF4; and
(c) HNEtzeBF..
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Figure 3.19. CVs of mercury pool tests for hydrogen evolution (0.1 M TBAP in THF, mercury
pool working electrode, platinum wire counter electrode, 0.01 M Ag/AgNOs reference electrode)
for: a) CsHsNeBF4 (0.25 mM 4, 94 mM anilinium, scan rate = 11 V); b) CzHsN2eBF4 (0.4 mM 4,
125 Mm imidazolium, scan rate = 9 V); and (c) HNEtseBFs (0.25 mM 4, 150 mM
triethylammonium, scan rate = 2 V).
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Figure 3.20. CVs of hydrogen evolution with a graphite rod counter electrode (0.1 M TBAP in
THF, glassy carbon working electrode, 0.01 M Ag/AgNO:z reference electrode) for: a) CeHsNeBF4
(0.25 mM 4, 94 mM anilinium, scan rate = 11 V); b) CsHsN2eBFs (0.4 mM 4, 125 Mm
imidazolium, scan rate = 9 V); and (c) HNEtzeBF4 (0.25 mM 4, 150 mM triethylammonium, scan

rate = 2 V).
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Figure 3.21. Catalytic CVs with increasing acid concentration (0.1 M TBAP in THF, 0.25 of 4,
glassy carbon working electrode, platinum wire counter electrode, 0.01 M AgNO3 reference
electrode) for: a) CsHsNeBF4 (5 to 250 mM anilinium, scan rate = 11 V); b) CsHsN2eBF4 (25 to
200 Mm imidazolium, scan rate = 9 V); and (c) HNEtzeBF4 (15 to 200 mM triethylammonium,
scan rate =2 V).
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Figure 3.22. Catalytic CVs with increasing catalyst concentration (0.1 M TBAP in THF, glassy
carbon working electrode, platinum wire counter electrode, 0.01 M AgNOs reference electrode)
for: a) CsHgNeBF4 (0.05 to 0.25 mM 4, 94 mM anilinium, scan rate = 11 V); b) CsHsN.eBF4 (0.05
to 1.00 mM 4, 125 Mm imidazolium, scan rate = 9 V); and (c) HNEtzeBF4 (0.05 to 0.25 mM 4,
150 mM triethylammonium, scan rate = 2 V).

3.5.6. Sample overpotential calculation with anilinium tetrafluoroborate?®.70.83

(1) Ey+ = Eg+ — 0.05916 V x pK,
(2) Ey+ = —0.343V — 0.05916 V x 5.2 = —0.65V

(1) n= |EHJr - Ecat/2|
2) n=1-0.65V - (=116 +0.07 V)| = 0.51 + 0.07V

3.5.7. Sample overpotential calculation with imidazolium tetrafluoroborate* 708

(1) Ey+ = Eg+ —0.05916 V x pK,
(2) Ey+ = —0.343V — 0.05916 V x 9.4 = —0.90 V

(l) n= |EH"' - Ecat/2|
2) n=1-090V - (-1.79+£0.05V)| =0.89 £ 0.05V
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3.5.8. Sample overpotential calculation with triethylammonium

tetrafluoroborate?*.70.83

(1) Ey+ = E+ —0.05916 V x pK,
(2) Ey+ = —0.343V — 0.05916 V x 12.5 = —1.08V

(1) n= |EHJr - Ecat/2|
(2) n=1-1.08V — (=2.05+0.05V)| =0.97 £ 0.05V

3.5.9. Sample turnover frequency calculation®

. 2
(1) TOF o = (1.94V"Y)v (‘—f)

lp

0.92776 mA )2

_ -1
(2) TOFpax =194V X 11V /s X (0.022837 ma

(3) TOE a0 = 33040 + 150 51

3.5.10. Sample turnover frequency calculation with imidazolium

tetrafluoroborate®:84

0.022015 + 0.001966 ma = LT0le €)°(96485 C/mob)” V/$)(0.070686 cm?)I"*
' % mA = 8314 J/molk) (208 k) V/S)(O. cm’)

r*=3.683913695 x 107! mol/cm?

J

TOF =
nFIr*

leat

nFAl'*

TOF =

1.3465 mA

TOF =
2 X (96485 C/mol)(0.070686 cm?)(4.42 x 10~11 mol/cm?)
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TOF = 2680 s~ ! 0or 37914.15556 s~ 1cm ™2

3.5.11. Sample faradaic Efficiency calculation®®°

1mole™ o 1 mol H,
96485C 2mole™

Theoretical moles of H, = 3.60 X 107° mol

Theoretical moles of H, = 0.5C X (54)

y = 790.35 ppm/mL x (From calibration curve Figure) (S5)
63.8 ppm = 790.35 ppm/mlL x
x = 0.08855 ...mL

0.0807 ...mL
24789.57 ... mL/mol

Experimental moles of H, = (Fromideal gas law at 25°C) (S6)

Experimental moles of Hy, = 3.57 x 107® mol

Experimental moles H,

F ic Effici = X1 7
aradaic Ef ficiency Theoritical moles H, 00 (57)
Faradaic Ef fici _3.57 x 107¢mol 100
aradaic Ef ficiency = 360 < 10=6 ol

Faradaic Ef ficiency = 99.3%
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Chapter 4 - Synthesizing heterobimetallic complexes as promising

catalysts for small molecule activation.

4.1. Abstract

Heterobimetallic complexes have attracted interest for decades due to their resemblance to
metalloenzyme active sites. But only recently have chemists started to have an interest in
developing ligand scaffolds that are specifically designed to support multinuclear transition metal
cores. Those ligand systems were designed not only to hold multiple metal centers in close
proximity but also allow for fine-tuning of their electronic structures and surrounding steric
environments. This specific project highlights a synthetic route that allows the formation of
heterobimetallic complexes based on an unsymmetric Schiff-base ligand scaffold through stepwise
metalation. The monometallic complexes from Chapters 2 (Pd-salixpyrrole) and 3 (Pd-
imixpyrrole) were used as the starting material. Although heterobimetallic complex formation with
the “Salixpyrrole” system turned out to be rather unsuccessful to this date, the “imixpyrrole”
system resulted in two promising heterobimetallic complexes, PdZn-Imixpyrrole and PdCu-
Salixpyrrole. The cyclic voltammetry features suggest the possibility of cooperative small

molecule activation specifically for the hydrogen evolution reaction.

1+1>2
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4.2. Introduction

Cooperation between multiple metal atoms to obtain catalytic properties that are “greater
than the sum of their parts” is drawing the attention of the inorganic community.! Mononuclear
metal complexes and homodinuclear metal complexes have received much attention over the past
years, but when it comes to hererodinuclear/heterobimetallic complexes, their advanced activity
has been unexplored unlike their mono- or homodinuclear counterparts.? When metal centers are
in close proximity in the ligand system or a direct metal-metal bond, they can enhance the catalytic
activity via synergistic and cooperative effects that could result from the simultaneous or
consecutive action of different metals present in a homogenous or heterogenous medium.!
Therefore, heterobimetallic complexes gain special interest due to generating highly active species,
even if the exact active species is often unknown. Selecting metal centers wisely can influence the
overall performance of the complex, allowing the complex to achieve chemical transformations
otherwise inaccessible.? By tuning parameters like ligand steric and electronics, bond polarity, and
bond order, provides a wide area of research for inorganic chemists to explore.*

Recent publications have emphasized the advantages of bimetallic complexes and their
applications in many areas like biology, medicine, catalysis, nanoscience, redox and photoactive
materials, etc.>® This attraction is mainly due to the unique reactivity and/or selectivity patterns
that multimetallic systems offer compared to their monometallic analogue and due to the tunable
characteristics of their chemical reactivity in terms of both kinetics (rate of ligand exchange) and
thermodynamics (strength of metal-ligand, redox potentials, etc.).”® So far, most of these
heterobimetallic catalysts have been studied for organic transformations such as olefin metathesis
reactions, and various cross-coupling catalysts, catalyzing asymmetric nitro-Mannich-type

reactions, nitroaldol reactions, etc.11%1 However, when it comes to small molecule activation, the
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majority of work has been done to develop mononuclear catalysts and fine-tune the steric and
electronic parameters of the supporting ligand environment.'>-

The growing interest in discovering new complexes with multiple metal centers is inspired
by biocatalytic systems. Protein crystallography data revealed the active site of most enzymes,
such as [NiFe]-, [FeFe]-hydrogenases, CO-dehydrogenases, and acetyl-CoA synthase (ACS),
which emphasizes the need for more than one metal center in their active site to achieve
organometallic-like functions.*®!® Specifically, when it comes to hydrogenases, their active site
contains at least two first-row transition metals which are connected by sulfides or thiolates along
with Lewis acid/base sites (Figure 4.1).1%2! [FeFe]-hydrogenase is known for Hz production
where each Fe center contains a distinct ligand environment and proton-shuttling groups enhancing
catalysis. On the other hand, [NiFe]-hydrogenase is particularly efficient at H, oxidation which
features a heterobimetallic structure in its active site with complex coordination and redox-
sensitive clusters.’®? Therefore, when it comes to designing model catalysts for hydrogen
evolution reaction (HER) or any other catalysis processes, few structural features are considered
such as; 1) the availability of low-valent metals. 2) homo or hetero metallic structure with a unique
coordination environment around each metal, 3) structural flexibility for the substrate to access the
active site of the catalyst, 4) the availability of “in-built” functional groups that can participate in

proton shuttle or the groups that are rich in electrons to supply electrons rapidly during catalysis.
[NiFe] Hydrogenase [FeFe] Hydrogenase

2H‘
[CNH

/ ‘ small subunit [Fe4S4] |

OC.. Sa..S S N S

\ '\\\\‘ ~ ”", / ¢ M & [‘F.“] I e S |
Fe, \Ni ﬂ}ﬁel, [3Fe-45] s “F W / \ /S\ 2 /

2e

5 \ / \\ large subunit [4Fe-4S]
NC{C x C?ys / small subunit / sV C\\/ \ / \/CN

H, 2H*

Figure 4.1. Structures of the [NiFe] hydrogenase from DvMF18 and the [FeFe] hydrogenase
from Dd.?2 Schematically indicated are the ET chain (via iron-sulfur centers) and pathways for
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the dihydrogen and the H* transfer. At the bottom, the chemical structures of the active sites of
the two types of hydrogenases are given; the arrows indicate the open metal coordination site.
Adopted from REF?,

The origin of this field is considered Muetterties’ study of the cluster surface analogy,?
where the cluster compound often contains low-valent late-metals, then bimetallic compounds that
are usually surrounded by simple carbonyl, hydride, and phosphine ligands were studied.?* Since
then, a number of metal complexes containing c-donating and m-accepting ligands such as
Bergman's sulfur-atom abstraction reactions by a heterobimetallic Cp2Zr(u-N'Bu)IrCp* complex
(Cp* = pentamethylcyclopentadienyl),?® Mankad's bimetallic (PPPNHC)Cu—
FeCp(CO)2 complexes (PPPNHC = N,N’-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) that
perform catalytic photochemical C—H borylation reactions,?® etc. were studied for small molecule
activation.® Interestingly, all of these multinuclear complexes can be seen using the ligands that
are commonly used in mononuclear transition metal complexes to achieve unique reactivities.
Therefore, the recent interest has shifted towards cofacial porphyrins and dinuclear Schiff base
complexes since those ligand systems are much more popular as small molecular activation
catalysts. 103031

The main criteria to consider when it comes to synthesizing heterobimetallic complexes,
designing the ligand architecture to facilitate the coordination of multiple metals within close
proximity of one another. Steric and electronic parameters play a crucial role in metal coordination
and substrate accessibility.>%® There are two main primary classes of ligand design strategies
according to Tomson and co-workers,® one involves designing a ligand system to support the
coordination of an ancillary metal (Ma) as a ligand on the catalytically active metal (Mg) (Class
1) and the other class involves designing ligand systems that provide access for multiple metals to

coordinate and activate small molecules (Class 2) (Figure 4.2).3+3" For the class 1 situation to
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work, the coordination environment around Ma needs to be saturated, and the coordination
environment around Mg should have a vacant spot so the substrate of interest can access the metal
complex and the catalytic activity can take place at Mg. Class 2 can be subdivided into systems
that have metal-metal (M-M) separation greater than the bonding range (Class 2A) and those that

support M-M bonding (Class 2B).

Class 1: Small molecule activation at Mg, tuned by (Class 2: Cooperative, multinuclear small molecule activation

an ancillary metal (M,) % 5 A) Ligand design prevents M~M bonding

X Y
_— N R NG

) | B) Ligand design supports M—M bonding

XY XY
€Y o ¢y - Y

Figure 4.2. Categories of ligand design classes aimed at generating multinuclear complexes
capable of undergoing small molecule activation chemistry. Adopted from REF®,

Besides ligand designing, metal coordination can be achieved through a few methods. One
method is stepwise metalation, where synthesis of the monometallic complex is done first,
followed by the introduction of the second metal. In this case, the ligand system can be designed
to bind selectively to the first metal, then the second metal will bind to the remaining donor atoms,
or the synthesis of the monometallic complex can be done first, followed by a post-synthetic
modification to build up donor sites for the second metal.2%31:383° The second method can be
considered as one-pot synthesis or simultaneous metalation where the mixing of the ligand with
both metal salts takes place at the same time in a single pot under a stoichiometrically controlled
environment.*%*! Metalation also can be done through the templating method, where a metal ion

is used as a template to promote the formation of the ligand followed by the second metalation.*?-

45
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This Chapter is an attempt towards the synthesis of new unsymmetric heterobimetallic
complexes using previously discussed “Salixpyrolle” systems (Chapter 2) and the “Imixpyrrole”
system (Chapter 3). Herein, the synthesis attempts of a series of heterobimetallic complexes
containing Pd(I1) with various other transition metals (Ni(1l), Zn(I1), Cu(l), Co(ll), etc.) based on
novel unsymmetric ligands is discussed. In addition, the spectroscopic characterization and

electrochemical characterization with catalytic activities of some compounds are addressed.

4.3. Results and discussion

4.3.1. Synthesis of heterobimetallic complexes from the “Salixpyrrole” system.

The initial work for this project was inspired by Stefan Brase and his group, who employed
a stepwise metalation strategy to coordinate the second cation, resulting in a heterobimetallic
“Pacman” porphyrin system. 3! The monometallic salixpyrrole complex (2) was used as a starting
material, and its synthesis was carried out as discussed in Chapter 2.4 Complex 2 was used as a
starting material and reacted with a base to deprotonate phenol OH groups in the salen moiety,
followed by metalation with a metal salt, as illustrated in Scheme 4.1.

Scheme 4.1. General Synthetic procedure for heterobimetallic complexes utilizing the
monometallic Salixpyrrole complex 2 as a starting material.

Base Metal Salt

/ -
NGNS
/M\

(0] @]

(Pd-SaIixpyrroIe)z' PdM-Salixpyrrole
(Intermediate)

Pd-Salixpyrrole (2)

M = Ni(I1), Zn(1l), Co(ll), Ru(ll), Pt(I1),Cr(I1), Cu(1), AI(II), Ir(I1),
The completion of the reactions was assessed by the appearance of only two distinct imine

peaks in the *H NMR spectra. Successful coordination with the second metal was indicated by a
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pronounced chemical shift of the imine proton associated with the salen imine moiety, along with
a moderate peak shift for the calixpyrrole imine proton. When stoichiometric amounts of base and
metal salts (4:1) were used, the *H NMR spectra showed no significant changes for Co(ll), Cr(ll),
Ru(Il), Cu(l), AI(H), Ir(111) metal salts, suggesting unsuccessful metal coordination (Table 4.3.1).
In contrast, reactions with Zn(11), Ni(ll), Pt(11) metal salts resulted in the appearance of more than
two imine peaks in the 'H NMR spectra, indicating the possibility of multiple side reactions or

suboptimal reaction conditions in the reaction medium (Table 4.1).

Table 4.1. The initial reaction conditions were used for heterobimetallic complex synthesis with
the Salixpyrrole system. (all the reaction was carried out at room temperature in an inert
atmosphere, the ratio between base: metal = 2:1).

Metal ion  Solvent Metal source Base Results

Cu(l) THF [(CH3CN)4Cu]PFe NEts No significant change
Cr(In) THF CrCls NEts No significant change
Ru(Il) THF/CH3CN  [Ru(PPh3)3]Cl> NEts No significant change
Co(Il) THF Co(acac)2 NEts No significant change
Ni(I1) DCM [Ni(CH3CN)g][BF4]2 NEts Multiple Imine peaks
Zn(1l) DCM Zn(OTf): NEts Multiple Imine peaks
Pt(I1) THF/CH3CN  K3PtCl, NEt; Multiple Imine peaks
Al(lI) THF AICl3 NEt; No significant change
Ir(111) THF IrCls NEts No significant change

Since reaction conditions such as the type of the base, the type of the metal salt, the
stoichiometric ratio between the base and the metal salt, temperature, and the type of the solvent
can significantly influence the outcome of metal coordination, a systematic optimization study was
carried out by varying one parameter at a time. This study was initially focused on Zn(ll), Ni(ll),
Pt(1l) metals, as these metals showed positive responses upon metal addition. In earlier

observations with the bimetallic salixpyrrole complex (3), the appearance of multiple imine peaks
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in the *H NMR spectrum was attributed to the incomplete deprotonation of the phenolic OH groups
of the salen moiety. Therefore, the Initial case study was carried out by changing the choice of
base aiming to identify one capable of achieving complete deprotonation under the provided
reaction conditions. For Zn(Il) coordination, strong bases such as KH and KOC(CHz3)3 were tested
under the hypothesis that stronger bases would more effectively deprotonate the phenolic groups
without decomposing the ligand system (Table 4.2). The experiment with KH at room temperature
yielded promising results. Specifically, the *H NMR spectrum revealed the presence of only four
distinct imine peaks alongside a clear indication of the remaining monometallic starting material,
complex 2 (Figure 4.3). The appearance of four imine peaks may suggest either bivalent
coordination of Zn(Il) metal, deviating from a distorted square planar geometry, or a loss of
molecular symmetry due to bulky substituents, such as the tert-Butyl groups. On the other hand,
with KOC(CHz)3, the NMR showed the appearance of aldehyde peaks around 10 ppm, indicating

a possible decomposition of the system in the presence of a strong base, KOC(CH3)s.

Table 4.2. The study for the effect of base type with Zn(Il) coordination for the Salixpyrrole
system. (all the reaction was carried out at room temperature in an inert atmosphere, the ratio
between base: metal = 2:1).

Metal ion | Solvent Metal source Base Results

Zn(1l) DCM Zn(OTf), NEts Multiple Imine peaks
KH Only four imine peaks
KOC(CHpa)3 | Possible decompositions.
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Figure 4.3. Comparison between *H NMRs with marked imine peak shifts - Pd-Salixpyrrole
NMR (top) and PdZn-Salixpyrrole NMR (bottom) (400 MHz, CDCl3).

Also, for Ni(ll) coordination, strong bases such as KH, LIOC(CHz)3, and KOC(CH3)3
were evaluated (Table 4.3). Interestingly, in contrast to Zn(lI1) coordination, KOC(CHs)3 did not
lead to the decomposition of the system. Instead, the reaction yielded a significantly cleaner H
NMR spectrum, indicative of potential Ni(ll) coordination along with the unreacted starting
material as the predominant species. These findings suggest that further optimization, particularly
through adjustments in the stoichiometric ratio of the base to the metal salt, may enhance the
efficiency of the coordination process. When it comes to Pt(Il) coordination, strong bases like KH
and LiOC(CHz)s were tested (Table 4.3). Surprisingly, with both KH similar to Ni(ll)
coordination, the reaction yielded a significantly cleaner *H NMR spectrum, indicative of potential
Pt(1l) coordination along with the unreacted starting material as the predominant species.

LiOC(CHs)z did not show any significant changes in the NMR.
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Table 4.3. The study for the effect of base type with Ni(ll) and Pt(ll) coordination for the
Salixpyrrole system. (all the reaction was carried out at room temperature in an inert atmosphere,
the ratio between base: metal = 2:1).

Metal ion  Solvent Metal source Base Results
NEt; Worse
] _ KH Better
Ni(ll) DCM [Ni(CH3sCN)g][BF]2

LiOC(CHs); Better
KOC(CHs)s Best

NEts Worse
Pt(I1) THF/CH3CN  K3PtCly KH Better
LiOC(CHs)s worse

Further investigations were conducted to optimize the conditions to achieve the
expected 'H NMR profile upon Zn(II) coordination. Increasing the stoichiometric ratio of KH base
to metal salt up to 4:1 resulted in a notable reduction in the presence of the starting material, as
observed in the 'H NMR spectrum (Figure 4.3). However, further increasing the amount of base
beyond this ratio led to the decomposition of complex 2, indicating a narrow window for optimal
base concentration. Efforts are currently ongoing to obtain single crystals suitable for X-ray
diffraction to confirm the structure of the resulting Zn-containing complex. Despite multiple
attempts, crystallization has thus far been unsuccessful.

Similar to Zn(11) coordination, increasing the stoichiometric ratio of KOC(CHj3)s base to
metal salt up to 4:1 resulted in the completion of the reaction, indicating the disappearance of
starting material chemical shifts in the *H NMR spectrum (Figure 4.4). Efforts are currently
ongoing to obtain single crystals suitable for X-ray diffraction to confirm the structure of the

resulting Ni-containing complex.
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Figure 4.4. Comparison between *H NMRs - Pd-Salixpyrrole NMR (top) and PdNi-Salixpyrrole
NMR (bottom) (400 MHz, CDCls).

Further investigations into Pt(ll) coordination, involving an increased molar ratio of KH
base, revealed the possibility of forming Pt-salen rather than the intended bimetallic PdPt-salix
pyrrole. *H NMR indicated the appearance of only one significant imine peak along with the
disappearance of characteristic pyrrole doublets. This observation supports the dissociation of
imine bonds within the salen moiety, leading to the formation of a monometallic Pt-salen complex

(Figure 4.5).4749

Despite the aforementioned challenges associated with the synthesis of heterobimetallic
complexes, this approach remains a promising strategy due to the presence of a selective
coordination site for the second metal cation. With the appropriate choice of metal precursors and
bases, or through structural modifications of the ligand to reduce steric hindrance, successful
coordination of a second metal center may be achieved. Continued optimization and ligand design

could thus enhance the efficiency and scope of this synthetic methodology.
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Figure 4.5. Comparison between H NMRs - Pd-Salixpyrrole NMR (top) and suspected
monometallic Pt-salen complex NMR (bottom) (400 MHz, CDCls).

4.3.2. Synthesis and characterization of heterobimetallic complexes from the
“Imixpyrrole” system.

The synthetic approach employed in this project aimed to establish a new and facile route
for the synthesis of heterobimetallic Schiff base complexes, inspired by Stefan Brdse and his
group's work.3! This approach was primarily developed as a proof-of-concept to demonstrate the
feasibility of producing unsymmetric Schiff-based ligand systems bearing two distinct transition-
metal centers. Similar to their work, a stepwise metalation strategy was utilized, where the
monometallic complex (4) was synthesized as discussed in Chapter 3 to use as a starting material
and subsequently reacted with an appropriate metal salt to produce the desired heterobimetallic
complex (Scheme 4.2). The complexation of the second metal cations can be effectively monitored
by *H NMR spectroscopy in the case of diamagnetic complexes; however, if the complexes are

paramagnetic, *H NMR becomes less informative due to the broadening and shifting of the signals.
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4.2. Synthesis of unsymmetric double-Schiff-base ligands starting from the monometallic
“Imixpyrrole system.

z N
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Zinc coordination to the secondary coordination sphere in the monometallic Imixpyrrole
system was carried out by using Zn(OTf) as the metal salt in THF, resulting in the formation of a
diamagnetic PdZn-Imixpyrrole complex (Complex 5) (Figure 4.6). The product was isolated in
fair yields (38%), and the *H NMR spectrum provided strong evidence of successful metal
coordination. A characteristic downfield shift of the salen imine peak from 8.15 ppm to 8.68 ppm

was observed, along with a slight downfield shift of the pyrrole imine proton from 7.43 ppm to
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7.77 ppm (Figure 4.6). the latter shift is consistent with its position being more distal from the
metal coordination site. Typically, when a metal is coordinated to the imine nitrogen, it withdraws
electron density from the imine bond, which deshields the adjacent carbon atom and, consequently,
the attached proton. This leads to a downfield shift in the imine proton in the *H NMR.%%%! Despite
multiple attempts, single crystals suitable for X-ray diffraction could not be obtained. This may be
attributed to crystallization conditions favoring the formation of the monometallic form over the
bimetallic complex due to superior crystal packing as reported in the literature for some
complexes.>? Alternatively, the absence or weakness of the metal-metal interaction, which can
occur with close-shell metals or sterically crowded metal centers, may result in metal leaching
upon crystallization.>% To further support the existence of the bimetallic structure, elemental

analysis (EA) was conducted, and the results confirmed the coordination of the second metal.

--------------------------------------------

Figure 4.6. Comparison between *H NMRs with marked imine peak shifts - PdZn-Imixpyrrole
NMR (top) and Pd-Imixpyrrole NMR (bottom) (400 MHz, CDCls).

The monometallic imixpyrrole complex was further reacted with [(CH3CN)4Cu]PFs in

THF at room temperature to incorporate the Cu(l) ion as the second cation into the secondary
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coordination sphere of the imixpyrrole system. This reaction vyielded a diamagnetic
heterobimetallic complex, PdCu-Imixpyrrole (complex 6), with a 30% yield. Due to its
diamagnetic nature, *H NMR spectroscopy was employed to confirm the successful coordination
of the Cu(l) (Figure 4.7). As observed with Zn metal coordination, the imine proton signal in the
imidazole moiety exhibited a notable downfield shift from 8.15 ppm to 8.51 ppm. Additionally,
the pyrrole imine proton displayed a slight downfield shift from 7.43 ppm to 7.48 ppm. These
imine chemical shifts serve as reliable indicators of the second metal coordination in diamagnetic
complexes. As with the PdZn-Imixpyrrole complex scenario, attempts to obtain a single crystal
for X-ray crystallographic analysis of the PdCu-Imixpyrrole complex were unsuccessful.
Nevertheless, the coordination of Cu(l) was further corroborated by EA results, which confirmed

the incorporation of the second metal ion into the complex.

8.5 84 8.3 82 81 BO 7.9 78 27 76 75 74 73 72 7.1 7.0 69 68 67 66 65 6.4 63 62 61 60 59 58 57 56 55
f 0

Figure 4.7. Comparison between 'H NMRs with marked imine peak shifts — PdCu-Imixpyrrole
NMR (top) and Pd-Imixpyrrole NMR (bottom) (400 MHz, CDCl5).

Both of the above complexes are charged species, incorporating triflate ions and PFs
counterions for PdZn-Imixpyrrole and PdCu-Imipyrrole, respectively. The challenges encountered

during crystallization may, in part, stem from the formation of these charged bimetallic complexes
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with differing counterions. As noted in the literature, charged complexes often present unique
obstacles in crystallization.®>®" One key difficulty that arises during crystallization is the
requirement for charge balance, which can significantly influence crystal packing depending on
the nature of the counterions, thereby complicating the co-crystalization process. Moreover, the
ionic nature of these complexes often leads to high solubility in a wide range of solvents, increasing
the likelihood of reaching supersaturation without nucleation and crystal growth. Additionally, the
presence of solvent-filled voids within the crystal lattice may contribute to structural disorder,
twinning, or poor diffraction quality, further hindering the successful acquisition of high-quality

single crystals suitable for X-ray crystallographic analysis.

Attempts were made to coordinate the secondary coordination sphere with Fe(Il), Co(ll),
and Ni(II) cations. The '"H NMR spectra of the resulting complexes exhibited broad, shifted signals
characteristic of paramagnetic species, which is consistent with the expected distorted square
planar geometries commonly adopted by d°, d’, and d® metal centers such as Fe(Il), Co(II), and
Ni(ll), respectively (Figure 4.8). Due to their paramagnetic nature, 'H NMR spectroscopy is
unsuitable for detecting specific chemical shifts associated with second metal coordination.
However, it remains a useful tool for confirming the formation of paramagnetic complexes.58-6°
Similar to previous bimetallic complexes, attempts at crystallization were unsuccessful.

Furthermore, elemental analysis of these complexes has not yet been conducted.
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Figure 4.8. *H NMR comparisons between Pd-Imixpyrrole (bottom) and paramagnetic bimetallic
complexes (top) (400 MHz, CDCIs) (a) PdFe-Imixpyrrole, (b) PdCo-Imixpyrrole, (c) PdNi-
Imixpyrrole.

4.3.3. Electrochemical characterization for PdZn-Imixpyrrole (5) and PdCu-

Imixpyrrole (6).

The electrochemical properties of Imixpyrrole complexes 5 and 6 were investigated using
cyclic voltammetry (CV) in tetrahydrofuran (THF), with comparisons made to the monometallic
precursor complex (4) (Figure 4.9). As in previous experiments, tetrabutylammonium
hexafluorophosphate (TBAP) was employed as the supporting electrolyte. In the anodic region,
the bimetallic complex 5 exhibited electrochemical behavior comparable to that of complex 4. A
quasi-reversible redox couple centered around —0.17 V vs Fc/Fc* was observed, which is attributed
to a calixpyrrole ligand-based oxidation process, as discussed earlier. Additionally, two
irreversible oxidation events were recorded at approximately 0.73 V and 1.06 V vs Fc/Fc*, likely
corresponding to strong ligand-based oxidations (Figure 4.9a). Although the Zn(ll) center is

typically redox-inactive, the observed anodic shifts in oxidation potentials upon metal coordination
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suggest a decrease in electron density on the ligand framework and possible modulation of the Pd
center.5-83 In the cathodic region, irreversible reduction peaks appeared at —0.78 V and —1.56 V
vs Fc/Fc*, which are tentatively assigned to ligand-based reduction processes (Figure 4.9a).
Notably, compared to the monometallic complex (4), the bimetallic system displayed more
cathodic reduction potentials, indicating a lower overpotential requirement for proton reduction.

This shift suggests enhanced potential for catalytic HER activity in the bimetallic complex.
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Figure 4.9. Representative CVs (0.1 M TBAP in THF, 0.25 mM complex, glassy carbon
working electrode, platinum wire counter electrode, 0.01 M Ag/AgNOs reference electrode, scan
rate = 800 mV/s) of: a) complex 5; b) complex 6; ¢) complex 4.

The bimetallic complex 6 exhibited notably distinct electrochemical behavior compared to
its monometallic analogue, complex 4 (Figure 4.9 a and c). As discussed in previous chapters, a
quasi-reversible redox couple observed around —0.06 V vs Fc/Fc* is attributed to a calixpyrrole
ligand-based oxidation process. An additional oxidation feature, absent in the monometallic
system, appears at approximately —0.41 V vs Fc/Fc*. This new oxidation event may correspond to
a Cu(l)/Cu(ll) redox process, as reported in the literature.* Two further irreversible oxidation
peaks, located at 0.78 V and 1.13 V vs Fc/Fc', are likely associated with ligand-based oxidation
processes (Figure 4.9b). However, it is also plausible that the irreversible peak at 0.78 V
corresponds to a Cu(Il)/Cu(lll) oxidation event, in line with previously documented redox
behavior of copper complexes.®* The less prominent reduction peak around -0.88 V vs Fc/Fc* was
indicative of a very unstable or transient redox event. Compared to the voltammogram of complex
4, all redox features for complex 6 were shifted anodically, suggesting an electron-deficient ligand
environment resulting from Cu(I) coordination. This observation is consistent with '"H NMR data,

which also indicated a decrease in electron density upon the formation of the bimetallic complex.
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The presence of a potentially redox-active Cu(l) center further supports the hypothesis of
cooperative behavior between the metal centers in the bimetallic system. These electrochemical
findings suggest that complex 6 may possess enhanced catalytic activity relative to complex 4. Its
cationic nature, combined with the possibility of Cu(l) serving as an electron reservoir, could

facilitate proton reduction during hydrogen evolution reaction (HER) catalysis.

4.4. Conclusion and future work.

4.4.1. Conclusion

In summary, a novel synthetic route was established as a proof-of-principle reaction to
produce Schiff-based transition-metal-containing heterobimetallic complexes. Unfortunately, all
the attempts to synthesize bimetallic complexes using monometallic Slixpyrrole complex as a
starting material were unsuccessful to this date regardless of the numerous methods that were used.

Interestingly, a stepwise metalation strategy was successfully developed to synthesize
heterobimetallic Schiff base complexes from the imixpyrrole system. This synthetic route provides
a straightforward novel synthetic route to access unsymmetric bimetallic complexes based on
Schiff-based ligand structure using a pre-formed monometallic Pd-Imixpyrrole precursor as a
starting material. Coordination of a second metal, either a redox-inactive Zn(ll) ion or redox-active
Cu(l) was successfully achieved under mild reaction conditions in a inert environment with fairly
good yields, resulting in two diamagnetic heterobimetallic complexes PdZn-Imixpyrrole (5) and
PdCu-Imixpyrrole (6). The metal coordination was confirmed by a characteristic downfield shift
in the free-imine peak at the secondary coordination sphere in the *H NMR spectra which was
supported by EA analysis.

Unfortunately, the crystallization of these complexes was unsuccessful despite the

numerous attempts. It is possible that this scenario is a result of forming a charged, multimetallic
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species. Additionally, further attempts to coordinate other metals such as Fe(lIl), Co(ll), and Ni(ll)
into the secondary coordination sphere were carried out and *H NMRs were evident for the
formation of paramagnetic complexes with ongoing verification with EA.

Electrochemical studies revealed that coordination of Zn(ll) slightly altered the redox
potentials of the ligand framework without introducing metal-centered redox activity, while Cu(l)
coordination led to more pronounced changes in the voltammogram, including the appearance of
a low-potential oxidation feature potentially corresponding to a Cu(l)/Cu(ll) redox process. These
findings support the hypothesis that redox-inactive Zn(I1) subtly tunes the electronic environment
of the complex, whereas redox-active Cu(l) introduces new redox processes and possibly enables
metal-metal cooperativity. The anodic shift in voltammetric peaks, along with lower cathodic
overpotentials, suggests that the bimetallic Cu(l)-containing system (6) could be a more efficient
catalyst for the hydrogen evolution reaction (HER), potentially due to the synergistic interaction
between Pd and Cu centers.

Altogether, this work provides a platform for constructing electronically tunable
heterobimetallic Schiff base complexes with promising applications in small molecule activation
and electrocatalysis, while also highlighting the structural and electrochemical challenges inherent
to charged, multimetallic species.

4.4.2. Future work

As for future work, further attempts to obtain the crystal structures, specifically for the
heterobimetallic complexes from the imixpyrrole system, need to be made. Since crystallinity can
be affected by multiple factors such as the solubility of the interested complex in the solvent
mixture used for crystallization, the availability of multiple forms, or structural flexibility of the

metal complex, counterion effect, possible decomposition or hydrolyzation over time in the solvent
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mixture used for crystallization, etc. a proper study needs to be carried out by changing these
parameters.

The investigations of PdZn-Imixpyrrole and PdCu-Imixpyrrole for catalytic activities
toward small molecule activation can be considered as another future direction of this project. Both
complexes need to be evaluated for the hydrogen evolution reaction (HER) to obtain a better
comparison of the catalytic activities of bimetallic complexes compared to their monometallic
analogues. It is also possible to evaluate these systems for other small molecule activation
processes, such as the oxygen evolution reaction (OER) and nitrogen evolution reaction.

Finally, for the salixpyrrole system, further investigations need to be conducted to
synthesize heterobimetallic complexes. The investigation of other methods such as temptation,

transmetalation, etc. needs to be carried out.
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Chapter 5 - Conclusions and future directions

5.1. Conclusions

Broadly, considerable advancements have been achieved in developing new molecular
electrocatalysts for the production of hydrogen, such as understanding their mechanism, factors
that are affecting to the catalyst reaction, etc. Hydrogen presents itself as a potential fuel substitute
due to being a renewable energy source with zero carbon emissions, having a maximum
gravimetric energy density to replace petroleum and other petroleum products. The HER is heavily
dependent on the efficiency of the catalyst that facilitates the forward reaction.

This work demonstrates the successful design, formulation, and electrochemical H>
evaluation of a novel mono- and bimetallic Schiff-base complexes bearing unsymmetric ligands
derived from a calixpyrrole framework. The introduction of chemically distinct coordination
binding pockets, such as salen or imidazole, has enabled a straightforward pathway to coordinate
various transition metals into the secondary coordination sphere, hence the development of
structurally versatile and catalytically competent systems for the hydrogen evolution reaction
(HER).

In Chapter 2, the mono- and bimetallic salixpyrrole complexes (2 and 3, respectively)
established the utility of co-facial, unsymmetric ligand architecture in HER catalysis. The
monometallic complex 2 displayed moderate activity with TOF 1680 s with an overpotential of
0.69 V and a faradaic efficiency of 90.5%. The complex can be seen to follow a mechanism that
excludes H/D bond cleavage in the rate-determining step with second-order dependence on acid
and first-order dependence on the catalyst. In contrast, the bimetallic complex 3 showcases
significantly improved performance with TOF 4640 s operating at a lower overpotential of 0.39

V(Table 5.1). Complex 3 was found to be first-order in both acid and catalyst, with a similar KIE
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value to the monometallic system. The mechanistic pathway is suggestive of possible bimetallic
synergy, emphasizing the power of cooperative metal centers in catalysis.

Chapter 3 introduced a new Schiff-base complex, abbreviated as “imixpyrrole” (complex
4), which further expanded the scope of unsymmetric calixpyrrole-based systems. The tunability
of the complex in the presence of different proton sources was studied, and strikingly different
catalytic behaviors were observed under varying acid strengths. In the presence of a strong acid,
aniliniumeBF4, the complex, displayed homogeneous behavior with exceptional performance. The
complex was operating at an overpotential of 0.53 V with TOF of 33040 s and a faradaic
efficiency of 99.3%, following a mechanism that excludes proton transfer in the rate-determining
step. in contrast, the weaker acid (TriethylammoniumeBF4) showcased lower catalytic activity and
unveiled a potential proton-coupled electron transfer (PCET) mechanism with a KIE of 6.45.
Interestingly, the intermediate acid (ImidazoliumeBF4) produces a heterogeneous system,
suggesting that the catalyst behavior and speciation can change depending on the acid source used
(Table 5.1). This study underscores the profound impact of external conditions on HER activity
and the mechanistic pathways.

Building on this framework, Chapter 4 revealed a novel synthetic strategy for constructing
heterobimetallic Schiff-base complexes. Through a stepwise metalation approach, a successful
incorporation of redox-inactive Zn (I1) and redox-active Cu(l) ions into the secondary coordination
sphere of the imixpyrrole system resulted in two diamagnetic heterobimetallic complexes (5 and
6). Electrochemical characterization revealed that Zn(II) subtly modulated the ligand’s redox
properties, while Cu(l) introduced additional redox activity. Although crystallographic

characterization remains elusive due to challenges in crystalizing charged multimetallic
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complexes, spectroscopic and analytical evidence confirms the formation of the expected

complexes.

Table 5.1. Comparison of relevant catalysis parameters.

Complex Proton source Nature TOF Over KIE Faradaic
potential efficiency
(a) [(DMF)H]OTf Homogeneous 33000 s 625 mV N/A N/A
(b) TFA (DCM) Homogeneous > 2000000 s 570 mV N/A ~100%
Pd-Sal pTSA.H2O (11.8)/THF Homogeneous 1680 57! 690 mV 1.33 90.5%
PdPd-Sal pTSA.H2O (11.8)/THF Homogeneous 4640 s™! 390 mV 1.13 91.7%
Pd-Imi Anilinium (5.2)/THF Homogeneous 33040 s’ 530 mV 1.05 99.3%
Imidazolium (9.4)/THF  Heterogeneous 2680 57! 890 mV N/A 98.6%
Triethylammonium Homogeneous 4190 s™! 990 mV 6.45 97.2%
(12.5)/THF
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5.2. Future directions

38

The reactivity of both homogenous and heterogeneous HER catalysts is overviewed by

focusing on reaction mechanisms. There are three main reaction mechanisms that can be seen for

homogenous systems such as dimer formation of one-electron reducible complexes, bimolecular

reaction of hydride complexes, and disproportionation reactions of one-electron reduced metal

complexes to form two-electron reduced complexes. When it comes to heterogenous systems, the
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HER mechanism mainly consists of three distinct steps, the electrochemical hydrogen adsorption
reaction ( Volmer reaction), the electrochemical desorption reaction (Heyrovsky reaction), and the
chemical desorption reaction (Tafel reaction) which can be described with below reaction
elementary steps (* = active site on electrode surface, H* = hydrogen atom adsorbed on the active
site).* Therefore, enhancing the catalytic performances of electrocatalysts would pave the pathway
toward cost-effective and energy-efficient catalysis. Catalyst structure modifications can be
considered one of the main strategies to improve the catalyst's performance.
H* + e~ > H* (Volmer)
H*+ H* +e - H, (Heyrovsky)
H*+ H* - H, (Tafel)

5.2.1. Elucidating reaction mechanism for HER

With cyclic voltammetry results in hand, it is possible to perform a computational study on
salixpyrrole and imixpyrrole systems to elucidate possible mechanistic pathways to HER. Density
Functional Theory (DFT) is one common method that is used to model reaction pathways,
intermediate structures, and activation energies of the catalysts which helps to rationalize
experimental data and predict the catalytic pathways.>®

Another method that can help to elucidate mechanistic pathways is stoichiometric reaction
studies. The catalyst can be reacted with a chemical reductant and a proton donor under chemical
conditions to synthesize intermediates and isolate them. This method would allow the possibility
of understanding mechanistic pathways under non-electrochemical conditions and comparing the

data to CV to confirm the reaction mechanisms.”?
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5.2.2. Optimizing metal-metal separation

According to the research, spatial arrangement and electronic interactions between metal
centers are highly influential for catalytic activity. The optimal distance between metals for any
catalyst (monometallic or bimetallic) always depends on the mechanism, the ligand environment,
the proton delivery method, etc. Specifically for bimetallic cofacial systems, the effect of metal-
metal distance for HER depends on the mechanism of H-H bond formation.® According to the
literature, having a lower metal-metal distance is often more advantageous in HER when the
catalysts are operating through a homolytic pathway where two M-H species combine to release
H gas.®1%-13 When two M-H compartments are in close proximity or optimal distance, it can
facilitate the direct coupling of the hydrides to release H.. It was reported the distance between Ni-
Fe in a synthetic mimic for hydrogenase was measured at 3.001 A and such distances facilitate the
electronic communication and cooperative interactions essential for HER which often lead to faster
H> evolution.* For monometallic mechanisms or stepwise or in proton relays, higher metal-metal
separation in cofacial geometry could be more advantageous due to reducing interference or
crowing/steric hindrance, or providing easier access for substate (proton source) to the active site,
or preventing unwanted side reactions or lead to metal aggregation.®10:11

Recently, a study has been done to investigate more rigid macrocyclic porphyrins due to
their redox properties and catalytic potential.'>*® During that study, they used different
porphyrinylene nano hoops to change the distance between two ligand compartments. When it
comes to macrocyclic Schiff-base calixpyrrole, using different spacers or substituting the 3" and
4™ positions of o-aryl spacer between two compartments showed a significant impact on overall

molecular chape including metal-metal separation.t’18
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Another way to change the distance between two compartments in a cofacial structure is
by having different substituents at the meso-carbon atom. It was reported that changing meso-
phenyl groups to meso-methyl groups can increase the metal-metal separation due to increased
flexibility within the macrocycle and lack of electronic conjugation.t”*® Therefore, it is expected
to apply similar changes to unsymmetric cofacial systems to figure out the optimal distance

between two coordination spheres and to study the effect of that for HER reaction (Figure 5.1).

meso-Carbon

Phy Ph

Figure 5.1. Proposed structures for the “Imixpyrrole” system with substitutions at meso-carbon,
3" and 4" position on o-aryl group, and spacers.

5.2.3. Introducing different hetero atoms

Schiff-base ligand architecture typically contains a C=N functional group which enhances
the coordination ability of catalysts to various metals. Therefore, incorporating more heteroatoms
such as N, O, S, or P into the Schiff-base ligand structure would allow alterations of electron

density around the metal center and fine-tune the metal-ligand interactions, which would affect the

redox properties and the catalytic activity of the complexes.”**?° As discussed earlier, hydrogenase
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enzyme active sites also contain thiolate groups, which are considered to play a vital role in
catalyzing HER.* It is also reported that axial coordination of O or S in Co-Schiff base Complexes
can promote a facile H* binding/release mechanism which in turn improves the HER kinetics.1%%
Having more heteroatoms such as O and N in the ligand structure showed enhanced chelation,
making the complex more robust and less likely to decompose.>??* At the same time,

incorporating polar heteroatoms like N and O can make the catalyst more hydrophilic which is

crucial for HER in aqueous solutions.?®

One way to incorporate heteroatoms into the ligand structure is by synthesizing
unsymmetric Schiff-base ligands. As we discussed earlier, the incorporation of N and O into the
secondary coordination sphere can be seen in the “Salixpyrrole” system.? Also, in Chapter 3, more
N atoms were incorporated into the secondary coordination sphere of the “Imixpyrrole” system.
Similarly, it is possible to incorporate P and S heteroatoms into the secondary coordination sphere

of calixpyrrole Pd Complex and study its catalytic activity (Figure 5.2).102
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Figure 5.2. Proposed Structures of unsymmetric cofacial complexes.

Another way to incorporate heteroatoms into the ligand structure is by substituting a spacer that

already has a heteroatom (Figure 5.3). As discussed earlier, this modification would change the
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distance between the two coordination spheres, as well as it can promote a facile H* binding/release

mechanism, which in turn improves the HER kinetics.?

Figure 5.3. Proposed structures with spacers containing heteroatoms.
5.2.4. Cation inclusion

The inclusion of cationic ions into ligand architecture would be a way to tune the reduction
potential of the complexes. According to previous studies, the inclusion of cationic ions into the
metal complexes has shown an anodic shift in redox potentials.?>?® One way to achieve this
requirement is by encapsulating a metal ion within a crown ether moiety (Figure 5.4). The addition
of crown ether to the secondary coordination sphere will enhance the complexation of monovalent

(1+) and divalent (2+) cations, which in turn may promote the reduction of the complex.?”?

Ph_ Ph

Figure 5.4. Proposed structure of crown ether calixpyrrole complex.
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