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Abstract

Climate change has become a burning issue due to its increasing severe impacts on the
environment. The largest contributor to climate change is global greenhouse gas emissions from
burning fossil fuels. It is hypothesized that higher temperatures, increase in sea level, severe
storms, loss of species, increased drought, scarcity of food, health threats are the consequences of
the ongoing climate change. To combat these negative impacts, hydrogen is a favorable
alternative fuel source as this is a clean and environmentally benign energy source with the
highest gravimetric energy density compared to all the chemical fuels. Researchers have been
inspired by hydrogenase enzymes and efforts have been made to mimic the catalytic active site
of this biological system.

In view of this, three nickel-based calixpyrrole complexes were reported with various
amino pendant groups (NHC(O)CH3 and NHC(O)OC(CH3)3) and non-pendant group in the
secondary coordination sphere. All three complexes displayed some catalytic activity for HER in
the presence of anilinium tetrafluoroborate as a proton source. However, these catalysts
performed poorly compared to the previously reported nickel calixpyrrole catalyst with pendant
amine groups. These complexes lack stability under the reaction conditions and exhibited
pronounced sensitivity to the scanning window. Upon removal of the complex from the solution,
rinse test results showed rapid decomposition of the heterogeneous catalytic species. These
results provide important insights into the design of molecular catalyst for HER that pendant
hydrogen donor/acceptor moieties are not sufficient to regulate local proton transport in
interfacial environments. It is extremely important to incorporate a group in the secondary

coordination sphere that can shuttle protons from the reaction medium to the electrode surface.



A novel monometallic palladium salixpyrrole complex was synthesized following Schiff-
base reaction and using calixpyrrole starting material and salicylaldehyde. The 'H NMR and
single crystal X-ray crystallography data matched with a previously reported unsymmetric
cofacial salixpyrrole catalyst which is catalytically efficient for HER. Homo- and hetero-
bimetallic salixpyrrole systems should be synthesized, fully characterized, and electrochemical

studies should be carried out to fully elucidate the reactivity and mechanism towards HER.
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Chapter 1 - Introduction

The overall rate of global energy consumption increases each day. It is predicted that the
energy demand grows by two-fold by the middle of this century due to the growth of population
and continued industrialization.! The current energy demand is being fulfilled by fossil fuels,
namely natural gas, oil, and coal. However, the depletion of fossil fuel resources and hazardous
effects of burning fossil fuels on the environment are fundamental issues. The burning of fossil
fuels results in carbon dioxide emissions, which is a greenhouse gas. These emissions,
specifically greenhouse gases, prevent heat from leaving the outer atmosphere and reflect it back
to the surface of the earth, ultimately leading to climate change. Multiple effects have been
correlated to climate change, such as, but not limited to: extreme weather, sea level rise, food
supply disruption, and increased wildfires. Additionally, climate changes are also responsible for
some respiratory diseases and skin diseases.?? The average global temperature has increased by 1
°C in the last few decades due to burning fossil fuels.* If the greenhouse gas continues to rise at
the current rate, the earth’s global average temperature will rise an additional 4_°C during the 21
century.’ Ocean temperature have increased due to greenhouse gas emissions and affects the
marine ecosystem.® As a result, the ocean is becoming more acidic that leads to a significant
threat to marine ecosystem and resources. In the next few decades, one million species will face
the risk of becoming extinct as the current rate of losing species is 1000 times higher than at any
other time. There will be a shortage of food due to the increased amount of drought, which leads
to the expansion of deserts and leaves less land for producing food.” Besides this, fossil fuels are
non-renewable energy sources and will be diminished after a certain period. Based on currently
levels of consumption, the depletion time of fossil fuel for oil (35 years), coal (107 years), and

natural gas (37 years).® The United States is one of the biggest fossil fuel consumers; almost 80%



of their total energy demand is fulfilled by fossil fuels.® Even though the U.S. mostly uses its
own fossil fuel, it is still predicted that it will run out of coal reserves by 2090 if it continues
using at this rate.'” The entire world needs to find an alternative fuel source that will be secure,
sustainable, and green. To meet this purpose, scientists are interested in activating small
molecules such as Hz, N2, CO2, and CH30H to create a sustainable energy economy. !4

One of the promising ways to tackle the detrimental effects on climate and the
environment is limiting the burning of fossil fuels for energy consumption and finding alternate
renewable energy sources to meet the energy demand. Hydrogen fuel cells can play the most
significant role in this situation. Hydrogen is a suitable energy carrier and can be used for storing
and transporting energy.'> However, the challenge in implementing these technologies is the
transfer of multiple protons and electrons required to activate these small molecules.'® To
overcome the problems associated with the transfer of multiple protons and electrons to a
substrate, inspiration can be taken from nature when designing catalyst synthesis. Enzymes like
hydrogenase and nitrogenase can conduct these complex transformations, but synthetic catalysts
lack the complexity of enzymes and are not as effective as their biological counterparts.!’!* The
Sabatier principle, which has been used as a key criterion to design electrocatalysts, states that
the bonding between the catalyst and the substrate should be neither too strong nor too weak.?’
Proton shuttling (placing an acidic or basic moiety) near the catalytic center can facilitate
simultaneous proton and electron transfer, also known as proton-coupled electron transfer
(PCET), which can avoid higher energy intermediate.'®?! Properly positioned such moieties
helps position the proton near metal centers and thus lowers the activation barrier for heterolytic

cleavage of the H-H bond.*



1.1. Hydrogenase Enzymes

Hydrogenase enzymes are considered the best hydrogen evolving catalyst found in
nature, particularly in terms of low overpotential and high turnover frequencies.?*** This has
been studied extensively to replicate the activity of hydrogenase enzymes for the overpotential
requirements for hydrogen evolution. Hydrogenases are metalloenzymes that can convert
dihydrogen (aka molecular hydrogen) into protons and electrons. Through this, molecular
hydrogen can be used as energy source while these enzymes produced via anaerobic process are
used as reducing equivalents.?’ Three types of hydrogenase enzymes: 1) FeFe hydrogenase, 2)
NiFe hydrogenase, and 3) Fe hydrogenase. Each of these types are found in cyanobacteria and
green algae, and by far, the first kinds are most widely studied by scientists.?® The hydrogenase
enzyme highly evolves its atomic structure. It shows the ability to couple concerted electron
transfer and proton transfer, which significantly lowers the activation barrier of the proton-
electron hydrogen interconversion reaction.?’?® As mentioned above, the hydrogenase enzyme is
the best hydrogen-evolving catalyst found in nature, so a handful of studies have been conducted

to mimic its structure and replicate its activity toward hydrogen evolution.??#

NH
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Figure 1.1 Structures of the [Fe-Fe]-hydrogenase and [Fe-Ni]-hydrogenase active site.



Lampret et al. reported that modification of the Fe-Fe hydrogenase enzyme in the
secondary coordination sphere using the amino acid side chain has an impact on catalytic
efficiency and directionality.! A notable scientific work has been reported by Rauchfuss et al.
where they have synthesized hydrogen evolution reaction (HER) catalysts mimicking the Fe-Fe
hydrogenase active site. This synthetic model contains a diiron complex (Figure 1.2) with a
bridging amine dithiolate (adt) ligand [Fe2(adtNt)(CO)2(dppv)2] where adt = NH(CH2S)2> and
dppv = cis-C2H2(PPh2)2, which closely resembles the active site of the Fe-Fe hydrogenase
enzyme and exhibits catalytic activity for HER in the presence of chloroacetic acid and

trifluoroacetic acid (TFA).4¢

NH

Ph, S Ph2
P / :
|oc Fe——

P
H CO Ph2
Phy

Figure 1.2 Structure of [Fe-Fe] hydrogenase mimic bearing a pendant adt ligand.

In addition to the catalyst synthesized above, they also synthesized a variant in which the
amine functionality was removed, but retained the propane dithiolate (pdt) ligand

[Fe2(pdt)(CO)2(dppv)2] where pdt = C3HsS2% and dppv = cis-C2Ha(PPhz)2, (Figure 1.3) and drew



a comparison study between the adt and pdt containing analogous catalysts. Although these
compounds are spectroscopically, structurally, and stereo dynamically similar, they show

different catalytic properties.*®

-
-
P, S N / |
-
\_/ :
S

/ P
P | Ph,
H CO
Ph,

Figure 1.3 Structure of [Fe-Fe] Hydrogenase mimic with pdt ligand.

The results showed that the presence of the amine moiety in the secondary coordination
sphere between the two Fe centers dictates the catalytic activity and significantly improves the
catalysis. The protonation of the adt-complex gives a catalytically active terminal hydride (¢-H)
adt complex (Figure 1.4) which exhibits lower overpotential compared to the ~-H pdt complex.
Additionally, the -H adt complex was faster with a turnover frequency of 58000 s*! while the #-H

pdt complex exhibits a very small turnover frequency of only 5 s™! in the presence of strong acid.
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NH

Figure 1.4 Structure of catalytically active -H adt complex.

1.2. Inspiration for Our Work

Bullock, Dubois, and colleagues studied Ni(II) bis(diphosphine) complexes and observed
that the catalytic activity differs with the change in pendant amine substituents. These complexes
are a very active catalyst for H2 production but based on the substituents in N or P they show
different catalytic activity. For example, phenyl substituents show a turnover frequency of 350 s-
147 while the benzyl substituents show a very low turnover frequency of only 5 s!.48 This
indicates that the pendant groups play an important role in catalysis. In addition to the amine
substituents and their effects on catalyst, they also have explored the effect of water on the
catalytic rate of hydrogen oxidation, and observed an increase in catalytic current with increasing
water concentration.*® They also examined the effect of the size of the bases on the catalytic rate
of hydrogen evolution by using t-butylamine and n-butylamine, as these amine bases show
nearly the same thermodynamic driving force for catalysis.*> At low concentrations, the icat/ip

value increases with the increase in the concentration of n-butylamine, and at higher



concentrations the ica/ip value becomes independent of base concentration.*’ In the absence of
water, the obtained turnover frequency was 50 s™!' for n-butylamine, which was significantly
higher than that of t-butylamine or triethylamine.*® Upon the addition of water, all the rate
increases, but it was pronounced for the sterically hindered bases as the rate increases by more
than one order of magnitude.*’

Bullock and Dubois also reported a series of Ni mononuclear complexes containing
amine bases in the secondary coordination sphere. These systems are very effective
electrocatalysts for H formation or Hz oxidation. They can provide proton relay functionalities
of the hydrogenase enzyme. Initially, they have studied [Ni(depp)2]*>* (where dppe is 1,2-
bis(diethyphophino)propane) (Figure 1.5) which has no pendant base and lacks a proton relay,
which can oxidize hydrogen in the presence of an external base solution.>® However, this process
is very slow and shows an overpotential of 0.8 V. Interestingly, the addition of a nitrogen base
which incorporates a proton relay in the backbone of the diphosphine ligand [Ni(PNP)2]*" (where
PNP is bis(diethyphosphinomethyl)methylamine) (Figure 1.5), the catalysis is improved with a
turnover frequency between 0.01 and 0.5 s*! and a low overpotential less than 0.15 V. This

phenomenon was attributed to facile inter- and intramolecular proton/hydride exchange.>

2+

/\

2+ P =
P ~— ~ e
AP\NK NN NI \/N\

Figure 1.5 Structure of [Ni(depp)2]** (left) and [Ni(PNP)2]** (right) complexes.



They have synthesized two highly efficient mononuclear nickel(Il) electrocatalyst with
eight-membered ring containing cyclic diphosphine ligands and nitrogen bases incorporated into
the ligand backbone (Figure 1.6 (left)). The complex [Ni(Ph2NPh),](BF4)2 where PPPNPP; is
1,3,5,7-tetraphenyl-1,5-diaza-3,7-diphophacyclooctane) gives a trigonal bipyramid structure and
[Ni(P%2NB%),](BF4)2 where Cy = cyclohexyl and Bz = benzyl is a distorted square planar
complex. These complexes show a significant increase in catalytic hydrogen production. The
boat conformation of these complexes forces the pendant bases to adopt a position where the
pendant amines were near the Ni metal. The close proximity of the amine bases to the metal
helps reducing the activation barrier for hydrogen addition and elimination due to the
simultaneous interaction of nickel and nitrogen with the hydrogen to helps to access the
transition intermediate more easily. These works suggest that the following roles for nitrogen
bases are important for high catalytic activity: 1) to avoid the high energy intermediate, the
energy of hydride acceptor and proton acceptor must match, 2) to achieve a lower activation

barrier, incorporation and precise positioning of the proton relay is important.>°

H. / 2+
2+

\ Ni /\ y 25
/7 N /) < TSN W
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P

Ni &
/XN P
\/\ /

Figure 1.6 General structure (left) and transition state (right) of [Ni(PR2NR2)2]?>" complexes,
organic substituents on the N and P are not shown.




Mechanistic and theoretical studies suggest that the catalysts with eight-membered ring
containing two amine group each [Ni(PR2NR"2)2]>*, undergoes a transition state shown in Figure
1.6 (right),’! where the pendant amine acts as a proton donor and the nickel functions as a

hydride donor and the formation of the H-H bond follows a heterolytic manner.

The formation of this transition state requires a 2-electron reduction of the parent
complex and the addition of two protons. The double protonation reaction of the parent complex
gives the kinetic product (Figure 1.7 (left)), which can undergo an intermolecular process that
involves deprotonation and reprotonation at an endo position and forms an equilibrium of three
different isomers (Figure 1.7).3? This process is assisted in the presence of water.>* Only the endo
isomer (Figure 1.7 (right)) can undergo an intramolecular proton transfer from nitrogen to nickel
and can form the transition state, which is catalytically active. So, only a tiny fraction of doubly
protonated Ni(0) intermediates participates in the catalytic hydrogen production. To achieve

higher catalytic activity, the exo-protonated isomers should be inhibited.>?

/ e+
- o H—N
" . v S .
s / / 'N/ 2+ \N/ ’ P/ "p‘/rN\ \N/ R A P‘/
V=R (R A SN X H \P\Nl‘ \)
H /Nl\ \ / -7, \P/ "rN/ -~ \ / N
\N P "'N\ SN L o e N (P\/ ~
7 N7 7 4;N—-H <\N—H
4

Figure 1.7 Structure of the isomers of doubly protonated intermediate of [Ni(PR2NR2)2]%*
complex, organic substituents on the N and P are not shown.

Bullock and Dubois also reported a Ni complex [NiPPNPh),](BF4)2 (where PPPNPR =
1,3,6-triphenyl-1-aza-3,6-diphosphacycloheptane) (Figure 1.8) with two seven-membered cyclic

diphosphine ligands containing a single amine pendant within each, which can inhibit the



formation of nonproductive pinched isomers upon reduction and protonation. The P-Ni-P bond
angle for this complex is smaller than that of the previously discussed eight-membered ring
containing disphosphine complex. The smaller bite angle leads to a less steric interaction

between the substituents on adjacent phosphorus atom and makes the complex much planner.*

P
ph" n=/ Ph
/
Ph

UNTDZA
Py ' an
C ﬁw-jpj

Figure 1.8 Structure of [NiP"2NPM)3]2" complex.

They observed an icat/ip value of 38 (high catalytic activity) with a turnover frequency of
33,000 s in the presence of protonated dimethylformamide, [(DMF)H]OTT in acetonitrile.’> The
catalyst is stable in the presence of water, and upon the addition of water to the mixture, the
catalytic current is enhanced to 74 with a turnover frequency of 106,000 s*!, which is beyond the
maximum icat achieved with acid alone.*? This rate enhancement is attributed to the ability to
convert the exo isomers to endo isomers in the presence of water. Upon replacing the two eight-
membered cyclic ligands with two seven-membered cyclic ligands, there has been a significant
structural change, and the catalytic activity is enhanced. This comparison study suggests that
incorporating pendant amines and properly positioned proton relay can play an important role in
higher catalytic rates for inter- and intramolecular proton transfer, electron transfer, or proton-

coupled electron transfer steps.>?
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Bullcok and coworkers synthesized another Ni (II) complex [Ni(PP2N");]2* (where
PPANH = 3 6-diphenyl-1-aza-3,6-diphosphacycloheptane) (Figure 1.9), which has a properly
positioned secondary amine (N-H") group for electrocatalysis and the endo position is always
available to interact with the metal center after protonation. They have studied the
electrochemical Hz production and obtained a TOF ranging from 160 to 780 s*! with an
overpotential between 320 and 470 mV in the presence of a series of organic acids in CH3CN.
The complex decomposes in the presence of a strong acid with a pKa value smaller than 10, and
the weaker acid with a pKa value above 13 cannot protonate the complex and shows no catalysis.
Regardless of the pKa values, the sterically bulky acids like pyridinium acids give three times
smaller TOFs compared to the less steric anilinium acid because of the slower protonation in the
presence of bulkier acids. As they used different acids in each previous study, they used
anilinium buffer solution to make a direct comparison. They found that the phenyl-substituted
catalyst showed over one order of magnitude slower than the analogous secondary amine
substituted catalyst. Upon the addition of water, this catalyst showed no catalytic rate
enhancement, which contrasted with the catalyst that had been previously reported as phenyl
substituted. For [Ni(PP"2NP"),]2*, the exo and endo protonation sites are distinct, and water
assisted the delivery of protons resulting in catalytic enhancement. On the other hand, accessing
the endo site for protonation in the [Ni(PP"2N™)2]*" is unnecessary, leading to no impact upon the
addition of water. Combining all these studies, controlling the pKa and steric parameters is

crucial to obtain proper proton relay in the secondary coordination sphere.’*
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Figure 1.9 Structure of protonated [Ni(PP'2N")2]>* complex.

Nocera and coworkers extensively studied a notable series of “hangman” porphyrins that
utilize pendant groups.>>-¢ They reported cobalt (II) hangman porphyrin complexes, which
catalyze the electrochemical hydrogen production in the presence of benzoic acid in acetonitrile
solution. A xanthene backbone and a carboxylic acid moiety positioned over the catalytic center
in the secondary coordination sphere were used to construct the hangman porphyrin (CoHPX-
CO2H) (Figure 1.10 (left)).’” The hanging carboxylic acid group facilitates the facile transfer of a
proton to or from a substrate bound to the metal center. It is thus identified as a proton shuttle for
reduction catalysis. To study the hangman effect, they have synthesized another analogous
porphyrin system with a xanthene backbone and bromine in the secondary coordination sphere

(CoHPX-Br), which does not hold a hanging group (Figure 1.10 (right)).>’
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CGFS CGFS
Figure 1.10 Structure of Co “hangman” porphyrin complexes with xanthene spacer and

carboxylic acid (left) or bromine (right) substituents.

Both complexes show the first reversible Co'!

wave nearly at the same potential (-1.08 V
for carboxylic acid substituent and -1.1 V for bromine substituent) vs the ferrocene/ferrocenium
couple. For the second reduction wave (Co"?), the bromine substituted complex shows a
reversible peak at -2.14 V; meanwhile, the carboxylic acid substituted complex shows an
irreversible wave that is positively shifted by ~200 mV. This shift is attributed to the hangman
effect, where the Co reduction is immediately followed by a proton transfer to produce CO'"H
due to the presence of the hanging carboxylic acid group. The first reduction wave is not affected
much by the presence of benzoic acid in acetonitrile, whereas the second reduction feature
exhibits pronounced catalytic activity. The complex with a carboxylic acid moiety in the
secondary coordination sphere shows ~120 mV less overpotential for proton reduction than the
bromine-substituted complex. For the carboxylic acid substituted complex, the potential of the
second reduction wave does not change in the presence or absence of acid, indicating that proton
transfer is not rate-determining for catalysis. Proton transfer is a rate determinant for the
bromine-substituted complex because the wave shifts to a more positive potential with increased

acid concentration. The Co'"! becomes irreversible in the presence of a stronger tosic acid (p-

toluene sulfonic acid) in acetonitrile, indicating that Co! protonates first, and then electron
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reduction happens.®’ Later, they synthesized two Ni (II) hangman porphyrin complexes
analogues to the cobalt hangman complexes. The hangman group containing a catalytic center
exhibits higher catalytic activity than the non-hangman complex. The Ni-based catalysts follow a
stepwise proton transfer-electron transfer (PTET) mechanism and avoid generation Ni® species,
thus showing improved catalytic activity compared to the Co-based catalyst, which follows the

stepwise electron transfer-proton transfer (ETPT) pathway and generates Co?.>8

Nocera and coworkers reported another notable set of cobalt hangman porphyrin
complexes containing a phenyl spacer instead of a xanthene spacer and an internal carboxylic
acid group in the ortho or para position.” For the hangman system, they observed a reversible

WI'and an irreversible wave for Co"? at -1.08 V and -1.8 V, respectively vs Fc*/Fc.

wave for Co
The non-hangman complex shows two reversible reduction waves at -1.05 V and -2.09 V for
Co" and Co"% respectively, vs Fc/Fc. The hangman porphyrin exhibits higher catalytic activity
towards HER as the catalytic current is nearly double that of the non-hangman system. Replacing
the Xanthene spacer with a phenyl ring makes the carboxylic acid moiety 2.5 times more acidic.
The distance between the proton of the hanging carboxylic acid group and the Co'"H decreases.
Due to the close proximity of the carboxylic acid moiety, the ability to donate a proton increases,
which leads to a smaller barrier to intramolecular proton transfer. Combining all these, the
phenyl spacer containing cobalt hangman porphyrin complexes resulted in proton transfer-
electron transfer (PTET) and/or a proton-coupled electron transfer (PCET) mechanism for HER.
In contrast, the xanthene-substituted complex follows the ETPT pathway.>

Apart from porphyrin and phosphine-containing complex, Schiff-base salens or salophens

ligands are also commonly studied. These systems can be produced by condensation of
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salicylaldehyde or salicylaldehyde derivatives with a diamine. The Schiff base ligands can
coordinate with various metal ions in various oxidation states. The advantage of using Schiff
bases over porphyrin and phosphine systems is their easy synthesis procedure in different
reaction conditions and different solvents, and they can be modified using various functionalized
amines and aldehydes/ketones. Also, they can be purified easily and stored without precautions
as they are stable solids.®® They reported the synthesis, characterization, and complexation
reaction of a series of bimetallic (Pd, Ni, Cu, Mn) macrocyclic complexes using Schiff-base
calixpyrrole ligands. All the complexes adopt wedge-shaped pacman-like structures that
reminiscence cofacial porphyrin complexes' structure.®!

These ligand structures were independently studied by the Love and Sessler group.
Unlike the Pacman porphyrin ligands, these macrocyclic ligands are synthesized
straightforwardly with a high yield and on a large scale from inexpensive starting materials.
These complexes react with oxygen and form the peroxo complexes along with a small amount
superoxo cation, which is the catalytically relevant species. This mixture can act as catalyst for
four-electron reduction of oxygen to the water but give a low turnover number and frequencies
due to forming a small amount of catalytically active species. Proton shuttle can play an
important role in facilitating faster proton transfer and inhibiting peroxo intermediate formation
via faster electron transfer.%?

In later work, they modified the ligand system using fluorenyl instead of methyl as a
meso-substituent to inhibit the formation of single-atom-bridged complexes and promote the
formation of preferred superoxo cation. This complex is active as an oxygen reduction catalyst,
but the efficiency is low compared to the cofacial diporphyrin analogs. Then they made another

modification, altering the angle and distance between two metal centers using a double-
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anthracenyl spacer. By elongating the spacer, they were able to inhibit the spontaneous formation

of the peroxo intermediate.®

Figure 1.11 Structure of a bimetallic Co macrocyclic Schiff-base calixpyrrole complex.
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Chapter 2 - Nickel-based Calixpyrrole Complexes with Pendant
Protected Amine: A Case Study for the Importance of the secondary

Coordination Sphere

This chapter was adopted from the manuscript: Md. Tofayel Ahmed, Logan Trowbridge,
Boris Averkiev and Peter E. Sues. “Nickel-based Calixpyrrole Complexes with Pendant
Protected Amine Groups: A Case Study for the Importance of the Secondary Coordination
Sphere”.

2.1. Introduction

Rapidly rising worldwide demands for energy, coupled with escalating greenhouse gas
emissions has underlined the need for sustainable energy technologies in order to avoid the
catastrophic consequences of increased global temperatures. While renewable power sources are
currently available (solar panels, wind turbines, etc.), they are heavily dependent on geographical
and temporal factors, which often cause a disparity between electricity generation and demand.!
This has driven extensive research in the field of energy storage, particularly small molecule
activation and the hydrogen evolution reaction (HER).? With zero carbon emissions and a wide
variety of uses, hydrogen gas, Ha, is both a clean fuel and a commodity chemical. Currently, the
vast majority of Hz is generated from hydrocarbons (mainly methane) through the steam
reforming process.? Using an electrolysis cell to generate H2 from a proton source like water
would therefore be a promising solution to renewable energy storage, as well as a potential
avenue for dramatically reducing greenhouse gas emission in other areas.* One of the current
barriers to the widespread application of these technologies, however, is a reliance on platinum-

based catalysts.’
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Taking inspiration from natural systems (specifically the active site of [FeFe]-
hydrogenase), which can efficiently generate H2 using earth abundant metals,®® a large number
of synthetic HER catalysts have focused on placing proton shuttles in the secondary coordination
sphere close to a catalytically active metal centre.” Primary examples of this are the nickel
diphosphacycloheptane electrocatalysts developed by Bullock and co-workers, which displayed
turnover frequencies (TOFs) greater than 100,000 s™!.1%-1° There have also been examples,
however, of small molecule activation catalysts with hydrogen bond donors/acceptors in the
secondary coordination sphere (in place of proton shuttles) that exhibited enhanced catalytic
efficiencies.'*?’ For example, Chang et al. found that catalytic rates were influenced by the
location of a hydrogen bond donor/acceptor in the secondary coordination sphere when
investigating iron-based porphyrin CO: reduction catalysts.?® As such, a fundamental question
remains with respect to catalyst design and pendant groups: when are proton shuttles necessary,
and when will hydrogen bond donors/acceptors suffice? Moreover, while there has been more
extensive research on the effects of the secondary coordination sphere in homogeneous systems,
less is known about surface supported heterogeneous species, especially with respect to utilizing
pendant groups to influence small molecule activation reactions and control catalyst
microenvironments. Therefore, more research is needed to provide a deeper fundamental
understanding of what types of directing groups are required to facilitate high catalytic

efficiency, especially in interfacial environments.

Recently, our group reported the synthesis and HER activity of a supported nickel

calixpyrrole electrocatalyst with pendant amine groups (Figure 2.1).3! The heterogeneous system

27



displayed incredibly fast reaction kinetics with TOFs up to 25,900 s! or 366,000 s!-cm,3!
which were several orders of magnitude larger than known supported nickel

diphosphacycloheptane catalysts,3%37

and were even competitive with some of the fastest
reported platinum nanoparticle catalysts.*® Moreover, a proton-coupled electron transfer (PCET)
process was found to be rate-limiting for the nickel calixpyrrole system, and evidence suggested
that protonation of the pendant amine groups was key for enabling catalytic performance. Still,
the question of whether or not intramolecular proton transfer from groups in the secondary
coordination sphere was needed for HER lingers. Could proton transfer occur in an

intermolecular process where hydrogen bond donors/acceptors in the secondary coordination

sphere position the proton source through hydrogen bonding?

Figure 2.1 Structure of the nickel-based Schiff-base calixpyrrole HER electrocatalyst with
pendant amine groups.

In this context, we examined the coordination geometry, electrochemical properties, and
catalytic performance of a selection nickel calixpyrrole complexes. These species were modelled
after the co-facial “pacman” complexes developed by Love and Sessler,>*#7 as well as the
“hangman” porphyrins from the Nocera group.*®%° The nickel systems that were investigated
included calixpyrroles with protected amine groups in the secondary coordination sphere (which
could not act as proton shuttles, but could function as both hydrogen bond donors and acceptors),
as well as an analogue with no pendant functionalities. With respect to nomenclature, throughout

this paper the calixpyrrole ligands (1) will be named according to their pendant groups (a for
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acyl; b for fert-butoxycarbonyl or Boc; and ¢ for no pendant groups), while the nickel complexes

will be named according to the bound calixpyrrole ligand (2a-c for 1a-c, respectively).

2.2. Results and Discussion

2.2.1. Synthesis and Characterization

Compound 1c¢ was synthesized using an acid catalysed Schiff-base reaction, in a similar
manner reported for 1a and 1b (Scheme 2.1).! One equivalent of 5,5’-diformyl-2,2’-
diphenyldipyrromethane was combined with excess aniline in the presence of catalytic amounts
of trifluoroacteic acid, and the resulting calixpyrrole ligand 1¢ was obtained as a brown/yellow
solid in moderate yields (65%). The '"H NMR spectrum of 1¢ displayed several characteristic
peaks that confirmed the calixpyrrole ligand had been isolated, including a single imine peak at
8.30 ppm, a single pyrrole NH peak at 11.51 ppm, as well as pyrrole methine peaks at 6.70 and

5.88 pm.

Scheme 2.1 General synthetic procedure for generating calixpyrrole ligand 1c.

Q CF4C(0)OH
NH, DMSO

Complexes 2a-c were synthesized using the same synthetic procedure developed for the

previously reported nickel calixpyrrole HER electrocatalyst with pendant amine groups (Scheme
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2.2).3! The ligands were first deprotonated with two equivalents of KH, and then combined with
[Ni(CH3CN)s][BFa4]2 to generate the desired calixpyrrole complexes. The resulting orange or red
solids could be isolated in moderate yields (54-65%). The 'H NMR spectra of 2a-¢ showed
characteristic peaks indicating metal complexation was successful, including the absence of
pyrrole NH peaks between 11 to 12 ppm (demonstrating successful deprotonation of 1a-c), as
well as significant upfield shifts of the imine protons to 7.43, 7.41, and 7.55 ppm for 2a, 2b, and
2¢, respectively. Moreover, the pendant groups of 2a and 2b were not deprotonated, with NH
peaks evident at 9.18 and 8.50, respectively. It should also be noted that both 2a and 2b
displayed some peak broadening at room temperature, which was attributed to limited rotation of
the pendant groups above and below the plane of the tetradentate ligand on the same timescale of
the "H NMR experiment. Heating the complexes resulted in significantly sharper peaks (346 and
326 K for 2a and 2b, respectively), which supported this hypothesis. The barrier to rotation was
likely very small, however, as the roto-isomers could not be resolved at lower temperatures

(down to -40°C).

Scheme 2.2 General synthetic procedure for generating nickel-based calixpyrrole complexes 2a-

1) 2 KH
2) [Ni(CH3CN)s][BF 4]

1a-c
R = NHC(O)Me, NHC(O)OMe, H
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In addition to NMR spectroscopy, complexes 2a-c¢ were characterized by single crystal
X-ray diffractometry (Figure 2.2). In all three structures, the nickel centres adopted distorted
square planar geometries, with the metal bound slightly out of the plane of the tetradentate ligand

(0.05, 0.01, and 0.06 A for 2a, 2b, and 2¢, respectively).
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Figure 2.2 ORTEP3 representation (thermal ellipsoids at 50% probability) and atom numbering
for: a) 2a, the solvent and most of the hydrogens have been removed for clarity; b) 2b, most of
the hydrogens have been removed for clarity; ¢) 2c, most of the hydrogens have been removed
for clarity.

Additionally, the nickel atom formed shorter bonds with the pyrrolide nitrogens in
comparison to the imine donors, which was consistent with the previously reported nickel
calixpyrrole complex.3! The bond angles seen for 2a-c¢ were also similar to those observed for the
unprotected analogue. The N(1)-Ni(1)-N(2) bond angle between the pyrrolide donors, as well as
the N(1)-Ni(1)-N(3) and N(2)-Ni(1)-N(4) bond angles between the pyrrolide and imine moieties
were all compressed below 90°. This was attributed to the contiguous 5-,6-, and 5- membered
ring system. In contrast, the N(3)-Ni(1)-N(4) bond angle between the imine functionalities was
expanded above 90°, likely to compensate for the other metal-ligand bond angles. For selected

bond lengths and angles for 2a-c see Table 2.1.

Table 2.1 Selected bond lengths (A) and angles (deg) for 2a-c.

2a 2b 2c
Bond lengths (A)
Ni(1)-N(1) 1.819(6) 1.833(3) 1.843(4)
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Ni(1)-N(2) 1.823(6) 1.831(4) 1.837(4)

Ni(1)-N(3) 1.916(6) 1.943(3) 1.948(4)
Ni(1)-N(1) 1.937(5) 1.955(3) 1.962(4)
N(3)-C(6) 1.312(9) 1.319(5) 1.309(6)
N(4)-C(11) 1.313(9) 1.314(5) 1.315(6)

Bond angles (deg)

N(1)-Ni(1)-N(2) 88.6(2) 87.9(2) 87.2(2)
N(D)-Ni(1)-N(3) 83.4(2) 83.6(2) 83.8(2)
N(2)-Ni(1)-N(4) 84.2(2) 83.6(2) 83.8(2)
N(3)-Ni(1)-(N(4) 104.2(2) 105.0(2) 105.0(2)

What was most notable about the structures of 2a and 2b, however, was the positioning
of the pendant functionalities. For the acyl-protected species, the amide moieties exhibited a
hydrogen bonding interaction, and were both on the same side of the calixpyrrole plane. This
placed one of the acyl groups closer to the metal centre, with N(5)-Ni(1) and O(1)-Ni(1)
distances of 3.23 and 3.91 A, respectively, whereas the other acyl group was much further away,
with N(6)-Ni(1) and O(2)-Ni(1) distances of 4.42 and 6.48 A, respectively. For the Boc-
protected complex, on the other hand, the carbamate functionalities were on opposite sides of the
calixpyrrole plane, and were approximately equidistant from the nickel centre (N(5)-Ni(1), N(6)-
Ni(1), O(3)-Ni(1), and O(4)-Ni(1) distances of 3.34, 3.43, 4.23, and 4.47 A, respectively).
Therefore, for both 2a and 2b the acyl- and Boc-protected amines were not coordinated to the
metal, but at least one of the pendant groups was within the range reported for nickel

diphosphacycloheptane catalysts (3.17-3.68 A),'2 which are known to utilize proton shuttles in
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the secondary coordination sphere to enable electrocatalytic HER. Moreover, the distances
reported are within hydrogen bonding distances seen for nitrogen atoms (3.32 A).92 This gives
strong evidence that the pendant groups in 2a and 2b are properly positioned to interact with
axial ligands bound to nickel, as well as to hydrogen bond with incoming proton sources to
properly orient them for proton transfer reactions during HER.

2.2.2. Electrochemical characterization

The electrochemical properties of the nickel calixpyrrole complexes 2a-¢ were explored

using cyclic voltammetry (CV). Acetonitrile was used as the solvent and tetrabutylammonium

hexafluorophosphate was used as the supporting electrolyte (Figure 2.3).

3.5 ' -3‘0 -2‘5 ) 2.0 ' -1.5 -1.0 ' 05 ' OIEI
Potential (V vs. Fc/Fc)
2 - 2

Figure 2.3 CVs showing the quasi-reversible redox couples of 2a-c at negative potentials (0.1 M
TBAP, 0.25 mM 2a-c, glassy carbon working electrode, platinum wire counter electrode, 0.01 M
Ag/AgNOs reference electrode, scan rate = 800 mV/s).

Compounds 2a and 2b exhibited an irreversible reduction around -2.0 V vs. the
ferrocene/ferricinium (Fc/Fc*) couple, as well as a quasi-reversible redox couple at -2.23, and
2.28 V vs. Fc/Fc*, respectively. This feature varied linearly with the square-root of the scan rate
indicating a diffusion-controlled process (Figures 2.4, 2.5 and 2.6). It also had a AE value similar
to that seen for Fc/Fc* suggesting a 1-electron transfer process. For 2¢, on the other hand, only a

quasi-reversible redox couple around 2.07 V vs, Fc/Fc™ was observed.
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Figure 2.4 a) CVs of the quasi-reversible redox couple of 2a at various scan rates (0.1 M TBAP
in acetonitrile, 0.25 mM 2a, glassy carbon working electrode, platinum wire counter electrode,

0.01 M AgNOs reference electrode, scan rate = 100 to 800 mV/s); b) plot of anodic and cathodic
current vs. the square-root of the scan rate.
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Figure 2.5 a) CVs of the quasi-reversible redox couples of 2b at various scan rates (0.1 M TBAP
in acetonitrile, 0.25 mM 2b, glassy carbon working electrode, platinum wire counter electrode,

0.01 M AgNO:s reference electrode, scan rate = 100 to 800 mV/s); b) plot of anodic and cathodic
current vs. the square-root of the scan rate.
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Figure 2.6 a) CVs of the quasi-reversible redox couples of 2¢ at various scan rates (0.1 M TBAP
in acetonitrile, 0.25 mM 2c, glassy carbon working electrode, platinum wire counter electrode,
0.01 M AgNO:s reference electrode, scan rate = 100 to 800 mV/s); b) plot of anodic and cathodic
current vs. the square-root of the scan rate.

The electrochemical properties of 2a-c¢ were strikingly different than the previously
reported nickel calixpyrrole complex with pendant amines, which showed a pronounced quasi-

reversible Nil’!

redox couple at -2.03 V vs. Fc/Fc*, and a less pronounced Ni”° redox couple at -
2.31 V vs. Fc/Fc* 3! Therefore, the Ni'! couple around -2.0 V has become significantly less

stable and completely irreversible for 2a-b, whereas the Ni"? couple has shifted slightly more

anodically and become more apparent. This has been attributed to the protection of the amine
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groups in 2a and 2b (making the pendant groups much less electron-donating). The exact

mechanism as to why the Ni' state has become unstable and the Ni"°

couple has become more
prominent, however, is currently unclear. Furthermore, the lack of substituents in the secondary
coordination sphere in 2¢ has caused a more dramatic effect. One of the electrochemical features

0 couple is no longer accessible. Another

has disappeared entirely, suggesting that the Ni
possibility is that the Ni”? feature has become hidden underneath the more prominent Ni'"! redox

couple. Further theoretical studies are needed to examine the nature of these electrochemical

changes with respect to the parent complex.

When scanning to positive potentials, a weak redox couple was apparent around 0 V vs.
Fc/Fc* for 2a-c, which matched a similar feature seen for the CVs of the free ligands (Figure
2.7).%! Moreover, between one and three irreversible oxidations were evident, several of which
are hypothesized to be ligand-based processes. These assignments are consistent with previous

results seen with analogous palladium calixpyrrole complexes bearing the same ligands.5!

i

L

0.1 mA

35 25 -15 05 05 15 25
Potential (V vs. Fc/Fc*)

2a 2b Zc

Figure 2.7 CVs of 2a-c with a wider scanning window (0.1 M TBAP in acetonitrile, 0.25 mM
2a-c, glassy carbon working electrode, platinum wire counter electrode, 0.01 M AgNO3
reference electrode, scan rate = 800 mV/s).
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2.2.3. Electrocatalytic HER studies

The electrochemical properties of 2a-¢ were subsequently examined in the presence of
anilinium tetrafluoroborate as a proton source. If the nickel calixpyrrole complexes were treated
with 1 equivalent of the acid, very little change in the CVs were seen (Figure 2.8). For 2a and 2b
a reduction in peak current was observed for both the irreversible reduction around 2.0 V vs.
Fc/Fc*, as well as the Ni"° redox couple, whereas for 2¢ almost no change was visible (except
perhaps the appearance of a very small irreversible reduction with an onset around 1.5 V vs.

Fc/Fc', which corresponded to HER, please see below).

20 15 -0 0.5 0.0

a5 a0 25 2
Potential (V vs. Fo/Fe*)

a) et
35 3.0 2.8 2.0 1.5 10 05 o0
b Potential (V vs. Fo/Fc')
) » I+ 1 eg Anid
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Figure 2.8 CVs showing electrochemical features at negative potentials with and without 1
equivalent of acid added (0.1 M TBAP, 0 or 0.25 mM anilinium tetrafluoroborate, 0.25 mM 2a-
¢, glassy carbon working electrode, platinum wire counter electrode, 0.01 M Ag/AgNOs3
reference electrode, scan rate = 800 mV/s) using: a) 2a; b) 2b; and c) 2c.

This is in contrast to the parent unprotected nickel complex with amine groups in the
secondary coordination sphere, which exhibited a new irreversible electrochemical feature when
treated with anilinium tetrafluoroborate approximately 0.5 V more positive than the Ni'"!
couple.’! This was attributed to protonation of the pendant basic groups. Therefore, the results
seen for 2a-c are completely consistent with the amines being protected (2a and 2b) or
completely absent (2¢). It should also be noted that anilinium tetrafluoroborate is not a strong

enough acid to deprotect Boc protecting groups.

If the nickel calixpyrrole complexes were treated with larger concentrations of acid (100
equivalents of anilinium tetrafluoroborate), on the other hand, two irreversible features were
observed initially around -1.5 and -1.8 V vs. Fc/Fc" for 2a, around -1.3 and -1.7 V vs. Fc/Fc* for
2b, and around -1.6 and -1.9 V for 2¢ (Figure 2.9). These results were similar to those seen for
the parent nickel complex with pendant amines, which displayed two catalytic waves for HER at
-1.8 and -2.19 V vs. Fc/Fc*,3! except that the peak currents were shifted to more positive
potentials. Another striking difference, however, was that the catalytic currents for 2a-c never

stabilized, even after 50 scans. The peak potentials and currents constantly shifted scan to scan,
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suggesting that the active catalytic species were constantly decomposing and being generated.
This hypothesis was further supported when different scanning windows were explored. If the
scanning window was narrowed from 0 to -2.0 Vto 0 to -1.8 Vor 0 to 1.6 V vs. Fc/Fc* (partially
in an attempt to isolate the more anodic catalytic wave), the catalytic features began to

completely disappear (Figure 2.9).
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Figure 2.9 CVs showing electrocatalytic hydrogen evolution with different scanning windows
(0.1 M TBAP, 0.25 mM anilinium tetrafluoroborate, 0.25 mM 2a-c, glassy carbon working
electrode, platinum wire counter electrode, 0.01 M Ag/AgNOs reference electrode, scan rate =

800 mV/s) using: a) 2a, 0 to -2 V; b) 2a,0to -1.8 V; ¢) 2a,0to -1.6 V;d) 2b, 0 to -2 V; e) 2b, 0
to-1.8 V; 1) 2b,0to-1.6 V; g)2¢,0to -2 V; h) g) 2¢,0to -1.8 V;and i) g) 2¢,0to -1.6 V.

The Boc-protected system was a bit of an outlier, however, in that the two catalytic
waves for HER could still be detected using the 0 to -1.8 V Fc/Fc* scanning window (they were
still unstable and never stabilized over 50 scans). Upon moving 0 to 1.6 V vs. Fc/Fc™, though, the

catalytic peaks were no longer apparent. Therefore, the active catalytic species were not only
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unstable, but could also only be generated under certain strict conditions. This is in contrast to
the parent nickel calixpyrrole system with proton shuttle in the secondary coordination sphere,
which generated a stable heterogeneous HER system that operated across a wide range of

conditions.>!

Lastly, a “rinse” test was performed to determine if the active catalytic species were
heterogeneous in nature.%® After performing catalysis with 2a-c¢ (using the 0 to -2.0 V vs. F¢/Fc*
scanning window and 50 scans), the working electrode was rinsed with acetonitrile and then
submerged in fresh acidic media without any of the nickel calixpyrrole complexes present. The
resulting CV experiments showed that there was a large current response corresponding to HER
initially, which quickly disappeared with subsequent scans until the voltammogram resembled
the background reaction of anilinium tetrafluoroborate with the glassy carbon electrode (Figures
2.10). These results further supported the hypothesis that the active catalytic species for 2a-c¢
were actively decomposing and being generated from the pool of nickel complex still in solution.
Upon removing the nickel complex from the solution, however, the active species (adsorbed on
the glassy carbon electrode surface) quickly decomposed and could not be replenished, leading

to a loss in catalytic current.
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Figure 2.10 Rinse test CV of hydrogen evolution using 2a, 2b and 2¢ (0.1 M TBAP in
acetonitrile, 25 mM anilinium tetrafluoroborate, glassy carbon working electrode, platinum wire
counter electrode, 0.01 M AgNOs reference electrode, scan rate = 800 mV/s).
2.2.4. Implications for catalyst design

It has been demonstrated by numerous studies that PCET pathways enhance catalytic
rates during HER and increase catalytic stability by circumventing the high energy charged
intermediates generated through sequential proton and electron transfers.®*%” Our own work has
also highlighted that a nickel calixpyrrole complex with pendant amine groups generated a
robust and highly active heterogeneous electrocatalytic system for HER with rate-limiting
PCET.?! Moreover, the proton shuttles in the secondary coordination sphere were thought to be
critical in controlling the catalytic microenvironment at the electrode/solvent interface. The
results reported herein reinforce this hypothesis and provide further insight into catalyst design
using immobilized molecular complexes.

Calixpyrrole species with pendant protected amine groups, 2a and 2b, were specifically
targeted because the functionalities in the secondary coordination sphere could not act as proton

shuttles, but could function as both hydrogen bond donors and acceptors. Furthermore, an
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analogue with no pendant groups whatsoever, 2¢, was investigated as a negative control with
respect to hydrogen bonding effects in the secondary coordination sphere (in addition to proton
shuttling). While all three systems demonstrated the ability to evolve hydrogen in the presence of
anilinium tetrafluoroborate as the proton source, a dramatic decrease in catalytic stability was
observed in comparison to the nickel calixpyrrole catalyst with pendant amine groups (with
similar results seen for the amine protected analogues as the system without pendant
functionalities).>! Additionally, the active species appeared to be heterogeneous in nature (as
shown by the initial catalytic wave after the rinse test), but catalysis could not be supported in the
absence of nickel complex in solution (this reservoir of 2a-c¢ was likely needed to continually
generate more of the active catalyst). This provides strong evidence that proton shuttles in the
secondary coordination sphere were critical in engendering high catalytic stability for the
calixpyrrole systems. While kinetic studies could not be carried out with 2a-¢ to confirm if
catalytic rates and the nature of the rate-determining step were also affected, it is hypothesized
that protonation/deprotonation of the pendant amine groups was needed to facilitate PCET for
the previously reported system,?!' and that 2a-c proceeded through less desirable sequential
proton and electron transfer pathways. Moreover, hydrogen bond donors/acceptors (in the cases
of 2a and 2b) did not appear to be strong enough directing groups in the secondary coordination
sphere to enable PCET and circumvent unstable catalytic intermediates, even though the pendant
protected-amines were positioned similarly as the pendant amine groups in the parent nickel
calixpyrrole complex.?! Steric effects can also be ruled out as 2¢ would be the most accessible
nickel complex (with respect to 2a and 2b, as well as the previously reported calixpyrrole
complex with pedant amines), but this analogue still demonstrated poor HER stability.

Therefore, pendant groups that can accept protons from acids in solution may be critical design
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elements needed to regulate local proton transport at solvent/electrode interfaces, enable PCET,

and increase catalytic stability for molecular systems immobilized on supports.

2.3. Conclusions

In summary, a calixpyrrole ligand with no functionalities in the secondary coordination
sphere, 1¢, was prepared using a modular Schiff-base reaction, which was previously utilized to
synthesize calixpyrrole ligands 1a and 1b with pendant protected amine moieties (acyl- and Boc-
protected, respectively).5! All three ligands were coordinated to nickel generating square planar
complexes 2a-c. Single crystal X-ray diffraction studies indicated that the amide and carbamate
functionalities in 2a and 2b, respectively, were not coordinated to the metal centre, but were
properly positioned to hydrogen bond with incoming proton sources and potentially orient them
for PCET. The electrochemical properties of 2a-c were also explored using CV. Similar

properties to the previously reported nickel calixpyrrole complex with pendant amine groups

1I/1 1/0

were seen, except that Ni"”* couple became irreversible and Ni”” couple became more apparent in
the cases of 2a and 2b. For 2¢, on the other hand, Ni'"! redox couple remained quasi-reversible,

but the Ni”? was no longer apparent.

Further electrochemical investigations in the presence of anilinium tetrafluoroborate as a
proton source revealed that protonation of 2a-c¢ was not occurring, which was consistent with the
design goals for the calixpyrrole systems (with the amines being protected in 2a and 2b or
completely absent in 2¢). Despite not being directly protonated, the nickel complexes were still
active for HER and showed analogous electrocatalytic features as the parent calixpyrrole

compound with amine groups in the secondary coordination sphere.?! Moreover, the active
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species for 2a-c were thought to be heterogeneous, much like the previous previously reported

system. A major difference, however, was that 2a-c were unstable under the catalytic conditions;
the peak potentials and peak currents for HER never stabilized and constantly shifted, even after
numerous scans. Furthermore, HER was only observed under certain scanning windows, as well
as in the presence of nickel complex in solution. These results suggested that the active catalytic
species were constantly decomposing, but were also being replenished from the pool of 2a-c still

in solution.

From a fundamental standpoint, the poor catalytic properties exhibited by 2a, 2b, and 2¢
provide crucial insight into catalyst design for molecular HER electrocatalysts supported on solid
supports. The fact that the nickel complexes with pendant acyl- and Boc-protected amine groups
displayed similar properties as the nickel species without any groups in the secondary
coordination sphere gives strong evidence that pendant hydrogen donor/acceptor moieties are not
sufficient to regulate local proton transport in interfacial environments and generate robust
electrocatalytic systems. Instead, proton shuttles, which can both accept and deliver protons are
needed. It is believed that the rapid decomposition of 2a-c can be attributed to stepwise proton
and electron transfers, unlike the parent nickel calixpyrrole system with pendant amine groups,
which was able to access a catalytic pathway with rate-determining PCET.3! Further studies

aimed at uncovering the decomposition pathways of 2a-c are currently underway.

2.4. Experimental Section

2.4.1. General Considerations
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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. 1a, 1b and [Ni(MeCN)s][BF4]2
were synthesized according to literature procedures.®!- %8 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 or 600 MHz
spectrometer (400 or 600 MHz for 'H and 151 or 101 MHz for 13C) unless stated otherwise. The
'H and '*C 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 PerkinElmer 2400 Series 1I 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 XtalLAB Synergy-S diffractometer
equipped with a HyPix-6000HE Hybrid Photon Counting (HPC) detector and dual Mo and Cu
microfocus sealed X-ray source (Cu Ko 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
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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; the reference electrode was a Ag/AgNO3 non-aqueous electrode (0.01 M in CH3CN
with 0.1 M TBAP); and a platinum wire 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. Electrochemical measurements were conducted at room temperature under an
argon or nitrogen atmosphere and processed using EC-Lab V11.21. Ohmic drop was accounted
for using the current interrupt method available in 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.

2.4.2. Synthesis of 1c

A round-bottom flask was charged with 0.78 g of 5,5’-diformyl-2,2’-diphenyldipyrromethane
(2.2 mmol), 1 mL aniline (11 mmol), and 4 mL of DMSO. After complete dissolution of the
reactants, a few drops of trifluoroacetic acid were added. The reaction was stirred for 2 h, and the
solution turned dark red in colour. The solution was then quenched with 16 mL of 1% aqueous
NaxCOs. The aqueous layer was extracted with 10 x 5 mL of ether. The organic layer was then

washed with 100 x 5 mL 1% aqueous Na2COs3 to remove excess aniline. The organic layer was
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then dried over Na2SO4 and filtered. The solvent was then evaporated under reduced pressure to
give a brown/yellow solid. Yield: 0.722 g (65.0%). "TH NMR (400 MHz, DMSO-ds) 8: 11.51 (br
s, 2H, pyrrole-NH), 8.30 (s, 2H, imine-CH), 7.40 — 7.29 (m, 10H, aromatic-CH), 7.18 — 7.11 (m,
6H, aromatic-CH), 7.06 — 7.01 (m, 4H, aromatic-CH), 6.69 (d, 2H, pyrrole-CH, J = 3.8 Hz), and
5.89 (d, 2H, pyrrole-CH, J = 3.8 Hz) ppm. *C NMR (101 MHz, DMSO-ds,) &: 152.20
(aromatic-C), 150.82 (imine-CH), 144.57 (aromatic-C), 140.82 (aromatic-C), 131.62 (aromatic-
C), 129.34 (aromatic-CH), 129.17 (aromatic-CH), 127.75 (aromatic-CH), 126.96 (aromatic-CH),
124.90 (aromatic-CH), 120.69 (aromatic-CH), 114.47 (pyrrole-CH), 112.51 (pyrrole-CH), and

56.75 (C-Ph2) ppm. HRMS (ESI) m/z calcd for C3sH2oN4": 505.2392 [M+H]"; found: 505.2399.
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Figure 2.11 '"H NMR spectrum (400 MHz, DMSO-dbs) of lc.
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Figure 2.12 *C NMR spectrum (101 MHz, DMSO-ds) of 1c.

2.4.3. Synthesis of 2a

A solution of 0.154 g (0.249 mmol) of 1a in ~4.5 mL acetonitrile was added to a suspension of
0.020 g (0.499 mmol) of KH in ~3 mL acetonitrile. The solution was stirred until gas evolution
had ceased and the solution was added to 0.119 g (0.249 mmol) of [Ni(MeCN)s][BF4]2. The
reaction was stirred overnight, and the resulting precipitate was collected on a frit. After drying
under reduced pressure, the solid was dissolved in ~4.5 mL of DCM, and then filtered through
Celite. The filtrate was evaporated under reduced pressure to give 2a as an orange solid. Yield:
0.100 g (59.4 %). Crystals suitable for single crystal X-ray diffraction were grown from the slow
diffusion of pentane into a toluene solution of 2a. "TH NMR (600 MHz, DMSO-ds, 346 K) §:
9.18 (s, 2H, acyl-NH), 7.43 (s, 2H, imine-CH), 7.29 (dd, 4H, aromatic-CH, J = 8.3, 6.7 Hz), 7.26
—7.21 (m, 2H, aromatic-CH), 7.17 (d, 2H, aromatic-CH, J = 7.8 Hz), 7.12 (d, 4H, aromatic-CH,
J=17.8 Hz), 6.87 — 6.77 (m, 6H, aromatic-CH and pyrrole-CH), 6.60 (td, 2H, aromatic-CH, J =

7.3, 1.1 Hz), 5.94 (s, 2H, pyrrole-CH), and 2.06 (s, 6H, CH3) ppm. '*C NMR (151 MHz, DMSO-
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ds, 346 K) d: 205.59 (C=0), 168.14 (aromatic-C), 161.11 (imine-CH), 146.19 (aromatic-C),
140.69 (aromatic-C), 137.04 (aromatic-C), 131.10 (aromatic-C), 128.53 (aromatic-CH), 127.29
(aromatic-CH), 126.05 (aromatic-CH), 125.21 (aromatic-CH), 124.71 (aromatic-CH), 124.27
(aromatic-CH), 123.86 (aromatic-CH), 119.22 (pyrrole-CH), 114.14 (pyrrole-CH), 59.05 (C-

Phy), and 23.08 (CH3) ppm. Anal. Calcd for C39H32N6O2Ni-0.25MeOH: C 68.98; H 4.87; N

12.30%. Found: C 68.74; H4.71; N 12.29%.

30
9
8
5
4
3
8
3
2

78

61
60
59
94
2.50
2.06

—9.18
43

I-JVUJJT@ AN

iy R AN i
[=] h W $ T o -]
S NmaNT ¥ @ =
~ NENNT O™ w
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 2.5 20 1.5 1.0 0.5
f1 (ppm)

Figure 2.13 '"H NMR spectrum (600 MHz, DMSO-ds, 346 K) of 2a.
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Figure 2.14 >*C NMR spectrum (151 MHz, DMSO-ds, 346 K) of 2a.

2.4.4. Synthesis of 2b

A solution of 0.183 g (0.249 mmol) of 1b in ~4.5 mL acetonitrile was added to a suspension of
0.020 g (0.499 mmol) of KH in ~3 mL acetonitrile. The solution was stirred until gas evolution
had ceased and the solution was added to 0.119 g (0.249 mmol) of [Ni(MeCN)s][BF4]2. The
reaction was stirred overnight, and the resulting precipitate was collected on a frit. After drying
under reduced pressure, the solid was dissolved in ~4.5 mL of DCM, and then filtered through
Celite. The filtrate was evaporated under reduced pressure to give 2b as an orange solid. Yield:
0.107 g (54.3 %). Crystals suitable for single crystal X-ray diffraction were grown from the slow

diffusion of pentane into a toluene solution of 2b. 'H NMR (600 MHz, DMSO-ds, 326 K) &:
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8.50 (s, 2H, Boc-NH), 7.41 (s, 2H, imine-CH), 7.32 — 7.19 (m, 6H, aromatic-CH), 7.14 — 7.04
(m, 6H, aromatic-CH), 6.83 — 6.72 (m, 6H, aromatic-CH and pyrrole-CH), 6.54 (t, 2H, aromatic-
CH, J=7.6 Hz), 5.92 (d, 2H, pyrrole-CH, J = 4.3 Hz), and 1.42 (s, 18H, C(CH3)3) ppm. 3C
NMR (151 MHz, DMSO-ds, 326 K) 6: 161.51 (imine-CH), 153.01 (C=0), 152.70 (aromatic-C),
146.42 (aromatic-C), 139.97 (aromatic-C), 137.24 (aromatic-C), 131.22 (aromatic-C), 128.65
(aromatic-CH), 127.43 (aromatic-CH), 126.20 (aromatic-CH), 125.46 (aromatic-CH), 124.93
(aromatic-CH), 123.53 (aromatic-CH), 122.79 (aromatic-CH), 118.96 (pyrrole-CH), 114.16
(pyrrole-CH), 78.89 (C(CH3)3), 58.26 (C-Ph2), and 27.93 (C(CH3)3) ppm. Anal. Calced for

CasH4aN6O4Ni: C 68.28; H 5.60; N 10.62%. Found: C 68.26; H 5.66; N 10.62%.
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Figure 2.15 "H NMR spectrum (600 MHz, DMSO-ds, 326 K) of 2b.
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Figure 2.16 >*C NMR spectrum (151 MHz, DMSO-ds, 326 K) of 2b.

2.4.5. Synthesis of 2¢
A solution of 0.250 g (0.495 mmol) of 1¢ in ~6 mL THF was added to a suspension of 0.040 g
(0.997 mmol) of KH in ~3 mL of THF. The solution was stirred until gas evolution had ceased
and the solution was added to 0.237 g (0.495 mmol) of [Ni(CH3CN)s][BF4]2 in ~3 mL of
acetonitrile. The reaction was stirred overnight, and the solvent was evaporated under reduced
pressure. The solid was then dissolved in 9 mL DCM, and filtered through Celite. The filtrate
was evaporated under reduced pressure, 6 mL methanol was added, and the resulting suspension
was stirred for 30 min. The reaction mixture was then cooled in a freezer (-30 °C) for 30 min.

The resulting bright red precipitate was then collected via filtration, and dried under reduced
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pressure. Yield: 0.186 (65.0 %). Crystals suitable for single crystal X-ray diffraction were grown
from the slow diffusion of pentane into a toluene solution of 2¢. '"H NMR (400 MHz, DMSO-ds)
o: 7.55 (s, 2H, imine-CH), 7.33 — 7.20 (m, 6H, aromatic-CH), 7.10 — 7.04 (m, 4H, aromatic-CH),
6.84 — 6.71 (m, 12H, aromatic-CH and pyrrole-CH), and 5.78 (d, 2H, pyrrole-CH, J = 3.8 Hz)
ppm. 3C NMR (101 MHz, DMSO-ds) 8: 161.44 (aromatic-C), 152.38 (imine-CH), 147.52
(aromatic-C), 146.43 (aromatic-C), 137.94 (aromatic-C), 128.72 (aromatic-CH), 128.01
(aromatic-CH), 127.83 (aromatic-CH), 126.52 (aromatic-CH), 124.97 (aromatic-CH), 123.06
(aromatic-CH), 119.37 (pyrrole-CH), 113.05 (pyrrole-CH), and 58.17 (C-Ph2) ppm. Anal. Calcd

for C3sH26N4Ni-0.25CH30H: C 74.37; H 4.78; N 9.84%. Found: C 74.23; H 4.75; N 9.83%.
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Figure 2.17 '"H NMR spectrum (400 MHz, DMSO-ds) of 2c.
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Figure 2.18 *C NMR spectrum (151 MHz, DMSO-ds) of 2c.

2.4.6. Electrocatalytic H, evolution

The electrochemical conditions of the catalytic trials included 0.1 M TBAP electrolyte in
acetonitrile, 0.25 mM of 2a-¢, 100 equivalents of anilinium tetrafluoroborate (25 mM), and scan
rates of 800 mV/s. The three-electrode setup consisted of a glassy carbon working electrode, a
platinum wire 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 acetonitrile. For the “rinse” test results, the working electrode was removed

from the cell following catalysis, rinsed with acetonitrile solvent, and then placed in a fresh
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acidic electrolyte solution without 2a-¢ present (0.1 M TBAP, 25 mM anilinium

tetrafluoroborate).
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Chapter 3 - Synthesis of Salixpyrrole Complexes

3.1. Introduction

Global warming and climate change are becoming severe due to numerous factors, such
as, but not limited to: industrial expansion, fossil fuel extraction and combustion, and
environmental pollution. Given this, the world is making significant shifts from relying on fossil
fuels as energy source to alternative clean and sustainable energy system.!' Technological
advancement and development of catalyst to activate abundant small molecules like H2, Oz, and
N2 can play an important role in this regard.> Hydrogen is an ultraclean and environmentally
friendly alternative energy source with the highest gravimetric energy density compared to all
the chemical fuels.? Green hydrogen is typically manufactured by water electrolysis and this
water splitting reaction to produce hydrogen is a nonspontaneous reaction and requires a
catalyst.* Currently available electrocatalysts for hydrogen evolution reactions are precious Pt
metal based because of its nearly zero overpotential but often lack large-scale practical
application due to its high cost and low abundance.® So, developing high performance
electrocatalysts based on earth-abundant materials which have low cost and high activity are
significantly important.

Biological systems are found to activate small molecules with low overpotential, and they
exhibit high turnover frequency and high turnover numbers.®® Hydrogenase enzymes are
widespread in microbial systems, and they are found to be active for hydrogen production.®!°
The hydrogenase enzyme active sites contain an amino acid side chain and/or cofactor. The
microenvironment around the enzyme active site in natural systems is precisely controlled by the

amino acid side chain and/or cofactors and properly position the metal centers. Another common
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feature of these natural systems is that they have multiple metal centers with distinct binding

sites.68

[Fe4S4] |/ Cys

Cys—\SH /S\S’ Oc, / \ S"Cys

F— NC™
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Figure 3.1 Structures of the [Fe-Fe]-hydrogenase and [Fe-Ni]-hydrogenase active site.

A handful amount of research work has been carried out by researchers to synthetically
mimic the catalytic active sites of hydrogenase enzymes. A notable series is bimetallic cofacial
porphyrins usually referred to as “pacman” complexes. These “pacman” complexes have two
metal centers and are effective for multielectron transfer processes.!!"'> The two metal centers in
the initial “pacman” porphyrin complexes used to have identical binding pockets. Recently
researchers have explored “pacman” systems with two chemically distinct binding sites.!*!* The
synthetic procedure of these porphyrin complexes is challenging and involves multiple steps
which leads to poor yield. Love and Sessler developed cofacial calixpyrrole complexes, which
are analogous to the “pacman” porphyrin complexes and exhibit similar reactivity.!>2° The
advantage of the calixpyrrole complexes is that they can be synthesized in much more

straightforward ways from inexpensive starting materials and on a larger scale.
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Figure 3.2 General structure of bimetallic cofacial porphyrin left) and calixpyrrole (right)
“pacman” complexes.

Recently our group reported a palladium calixpyrrole complex with pendant amine
groups which is active for catalytic hydrogen evolution reaction.?! The aim of this project is to
further elaborate the complexity of reported palladium calixpyrrole complex and to synthesize
cofacial salixpyrrole system using the complex and then incorporating a salen to form a second

binding pockets to incorporate the second metal center.

3.2. Synthesis and Characterization

The monometallic palladium salixpyrrole complex 2 was synthesized using the
calixpyrrole starting material 1 and salicylaldehyde (Scheme 3.1) followed by a pyrrolidine
catalyzed Schiff-base reaction developed by Garcia Ruano and Cid et al.?? This is a
straightforward synthesis method unlike the traditional unsymmetric cofacial “pacman”
porphyrin synthesis. The product was isolated in moderate yields, 29.33%.

Scheme 3.1. General Synthetic Procedure of Monometallic Salixpyrrole Complex 2.
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The proton NMR spectrum gave characteristic peaks for salicylaldehyde incorporation at
12.72 ppm for the hydroxyl proton from salicylaldehyde, and a new imine peak appeared at 8.27
ppm (Figure 3.4). Complex 2 was characterized by single crystal X-ray diffractometry (Figure
3.3) and it adopted a square planar configuration with a P21/n space group. There was a
hydrogen bond between the hydrogen atom from Salicylaldehyde O-H and nitrogen atom from
the imine. The selective bond lengths and bong angles (Table 3.1) resemble the previously

reported palladium salixpyrrole data.??
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Figure 3.3 ORTEP3 representation (thermal ellipsoids at 50% probability) and atom numbering
for 2. Selected bond lengths (A): Pd(1)-N(1) = 1.9432(18), Pd(1)-N(2) = 1.9363(18), Pd(1)—
N(3) =2.0679(18), Pd(1)—N(4) = 2.0368(18). Selected bond angles (deg): N(1)-Pd(1)-N(2) =
88.46(8), N(1)-Pd(1)-N(3) = 79.85(8), N(3)-Pd(1)-N(4) = 111.15(8), N(2)—Pd(1)—N(4) =
80.26(8).

Table 3.1 Selected bond lengths (A) and bond angles (deg) for the salixpyrrole complex 2.

Bond Bond Lengths (A)

PdI-N1 1.9432(18)

Pd1-N2 1.9363(18)

PAI-N3 2.0679(18)

Pd1-N4 2.0368(18)

01-C26 1337(4)

01-C32 134103)

Angle Bond Angles (deg)
N1-Pd1-N2 88.46(8)
N1-Pd1-N3 79.85(8)
N3-Pd1-N4 111.15(8)
N2-Pd1-N4 80.26(8)

After incorporating the calixpyrrole and salene, a new binding pocket has become
available where a second metal can be coordinated to develop the home- and hetero-bimetallic
salixpyrrole complexes. Recently, our group reported that incorporating a second metal center in
the unsymmetric cofacial salixpyrrole complexes greatly enhances catalytic activity towards

hydrogen evolution.?? Keeping this in mind, to synthesize the bimetallic version of the
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salixpyrrole complex 2, four different metals (Pd, Ni, Zn, Pt) were selected to bind in the second
pocket as these metals show catalytic activity.

Scheme 3.2 General synthetic procedure of bimetallic salixpyrrole complex 3.

Base

Metal (M) Complex o

Moreover, these metals are likely to form square planar diamagnetic species which would
aid to characterize using NMR spectroscopy. Five different bases with different strengths were
tried, and nothing worked fruitfully. Different combinations and order of addition of the
reactants with different solvents were tried, but in almost all the cases the system was either
decomposed or no coordination of the second metal was seen. It is hypothesized that
deprotonation of the salicylaldehyde O-H might cause this problem. Initially Li- and K-tert
butoxide were used as a base and no coordination was found and that’s probably because of the
presence of H-bonding what makes the deprotonation difficult. Then, more basic n-BuLi was
used, and this base destroyed the ligand system. Finally, smaller sized bases like Na- and Li-
methoxide were used only for homo bimetallic palladium salixpyrrole compound. The homo
bimetallic palladium complex showed some sort of coordination when sodium methoxide was

used. The results are summarized in Table 3.2.
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Table 3.2 Summary of different synthesis approach of bimetallic salixpyrrole complex 3.

Metal Complex

Base (in solvent)

Observation

Ni(CH3CN)s [PF4+] in CH3CN

LiOC(CH3)s in THF

No Coordination

KOC(CH3)3 in THF

No Coordination

Pd(OAc)2 in THF LiOC(CH3)3 in THF No Coordination
KOC(CHs3)3 in THF No Coordination
n-BuLi in THF Decomposed

Zn(OTY)2 in CH3CN LiOC(CH3)3 in THF No Coordination
KOC(CH3)3 in THF No Coordination
n-BuLi in THF Decomposed

Pt(acac)2 in THF LiOC(CH3)3 in THF No Coordination

K2PtCls in CH3CN LiOC(CH3)3 in THF No Coordination

K2PtCls in CH3CN n-BuLi in THF Decomposed

Pd(OAc)2 in DCM NaOMe in THF & DCM Coordination
LiOMe in THF & DCM No coordination

3.3. Conclusions

Mono-metallic salixpyrrole complex 2 bearing unsymmetric ligands with calixpyrrole

and salen coordination binding pocket was synthesized and characterized successfully. This

salixpyrrole synthesis method is straightforward with a moderate yield compared to the

traditional unsymmetric cofacial pacman porphyrin series and can be obtained by following the

Schiff-base reaction. The synthesis of the homo- and hetero-bimetallic analogue of this
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salixpyrrole complex is unsuccessful so far. Though using sodium methoxide as base for
deprotonation of 2 gives a little promising result, repetitive synthesis experiments should be done
to successfully synthesize the bimetallic version of this complex. These results give insights into
the design and synthesis of transition metal-based ligand/catalyst for hydrogen evolution

reaction.

3.4. Experimental Section

3.4.1. General Considerations

All procedures and manipulations were performed under an argon or nitrogen atmosphere using
standard Schlenk-line and glovebox 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. Complex 1 was synthesized
according to a literature procedure (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. The 'H 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
PerkinElmer 2400 Series II 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
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(HPC) detector and dual Mo and Cu microfocus sealed X-ray source (Cu Ko A = 1.542 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.

3.4.2. Synthesis of 2

Under nitrogen atmosphere, a solution of 0.1 g (1 eq.) of 1 in approximately 1 mL of THF was
added to a solution of 0.1675 g (6 eq.) salicylaldehyde in approximately 1 mL THF charged with
activated molecular sieves. The mixture was stirred for 15 mins and then a catalytic amount of
pyrrolidine solution (0.13 mL of 10 mol % pyrrolidine in DCM) was added and the color of the
solution immediately turned from orange to black. The reaction mixture was stirred overnight.
Then the solvent was evaporated under reduced pressure. DCM was added and stirred for a
while. The solution was filtered to remove the molecular sieves, and the filtrate was dried under
reduced pressure. Approximately 10 mL pentane was added and stirred for an hour, again filtered
to remove the excess salicylaldehyde and the solids were dried. DCM and Pentane (ratio 1:9)
were added and kept into the freezer to crash out the pure product. Again, it was filtered and

dried to get brown solid as pure product. Yield: 0.0440 g (29.33%). Crystals suitable for single
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crystal X-ray diffraction studies were grown from the slow evaporation of an

ether/dichloromethane solution of 2.
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Figure 3.4 '"H NMR spectrum (400 MHz, CDCls-ds) of 2.
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Chapter 4 - Conclusions and Future Directions

4.1. Conclusions

Chapter 2 described a novel calixpyrrole ligand with no amine functional group in the secondary
coordination sphere being synthesized. This ligand was synthesized from commercially available
or easily accessible starting material using a modular Schiff-base reaction which was also used
for synthesizing the calixpyrrole ligands with the acyl- and Boc-protected amine moieties. Then,
the novel ligand was coordinated to nickel metal. All three complexes exhibited square planar
geometry. Single crystal X-ray crystallography studies showed that the amide and carbamate
functional groups were properly positioned for making a hydrogen bond with incoming proton
sources and possibly orient them for PCET. The electrochemical properties were studied using
cyclic voltammetry for all three complexes. These three calixpyrrole complexes were targeted to
understand the role of pendant amine groups in the secondary sphere for proton shuttling because
the amine groups are either protected or absent in these complexes. The electrochemical
properties can be compared with the parent complex containing an amine group in the secondary
coordination sphere and understand the necessity of protonation/deprotonation of the pendant

11

amine to facilitate PCET. For the acyl- and Boc-protected complexes, Ni'"* couple became

11

irreversible and Ni”? became more evident. On the other hand, the Ni' redox couple maintained

quasi-reversible for the complex without any functional group in the secondary coordination

sphere, while the Ni"

was not visible.
Further electrochemical studies were carried out in the presence of a proton source,
anilinium tetrafluoroborate. No protonation was observed for all three calixpyrrole complexes, as

the amines were either protected or absent. This aligns with the goal of the design of the

calixpyrrole systems with no amine functional group in the second coordination sphere. Though

81



the nickel complexes lack the ability to protonate directly, the complexes were still active for
hydrogen evolution reaction. Under catalytic conditions, the peak current and peak potential for
HER shifted constantly and never stabilized ever after several scans. The Rinse test reveals that
the catalytically active species are heterogeneous in nature. The CV experiments showed that there
was a current response corresponding to HER initially, but it quickly disappeared with subsequent
scans and loss the catalytic current. These results suggested that the catalytically active species
were constantly decomposing, and this can be attributed to stepwise proton and electron transfers.
The nickel complexes with protected pendant amine groups in the secondary coordination sphere
exhibited similar properties as the nickel complex without any pendant group. This strongly
suggests that pendant hydrogen donor or acceptor moieties are not sufficient to regulate local
proton transport, instead proton shuttle which can accept and deliver protons are needed. The poor
catalytic properties exhibited by the nickel calixpyrrole compounds provide important insights into
ligand/catalyst design for hydrogen evolution reaction.

In chapter 3, a novel monometallic unsymmetric cofacial palladium salixpyrrole complex
was reported. This complex was synthesized in a straightforward Schiff-base reaction using the
calixpyrrole starting material and salicylaldehyde with a moderate yield. The complex was
characterized using '"H NMR spectroscopy and single crystal X-ray diffractometry. Complete
characterization and electrochemical studies towards HER were not done. The monometallic
complex bears two chemically distinct binding sites (calixpyrrole and salen), and the salen binding
pocket remained available for the second metal coordination. It was attempted to coordinate the
second metal and synthesize the homo- and hetero-bimetallic palladium salixpyrrole compound
though the synthesis was unsuccessful. These results give insights and future directions for design

and synthesis of ligand/catalyst design for HER.
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4.2. Future Directions

Based on the work undertaken, future efforts can be taken in multiple directions. For the
calixpyrrole complexes, further electrochemical studies are required to fully understand the
decomposition pathways that the complexes went through. A stronger source of proton can be
utilized as the anilinium tetrafluoroborate is not strong enough to deprotect the Boc-protecting
groups. For the monometallic salixpyrrole complex, complete characterization should be
completed using the 1*C, COSY and HSQC NMR spectroscopy, as well as elemental analysis.
When the complex is fully characterized, electrochemical properties towards HER should be
explored using cyclic voltammetry. It is expected that the complex will be catalytically active
towards HER as the analogous monometallic salixpyrrole complex containing tert-butyl
salicylaldehyde reported by Sues group was found to be active for HER electrocatalysis.! The
reported monometallic salixpyrrole complex exhibited a TOFs up to 1680 s™' and an
overpotential of 0.69 V.!

The next step should be synthesizing the homo-bimetallic salixpyrrole complex as the
bimetallic systems are reported to be better catalysts compared to the monometallic systems. The
Sues group reported a homo-bimetallic salixpyrrole complex which showed dramatic increase in
catalytic efficiency towards HER with a TOFs 4640 s! and an overpotential value of 0.39 V
which is significantly lower compared to the monometallic version.! With a smaller base, sodium
methoxide, the synthesis of homo-bimetallic salixpyrrole complex showed a little promising
result. But this experiment was not repeated. It must be attempted again to synthesize and ensure
reproducibility and determine the exact synthetic procedure. Once the synthesis is done, the

complex should be fully characterized using 'H, *C, COSY, HSQC, as well as elemental
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analysis and single crystal X-ray crystallography. Later, electrochemistry should be explored
using cyclic voltammetry and following the catalytic conditions established by Sues group and
then compared the catalytic properties with the reported bimetallic catalyst.

The unsymmetric cofacial salixpyrrole is much more amenable to numerous
modifications than the monometallic catalysts or traditional symmetric “pacman” systems. The
bimetallic systems can be tuned further using a combination of metals utilized to produce a
hetero-bimetallic catalyst. Hetero-bimetallic systems usually display a superior catalytic activity
towards HER because of the synergistic effect between two distinct metal centers.?3 Several
earth-abundant metals (Ni, Zn) can be incorporated in the second binding pockets as they are
cheap. Moreover, these metals are likely to form a square planar diamagnetic species which will
allow for characterization using NMR spectroscopy.

Both calixpyrrole and salixpyrrole ligand architectures can be modified through the
ligand as they offer a modular synthetic route. The hydroxide functionalities present on the
salicylaldehyde were incorporated to the ortho position to the imine bond, which suggests that
the Schiff-base reaction was insensitive to steric hindrance. Though too much bulky groups close
to the aldehyde might slow down the imine bond-formation. A range of aldehyde* and
calixpyrrole starting material can be utilized to modify the ligand architecture and this will be
helpful for tuning the binding pockets of the unsymmetric cofacial systems. The following

aldehydes (Figure 4.1) can be targeted as they are commercially available.
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Figure 4.1 Structures of targeted commercially available salicylaldehyde.

Lastly, another modification of the complexes can made by be tuning the pendant amine
basicity. Changing the substituents on amine group changes its basicity which significantly
impacts the catalytic activity.> Attaching alkyl groups to the amine is an effective way to increase
basicity and the general trend is the more alkyl substitution of the amine the stronger the basicity
of the amine. Alkyl substituents on an amine group donate electron density to the nitrogen and
thus enhance the basicity of the amines. By altering the basicity using various alkyl substituents
and conducting electrochemical studies, it would be possible to elucidate the exact role of

pendant amines.
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