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Abstract

In view of the current severe climate crisis and increasing resource scarcity, our society is in urgent
need for new strategies to generate fuels, chemicals, and materials from renewable feedstocks. In
the interest of future generations, actions need to be taken to develop more efficient transfor-
mations solely relying on renewable energy and without the emission of hazardous substances. In
this context, photocatalysis as a direct sunlight-driven process has the potential to contribute to a
sustainable economy that combines both synthesis and chemical recycling of various chemicals,
materials, and fuels. Indeed, excited states generated by light enable thermodynamically uphill
reactions, which forms the basis for solar energy storage into fuels. Furthermore, photocatalysis
allows the development of novel reaction routes via excited-state reactivity that are inaccessible
following ground-state catalytic pathways. Within this framework, this Ph.D thesis explore the
application of photocatalytic prosses in the field of artificial photosynthesis and synthetic chemis-
try.

The main part of the research activity focused on Dye-Sensitized Photoelectrochemical Cells
(DSPECs) for water splitting, a promising technology for converting solar energy into chemical
energy. In this approach, sunlight is captured by a dye and used to promote the photo-oxidation of
water (catalyzed by a water oxidation catalyst or WOC), producing ‘solar’ fuels such as hydrogen
(Ha2). In this regard, we worked on the modeling, synthesis, and characterization of novel metal-
free organic dyes. First, two families of donor-auxiliary acceptor-m-acceptor (D-A-n-A) sensitizers
were designed: compounds la-c¢ with a 2,3-diphenylquinoxaline core, and compounds PP2a-c
with a 2,3-diphenylpyrido[3,4-b]pyrazine core. These dyes were successfully synthesized and
characterized spectroscopically and electrochemically. Furthermore, the ability of compounds 1a-
c to function as anodic sensitizers was evaluated through photo-electrochemical tests in a three-
electrode cell, showing promising results, with compound 1a demonstrating the highest photocur-
rent generation. Afterward, we turned our attention to alternative dye/catalyst photoanode-sensiti-
zation strategies, moving beyond conventional co-loading methods. Here, a novel metal-free sen-
sitizer-catalyst covalent adduct (dyad) was designed, building on the structure of dye 1a and mod-
ifying it to enable coordination with the Ru(bda) WOC. This led to the successful synthesis of
dyad D1A2, whose obtainment was supported by a full spectro-electrochemical characterization.
In addition to this main subject, as a final part of this research work, we also explored the potential
of near-ultraviolet and visible light irradiation as a powerful mean in synthetic chemistry. In par-
ticular, we investigated novel methodologies for N-functional groups migration on aromatic rings,

facilitating the conversion of aryl azides into anilines with regioisomeric substitution patterns.
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Introduction







THE WORLD’S ENERGY STATUS

1.1 The World’s energy status

As recently stated by Ognjen S. Miljani¢ and Joseph A. Pratt in their book about energy and sus-
tainability “since the very beginning of civilization, humans have used energy to power their daily
activities. The history of humanity runs parallel with the history of its energy use: as our civiliza-
tion and population grew, so did our need for energy”.!

The processes involved in energy extraction, distribution, and consumption profoundly influence
many aspects of global life, not only from an ecological and economic perspective but also in
terms of social inequality.> A significant disparity exists in energy access, with approximately 10%
of the population, concentrated in affluent nations, consuming nearly half of the World’s total
energy supply, while the poorest 25% use less than 3%. Although ensuring a sufficient energy
supply is just one of the many challenges facing humanity, the availability of energy underpins
almost every other pressing social and political issue of our time. From food production and clean
water access to healthcare, environmental preservation, education, and even conflict, nearly all
these problems are intricately linked to how energy is sourced, distributed, and utilized.?

With the advent of the modern era and the Industrial Revolution, global energy consumption has
seen a dramatic rise, driven by population growth, industrialization, and increasing energy needs.
This ascending trend has not stopped yet: in 2023, the global energy demand increased by 2%
from 2022, reaching 620 EJ (17 x 10* terawatt hours), reflecting a widespread economic recovery
from the impacts of the COVID-19 pandemic.*

Nowadays fossil fuels still provide almost 80% of the global primary energy supply, used in trans-
portation, heating and electricity conversion. Fossil oil consumption averaged 101.1 million bar-
rels a day in 2023, slightly above the pre-pandemic record of 101.0 million barrels a day. Coal
consumption rose 1.4% to surpass 8.5 billion tonnes annually for the first time ever. For fossil gas,
the annual growth rate in consumption has slowed from an average of 2.5% in 2017 to an average
of 1.6% during 2021-2023. Modern renewables, such as hydropower, wind, solar energy and bio-
fuels, represented 15% of total final energy consumption. In 2023, nearly half of the World's total
final energy consumption was in the form of direct heat, followed by fuels (including liquid and
gaseous fuels for transport), with a 29% share. The proportion of electricity (also used for heat and
transport) in the global energy supply has been rising consistently — reaching 23% up from 19%
in 2011 — with increasing dependence on electricity to meet demand across all sectors (Figure 1.1).
The renewable share in electricity generation increased marginally from 29.4% in 2022 to 30.3%
in 2023, although this mostly covered the increase in electricity demand rather than replacing fossil

fuels.’
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Figure 1.1 Total Final Energy Consumption and Share of Modern Renewables, by Energy Carrier, 2023 (bot-
tom).”

Besides being a non-renewable source, fossil fuels are by far the largest contributor to global cli-
mate change, accounting for over 75% of global greenhouse gas emissions and nearly 90% of all
carbon dioxide emissions, which is identified as the primary driver of climate change worldwide.
So far, the global temperature increase compared with pre-industrial times (before 1850) has been
near 1.2 °C, with 1.1 °C since 1900, and is projected to be at the 1.5 °C level within 15 to 20 years

if emissions of greenhouse gases are not drastically reduced (Figure 1.2).6

Billions

Anomaly (Degrees Celsius, 1951-1980 Period)
Tons of carbon

——=Land Temperafure Index ~ ——Ocean Temperature Index Reference Period ~ —=—Tons of Carbon

Figure 1.2 Average Global Temperature and Carbon Emissions from Fossil Fuel Burning, 1880-2021.7

In response to wide-ranging goals related to climate change and decarbonization, decision-makers
have enacted new renewable energy policies. With the approval of the European Green Deal, in
2020, and RePowerEU, in 2022, the European Commission has launched a package of measures
aimed at decarbonization and sustainable economic development with the goal of making the Eu-

ropean Union climate neutral by 2050.
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These initiatives focus mainly on accelerating the deployment of renewable energy sources like
solar, wind, hydropower, and green hydrogen, while also enhancing energy efficiency and mod-
ernizing energy infrastructure. The aim is to reach at least 45% renewable energy by 2030, in order
to reduce the EU’s dependence on imported energy and move towards a more decentralized, lo-
cally-sourced energy supply. Driven by these policies, in 2023, renewable energy was the leading
source of electricity in the EU, accounting for 44.7% of all electricity production generating 1.21
million Gigawatt-hours (GWh) - a 12.4% increase from 2022.%

Globally, the renewable power sector took a large step forward, deploying a record amount of new
capacity and extending to new geographic areas. With 536 GW, a 54% increase over 2022, the
globally installed renewable electricity generation capacity has now reached a new record of 4,034
GW. While the increases in renewable capacity in Europe, the United States and Brazil hit all-time
highs, China’s acceleration was extraordinary. In 2023, China commissioned as much solar pho-
tovoltaics (PV) as the entire world did in 2022, while its wind additions also grew by 66% year-

on-year.’

 Europe

42w
North America
° 15/® 2.0
8 - Africa and JGW
i Middle East India
Latin America %TG:H
ieechuding Brag razi
T 396w

Asia and Oceania
{exchuding Ingka and China
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Figure 1.3 Renewable Power Capacity Additions, by Region/Country, 2023 (top); Renewable Power Total In-
stalled Capacity and Additions, by Technology, 2023 (bottom). >

Solar installations rose by a record of 208 GW —from 199 GW 1n 2022 to 407 GW in 2023. Almost
three-quarters of all renewable capacity built in 2023 was solar. Wind additions also increased by
a sizable 51% in 2023, accounting for another quarter of renewable capacity additions in 2023.
After two years of slower growth, 2023 saw a new record for wind capacity additions, beating the

previous record set in 2020'° (Figure 1.3).
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1.2 Solar energy conversion

As seen above, nowadays the majority of new renewable energy installations across the World is
related to solar energy. Indeed, solar energy is the most abundant permanent energy resource on
earth. The sun emits energy at a rate of 3.8 x 10?> kW. Of this total, only a small fraction, approx-
imately 1.8 x 10'* kW is intercepted by the earth, which is located about 150 million km away
from the Sun. About 60% of this amount, ca. 1.08 x 10'* kW, reaches the Earth’s surface. The rest
is reflected back into space and absorbed by the atmosphere. Even if only 0.1% of the energy
hitting the Earth’s surface could be converted with a power conversion efficiency of only 10%, it
would be four times the world’s total generating capacity of about 3000 GW. Looking at it another
way, the total annual solar radiation falling on the Earth is more than 7500 times the world’s total
annual primary energy consumption of 620 EJ.'! Solar energy has then tremendous potential as a
clean, abundant, widely distributed and affordable energy source, but it has some drawbacks that
limit its exploitation: it is diffuse (ca. 170 W m2) and intermittent, so it must be concentrated and
converted into more useful forms of energy, such as electricity or fuels, and then stored and dis-
tributed.!?

In the last two decades, a large amount of work has been devoted to increasing the efficiency of
existing technologies able to convert solar energy into electric current (see paragraph 1.2.1), as
well as to developing new ones. On the other hand, electricity accounts only for a minor portion
of the global energy needs, so the development of new technologies for the production of fuels in
a renewable and clean manner is becoming mandatory for the imminent energy transition. Direct
production of fuels from sunlight appears to be one of the most promising technologies in this

field, and it will be further discussed in paragraph 1.3.

1.2.1 Electricity from the Sun: photovoltaics

Sunlight can be converted into electricity either indirectly through concentrated solar power (CSP)
or directly through photovoltaics (PV). CSP works by concentrating sunlight with optical systems
like parabolic collectors and solar towers, producing high-temperature fluids that drive conven-
tional turbines for large-scale electricity generation. Although CSP can offer cost-effective elec-
tricity, it has a major drawback: it is only economically feasible in the sunbelt region, a geographic
area located between the 35th northern and southern latitudes. This rules out the vast majority of

the wealthiest countries, an obvious obstacle for stimulating wide market diffusion. '?
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Photovoltaic devices, which directly convert light into electricity, are to date the most widely used
solar energy technology not only because they are relatively cheap, but also thanks to their sim-
plicity of installation and use. Even though the fundamental principles behind photovoltaic tech-
nology were already known since the 19th century, after the discovery of photovoltaic effect by
Alexandre Edmond Becquerel,'* the first practical photovoltaic device, also known as solar cell,
was publicly demonstrated in the mid-50’s at Bell Laboratories.!® Since then, PV technology has
advanced significantly, especially over the past 30 years, with notable improvements in device
performance and a broadening range of applications. This growing interest in photovoltaics has
been accompanied by continuous technological progress, resulting in higher efficiencies and
sharply reduced production costs, which has fuelled the rapid expansion of the photovoltaic indus-
try.1
Nowadays, solar cells are usually classified according to consecutive technology generations.
Based on the nature and physical properties of the materials employed for their fabrication, three
main classes of solar cells can be identified:

e Silicon-based solar technology (First generation);

e Thin-film PV cells (Second generation);

¢ Emerging (organic and hybrid) photovoltaics (Third generation).

1.2.1.1 First generation: silicon-based solar cells

Silicon-based solar cells historically represent the first class of solar cells ever developed. These
devices are based on p-n junctions consisting of two contacting silicon semiconductor layers with
opposite doping. This wafer of approximately 200-300 pum thickness, is created by doping the
growing crystals of silicon with 0.1% of atoms of Group III (B or Al for the positive layer) and
Group V (P or As for the negative layer). The working mechanism of this kind of cells is shown
in Figure 1.4: in the dark, at the interface, the electrons flow from the negative region to the posi-
tive one, generating an in-built electric field and creating the so-called space-charge region (Figure
1.4a). When light hits the device at a proper angle of impact, electrons in the p-type region are
promoted to the conduction band (CB), leaving holes in the valence band (VB). The electron-hole
pairs diffuse toward the space-charge region; once there, electrons are taken across the junction by
action of the built-in potential created at the interface (Vy;, Figure 1.4, bottom)), leaving holes
behind (charge separation). Once in the n-region, the electrons then diffuse towards the contact
and enter the external circuit. The cycle is over when such electrons re-enter the device and fill the

holes at the p-side. The same, but opposite, process happens for holes generated on the n-side.!”
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The semiconductor used can be mono- or polycrystalline silicon. Monocrystalline solar cells are
made using a single crystal of silicon (Si), produced with high accuracy by the Czochralski pro-
cess.!® Although monocrystalline solar modules are more efficient, reaching a record solar-to-
power efficiency of 27.3%'°, they are also more expensive because of the higher production costs
of the semiconducting material and the complicated production procedures; for this reason, mod-

ules based on polycrystalline silicon are the most applied in practice (record efficiency: 24.4%)."

(a) B SN\ hy

Figure 1.4 Diagram of a p-n junction (a) at the equilibrium and (b) under illumination.?’

Nowadays, approximately 95% of the total market share of solar cells comes from crystalline sil-
icon materials. The popularity of these devices is based not only on their long lifetime, good effi-
ciency and low installation costs, but also on the fact that the key materials used are abundant,
nontoxic and easy to recycle at end-of-life of the cell. Despite the enormous benefits related to the
use of this technology, silicon-based solar cells still face several challenges. These include a com-
plex manufacturing process, as well as difficulty in seamless integration into buildings and urban
environments due to their thickness, limited flexibility, and less aesthetically pleasing appear-

ance.21

1.2.1.2 Second generation: thin film technology

Thin-film solar cells are made by coating thin layers of photovoltaic materials onto a glass, plastic,
or metal substrate. These devices are significantly thinner than first-generation crystalline silicon
cells, with thicknesses ranging from a few hundred nanometers to several micrometers. Despite
their differences in structure, thin-film cells still operate on the principle of a p-n junction, like
traditional silicon-based solar cells. Typically, cadmium sulfide (CdS) serves as the n-type layer,

while various photovoltaic materials are used as the p-type, or light-absorbing, side. Depending
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on the specific semiconductors paired with CdS, thin-film solar panels are categorized into five

distinct types:

L.

iL.

iii.

1v.

)22

Amorphous Silicon (a-Si)* is the most used thin-film solar technology. It stands out for being

more environmentally friendly and durable compared to alternatives like CdTe and CIGS (see
below). Additionally, it uses significantly less silicon compared to crystalline modules, making
its production more economical than conventional silicon-based cells. However, a-Si cells are
less efficient, with a peak efficiency of around 14%, ** which makes them best suited for low-
power applications such as consumer electronics.

Cadmium telluride (CdTe)**: due to the band-gap of of 1.45 eV, that fits very well with the

energy of solar radiation, CdTe film reached efficiencies comparable with crystalline-Si
(22.6% for lab cells,” 19% for modules?®). Despite the competitive efficiencies, CdTe films
unfortunately present other significant drawbacks: cadmium is a relatively toxic element, and
tellurium supplies are limited.

)27

Copper indium gallium selenide (CIGS)*” have an exceptionally high absorption coefficient,

allowing them to be much thinner than other semiconductor materials while maintaining com-
petitive costs and solid performance. Lab-scale CIGS cells have achieved efficiencies of
23.6%,?® with commercial modules reaching over 19%.% However, like CdTe technology, a
major downside is the use of toxic and rare elements, such as indium and gallium, which raises
environmental concerns due to their scarcity and potential ecological impact.

Copper zinc tin sulfide (CZTSSe)?°: this material, also known as kesterite, is an attractive al-

ternative to CIGS since it is composed of less toxic, earth-abundant and low-cost elements.
Despite that, the current relatively low efficiencies (13.8%>") still prevent a commercial appli-
cation of this technology.

Gallium Arsenide (GaAs)*: the most expensive among thin-film technologies, GaAs holds a

world record 27.6%* efficiency for all single-junction solar cells. Due to their cost and the
scarcity of gallium reserves, these devices are primarily used for technologically advanced
applications (e.g. on spacecrafts) or for versatile, mass-scale instalments of PV energy in unu-
sual environments.
Even if flexibility, low weight and attractive look of this technology have led to innovative design
and implementation of photovoltaics in buildings (BIPV - building-integrated photovoltaics),*
as well as in flexible and portable device, the global market diffusion of thin-film cells never

reached more than 20% and has declined in recent years.
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1.2.1.3 Third generation: emerging photovoltaics

Silicon-based and thin-film solar cells described in the previous paragraphs, are bound by the
Shockley-Queisser limit, a thermodynamic principle that establishes the maximum theoretical ef-
ficiency for single-junction solar cells. Semiconductors can absorb only photons with energy equal
or higher in respect to their own band gap (E;), so electrons excited by photons with higher energy
then relax to the band edges, releasing surplus energy as heat (thermalization loss). For this reason,
this limit depends on the proper band gap energy of each photovoltaic material inside the cell and
can vary from 31% to 41%.°

In contrast, emerging photovoltaic technologies represent a new generation of solar cells which
are potentially able to overcome the Shockley-Queisser limit, achieving higher efficiencies and
possibly reducing costs. One approach to overcome this limit is through the development of multi-
junction cells, which incorporate layers of different photoactive materials. By combining materials
with varying band gaps, these cells can absorb a broader range of the solar spectrum.*® Notably, a
four-junction cell made from GaAs and In-based semiconductors has achieved remarkable results,
reaching a record solar-to-power conversion efficiency of 47.6%>” under a photovoltaic concen-
trator system. However, the high production costs of such cells currently hinder widespread prac-
tical application.

Besides multijunction cells, the last two decades hosted the rise of alternative PV cells based on
molecular organic systems and hybrid organic-inorganic systems, exploiting different mechanisms
to convert solar energy in electric current. Dye Sensitized Solar Cells (DSSC) ¥ and Perovskite
Solar Cells (PSC) * represent the very last frontier in photovoltaic technology.

Dye-sensitized solar cells technology was first reported in 1991 in the seminal paper by Michael
Gritzel and Brian O’Regan. *° The two chemists first introduced a completely new working mech-
anism, different form the other photovoltaic technologies and inspired, instead, to the natural pho-
tosynthesis. In contrast with PVs described so far, where the semiconductor layer acts as both
photoreceptor and charge transfer medium, in a so-called “Grétzel’s cell” the semiconductor is
linked with a fully organic or hybrid metal-organic sensitizer that can absorb photons in the visible
region of the solar spectrum and transfer electrons to the it. The basic components of a DSSC are
the dye-sensitized semiconductor electrode (or photoanode), the redox mediator (RM) and the
counter electrode (or cathode) The photoanode is composed by a conducting glass sheet, like tin

oxide doped with fluorine (FTO) or indium-tin oxide (ITO), upon which a few um thick layer of
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a nanocrystalline, wide band gap semiconductor (typically TiO>) is deposed. The electrode is sen-
sitized towards the harvesting of visible light by adsorption of a monolayer of dye molecules on

its surface.
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Figure 1.5 Schematic representation of the working mechanism of a DSSC.

The generation of photocurrents in a DSSC occurs through the processes shown in Figure 1.5.
When light is absorbed by the dye, an electron is excited to a higher energy level as a result of a
transition between an occupied and an unoccupied frontier molecular orbital (FMO). The excited
dye “injects” an electron into the conduction band of TiO». The resulting oxidized dye is subse-
quently reduced back to its original neutral state through electron donation from the redox media-
tor. The injected electron moves through the TiO» nanoparticles to arrive at the FTO and then
through the external circuit to the counter-electrode; here, the reduction of the redox shuttle occurs.
Thus, the cycle is over with production of electric current and without any permanent chemical
modification.

DSSC technology offer several exciting advantages over traditional first- and second-generation
technologies. One of the most notable benefits is their potential for integration into building struc-
tures, including applications in windows and facades.*' This not only enhances aesthetic appeal
but also allows for the effective utilization of otherwise wasted surface area for energy generation.
Additionally, the manufacturing processes for DSSC have the potential to be more cost-effective
than traditional photovoltaic technologies, which could substantially reduce production costs and
facilitate wider adoption. Performance is another strong suit; this technology can operate effec-
tively under non-standard illumination conditions and varying temperatures, making them versa-
tile for diverse environments. Moreover, DSSCs have lower requirements in terms of quantity and
quality of raw materials, which could reduce resource depletion and environmental impact com-

pared to conventional solar technologies.*
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Despite these advantages, the challenge of achieving efficiencies on par with silicon-based devices
remains a significant hurdle. The current lower efficiency rates (ca. 15% **) limit their commercial

viability, preventing them from gaining a foothold in the competitive renewable energy market.
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Figure 1.6 Evolution of emerging photovoltaic technology.

More recently, Perovskite solar cells (PSCs) have emerged as a leading candidate for next-gener-
ation solar technology, addressing critical energy and environmental challenges. As illustrated in
Figure 1.6, their efficiency has impressively surged from 3.8% in 2009 to 26.7% in 2024," show-
casing exceedingly rapid advancements in the field. Initially developed as a variation of traditional
DSSCs,* PSCs utilize mixed organic-inorganic metal halide perovskites—such as methylammo-
nium lead iodide (MAPbI3) and formamidinium lead iodide (FAPbl3)—as light-harvesting mate-
rials, which are sandwiched between hole- and electron-conducting layers.

This technology is attractive due to its cost-effectiveness and the relative ease of synthesizing and
assembling perovskite materials. However, despite these advantages, the commercialization of
perovskite-based solar cells is still hindered by several challenges. The high solubility in water of
these materials, while beneficial for device fabrication, makes them sensitive to moisture. Addi-
tionally, their crystallinity can deteriorate at the elevated temperatures experienced in solar panels
under intense irradiation, leading to a decline in efficiency. Furthermore, the dissolution of perov-
skite materials generates lead iodide (Pbl»), a carcinogenic compound, raising concerns about en-
vironmental safety. Although PSCs have achieved remarkable efficiencies compared to DSSCs,
positioning them as the most advanced third-generation photovoltaic technology, doubts about
their scalability remain. These concerns primarily arise from their limited stability, challenges in
processing, and the presence of toxic materials such Pb.* On the other hand, DSSCs continue to

present promising opportunities, especially in the rapidly growing area of indoor photovoltaics,
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where they can effectively power small electronic devices for Internet of Things (IoT) applica-

tions.*647

1.3 Fuels from the Sun

As can be deducted by the previous discussion, in recent decades, solar energy research has pre-
dominantly focused on the direct conversion of sunlight into electricity. However, this emphasis
overlooks a crucial reality: electricity fulfils only a fraction of our global energy needs. Currently,
more than 60% of energy consumption is tied to fuels used in transportation, heating and as raw
materials for the production of chemical intermediates. In the field of transportation, despite re-
markable advancements in electric vehicle technology, these innovations are not yet capable of
fully replacing traditional fossil fuel-fed internal combustion engines, especially for large trans-
portation or industrial vehicles.*® Therefore, electricity alone cannot achieve a comprehensive tran-
sition away from fossil fuels on a large scale. This limitation stems from the significantly lower
energy density of batteries compared to chemical fuels, both in terms of weight and volume. Ac-
cordingly, it is critically important to develop new technologies to access the production of fuels
in a renewable and clean manner to phase out fossil sources.*” In one approach that meets the
requirements of both storage and transportation, solar energy is captured and stored directly in the
chemical bonds of a material or ‘fuel’, and then used when needed. These chemical fuels, in which
energy from the sun has deliberately been stored, are called solar fuels. Solar fuels can be produced
from solar energy by both indirect and direct pathways. Examples of indirect pathways include
conversion of biomass to biogas, as well as hydrogen production by electrolysis of water using
electricity from photovoltaics. Direct pathways produce the fuel directly in an integrated system,
without intermediate energy carriers. Among them, artificial photosynthesis (AP) represents the
main approach for the direct conversion of solar energy into chemical fuels® and will be discussed

in detail in the next paragraphs.

1.3.1 Natural photosynthesis

For billions of years, green plants, algae and photosynthetic bacteria have continuously
achieved what the scientific community seeks to replicate. Through the intricate process of photo-
synthesis, these organisms capture sunlight and convert it into the chemical energy stored in or-
ganic molecules, which serve as the fundamental building blocks of all living things, as well as
the origin of fossil fuels like oil, gas, and coal. These fossil fuels, formed from ancient photosyn-

thetic activity, now provide most of the energy we rely on to power our technologies, heat our
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homes, and manufacture the diverse array of materials that sustains our daily lives.>! The effec-
tiveness of photosynthesis as an energy-generating and -storing system lies in its use of abundant
resources: sunlight, water, and carbon dioxide. Central to this process is the splitting of water
molecules by sunlight, resulting in oxygen and hydrogen equivalents. The released oxygen en-
riches our atmosphere, enabling respiration in living organisms and combustion in our technolo-
gies. Meanwhile, the hydrogen equivalents are utilized to convert carbon dioxide into sugars and
various organic compounds. When we burn fossil fuels, biomass, or other biofuels, we essentially
reverse the process of photosynthesis by combining the stored hydrogen in these organic molecules
with atmospheric oxygen, producing water, CO», and releasing energy. A similar energy release
occurs when we metabolize food through respiration, where our bodies convert oxygen and hy-
drogen into metabolic energy. Thus, in the biological realm, photosynthesis splits water to produce
oxygen and hydrogen, while respiration combines them in a highly efficient manner to generate
energy. From an energetic perspective, the synthesis of organic molecules represents a method of

storing hydrogen, effectively capturing solar energy in the form of chemical bonds (Figure 1.7).%

solar energy
0,

photosynthesis dark reactions

light reactions Co,
2H,0 IHY+de = CH,0
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CO, molecules
respiration biomass
combustion food
energy 0, fossil fuels

Figure 1.7 A diagrammatic representation of energy flow in biology.”

Photosynthesis occurs through the cooperation of photosystem-II, and photosystem-1. Each
of these photosystems contains a reaction centre where the main photosynthetic pigment (chloro-
phyll-a) and the accessory pigments (chlorophyll-b and carotenoids) are located, the so-called an-
tenna system. The role of the pigments is to absorb light energy, initiating the process to convert
it into chemical energy. About 250-400 chlorophyll-a molecules constitute a single photosystem.
The two different photosystems contain different forms of chlorophyll-a in their reaction centres.
In photosystem-I, chlorophyll-a with maximum absorption at 700 nm (P700) and in photosystem-
I, chlorophyll-b with peak absorption at 680 nm (Psso), act as reaction centres. (P stands for pig-

ment).>>

The whole solar energy conversion system constitutes a so-called “Z-Scheme” (Figure
1.8). In principle, the light absorber (Psso) in photosystem-II is excited by photons, creating elec-
tron-hole pairs. The excited electron is then transferred to photosystem-I through an electron trans-

fer chain. In photosystem-I, the electron is further excited to a higher energy level by P700 and used
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for the reduction of NADP* to NADPH mediated by a specific enzyme called ferredoxin-NADP*
reductase (FNR).

Solar Light

Solar Light -

2H*+% 0, \%- -

. 2 NADP* + 2H*

H,0

2 NADPH

Energy of electron

Figure 1.8 Simplified Z-scheme diagram of the natural photosynthesis.”*

Subsequently, NADPH is used for CO; fixation in the Calvin cycle (i. e. “dark” cycle, since it
does not require light to proceed) to produce carbohydrates and store energy. To accomplish the
whole photosynthetic process, the oxidized Psgo* extracts electrons and protons from water by the
water oxidation process, which is catalyzed by the oxygen-evolving complex (OEC) in photosys-
tem-II. In other words, the water oxidation reaction (WOR) plays a pivotal role as an electron and
proton source in the whole natural photosynthetic machinery.>’
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Figure 1.9 a) The structure of OEC in photosystem-1I, adapted from reference 56. Copyright 2015 Nature
Publishing Group. b) The catalytic cycle of water oxidation on OEC in photosystem-II, adapted from refer-
ence 57.

The catalytically active site for water oxidation in natural OEC has been revealed to consist of a
Mn4CaOs cluster (Figure 1.9a), assisted by several protein residues acting as electron and proton
shuttles. The Mn4CaOs cluster has a cubane-like structure with three manganese atoms and one
calcium atom connected by oxygen atoms. Another manganese atom is situated outside of the
cluster and is known as the dangling manganese. The catalytic mechanism of water oxidation in
the OEC has been thoroughly studied during the past years but is not yet fully elucidated. It is

widely accepted that five redox intermediates (named “S-states”) featuring different Mn valence
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states are involved in the catalytic cycle (Figure 1.9b). The O-O bond formation has been proposed

to take place in the S4 state, yet the reaction mechanism is still controversial.
1.3.2 Artificial photosynthesis

The idea of using the basic science underlying photosynthesis to obtain solar fuels was
already discussed over 100 years ago by an Italian scientist, Giacomo Ciamician, in a famous paper
entitled "The photochemistry of the future", in which he stated: “Photochemistry will artificially
put solar energy to practical uses. To do this, it would be sufficient to be able to imitate the assim-
ilating processes of plants”.’® To mimic the natural photosynthesis process, scientists have devel-
oped artificial photosynthesis systems to convert solar energy into chemical energy with man-
made materials.”® Although several different strategies have been investigated for artificial photo-
synthesis, most commonly the main functional unit is composed of a light harvester, charge sepa-
rator, and catalysts for oxidation/reduction reactions.

Different types of fuels and high value-added chemicals can be accessed with artificial photosyn-
thesis by driving the corresponding redox reactions,®® such as hydrogen gas from water splitting,’'
carbon-based organic feedstocks form CO> reduction,®? ammonia production from nitrogen fixa-
tion,* epoxide production from hydrocarbon oxygenation,®* and hydrogen peroxide production
from oxygen reduction®® Among all, the water splitting reaction to produce hydrogen fuel is the
most investigated reaction in artificial photosynthesis.® Notably, due to its remarkable features
such as high specific energy, low carbon footprint, and its potential for direct conversion to elec-
tricity in fuel cells, hydrogen has emerged as a promising sustainable energy vector to replace
fossil fuels.

The water oxidation reaction (equation 1) represents the key step of water splitting reaction (equa-
tion 2). However, it is also the bottleneck for the successful development of efficient photocatalytic
systems, because it requires a high thermodynamic potential (AG = 237 k] mol™! and E® = 1.23 V)
and a high overpotential to overcome the kinetic barrier involved in the transfer of 4H* and 4e~%

2H,0 50, + 4H* + 4e~  E°(pH7)=+0.82 V vs NHE (1.1)
H,0 > Hy + 20, AG =1.23 eV (237 kJ mol ™) (1.2)

Therefore, to improve water oxidation efficiency, water oxidation catalysts with lower overpoten-
tials, i.e. lower activation energies, are highly demanded.

The photolysis of water was first demonstrated by the pioneering work of Honda and Fu-
jishima in 1972.% Since then, tremendous efforts have been made for the development of new

technologies for efficient sun-driven water splitting. To date, three different approaches can be
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envisaged (Figure 1.10): photovoltaic-electrochemical (PV-EC) systems,% photocatalytic (PC)
systems,’® and photoelectrochemical (PEC) systems.®® While the first of these technologies has
been already used in industrialization pilot projects, PC- and PEC-systems are still in the research

stage of rapid development.

a) : b)
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Figure 1.10 a) General concept of artificial photosynthesis;”'b) Schematic diagrams of commonly studied
Photosynthetic systems.””

1.3.2.1 Photovoltaic-electrochemical (PV-EC) systems

Photovoltaic—electrochemical (PV—-EC) systems seamlessly combine two well-established
technologies, such as photovoltaic devices and electrolysers (Figure 1.10, bottom right). In these
systems, PV modules absorb photons and generate electron carriers, which are transported to the
electrolyser electrodes through an external wire, providing all the electrical energy for the redox
chemical reactions occurring at the anode and the cathode. The separation of the light absorption
part from the electrochemical reaction offers several advantages: (1) two components, i.e., solar
cell and electrolyser, can be investigated and developed separately; (2) light absorber can be pro-
tected from the damage of the electrochemical process, conferring excellent stability to these de-
vices in comparison with the photoelectrodes in the PEC system (see below). More significantly,
PV-EC systems can achieve a high energy conversion efficiency’>”>. To date, PV-EC systems
have reached a remarkable solar to hydrogen (STH) efficiency of over 30% by using one In-
GaP/GaAs/GalnNAsSb triple-junction solar cell and two polymer electrolyte membrane electro-
lysers in series.”®
The development of PV-EC devices for Hz production from H>O based on the available technolo-

gies represents currently the best possible approach and the solution closer to practical application.

However, given their high cost and the huge demand that would follow large scale deployment of
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PV-EC systems, the replacement of noble metal-based electrocatalysts must be addressed in order

to make this technology really fit for market application.

1.3.2.2 Photocatalytic (PC) systems

The heart of photocatalytic water splitting is the semiconductor (SC). When a semiconductor ab-
sorbs photons with higher energies than its band gap energy, electrons in the VB are excited to the
CB. As a result, excited electrons and holes are generated in the conduction and valence bands,
respectively. The charge separation (e in the CB and h* in the VB) is then followed by the charge
migration from the bulk to the surface where the real water splitting reaction can take place (Figure

1.11a).

a) b)
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Figure 1.11 a) Schematic illustration of the overall water-splitting reaction on a semiconductor surface;”” b)
Band gap energies and band position of several semiconductors in relation with the redox potentials of water
splitting. The position of the CB and VB edges are presented relative to the NHE at pH = 0.”%

The photogenerated carriers can drive reduction and oxidation reactions if the charge transfers to
the reactants are thermodynamically favorable. To achieve photocatalytic water splitting using a
single photocatalyst, the band gap of the semiconductor must straddle the reduction and oxidation
potentials of water, which are +0.0 and +1.23 V vs. normal hydrogen electrode (NHE), respec-
tively, when the reactant solution is at pH 0.”” Under these conditions the theoretical minimal band
gap for water splitting is 1.23 eV, which corresponds to a wavelength of about 1010 nm. Thus,
theoretically 70% of solar photons could be employed for water splitting reaction, but in practice,
this value rises to 2.0— 2.4 eV, due to kinetic overpotentials and energy losses during the process.®’
In the last decades, thousands of different semiconductors have been tested as photocatalysts for
water splitting. Among them, over 130, including oxides, sulfides, nitrides, and hydroxides, have
been shown to be able to split water.?! In terms of quantum efficiency (QE) (defined as the number
of photons actually utilized for the target reaction divided by the number of incident photons) the

record holder is a NiO/NaTaOs junction , with a QE of 56%.%As can be seen from Figure 1.11b,

some semiconductors, such as Fe2O3 (Eg =2.2 eV) and Cuz0 (E; =2.2 eV), have sufficiently small
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bandgaps, which allow a broader light absorption in the visible region, but their CB and VB are
not in the correct position to drive the overall water- splitting process alone. Indeed, the CB of
Cu0 is in the correct position to guide the proton reduction reaction, but its VB is not positive
enough to favor the oxidation of water. On the other hand, Fe>O3 has a VB positive enough to
perform the oxidation of water, but a CB which is not negative enough. Consequently, these ma-
terials can only be used for one of the half- reactions: photo- driven water oxidation or hydrogen
evolution. In an alternative approach to the single photocatalyst system, it is possible to connect
these two SC with a redox couple (105 /1", Fe?*/Fe’", etc.) to obtain a tandem configuration, quite
similar to the Z-scheme of the photosystem-I and photosystem-II (Figure 1.12). However, in this
case, the energy of two photons is required to generate the electron/hole couple on both SCs, thus

the efficiency of the charge separation reaction drops to 50%.%

H* R.eductlon
site

H, 2

Electron Oxidation
mediator site

Figure 1.12 A Z-scheme tandem configuration composed of two SCs connected through a redox couple.3*

Among all tested SCs for water splitting, either alone or combined with other materials, TiO: is

still considered the most promising material for hydrogen generation because it is photostable,

environmentally friendly, cheap, and readily available. Despite that, still several drawbacks are
associated with the use of TiOx:

e TiO; has a large overpotential as water splitting catalyst, thus reaction on pure TiO> proceeds
very slowly and with low yields.%

e Rapid electron/hole recombination takes place on TiO:z: studies found that 90% of the photo-
generated charges are bound to recombine.®

e Thermal back reaction between H» and O to give H>O is highly favoured.®’

e TiO: is unable of absorbing visible light, only UV can be used so that only a narrow part of the
solar spectrum can be harvested (UV covers 4-5% of the solar spectrum, while visible photons,
400 nm < A < 700 nm, compose approx. 50% of it).%

Many modifications have been developed to enhance TiO: activity and solve or limit its draw-

backs.?” These include: the loading of nanoparticulate cocatalysts that significantly lower the re-

action overpotential, suppress the recombination of e and h* and increase activity (Pt and Rh are
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the most used for reduction and oxidation reaction, respectively and surface sensitization
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with small bandgap semiconductors,”””* noble metal nanoparticles and dyes.

1.3.2.3 Photoelectrochemical (PEC) systems

Photoelectrochemical (PEC) cells represent an alternative approach to mimic the first step
of natural photosynthesis, namely solar-driven water splitting.!°! PEC cells convert solar energy
into storable chemical energy through PEC processes that combine light harvesting and water
electrolysis in a single device. In addition to chemical energy, electricity is produced simultane-
ously. A typical PEC cell for water splitting consists of two electrodes, an anode and a cathode,
connected through an external circuit and immersed in two different half-cells filled with an aque-
ous medium. To collect solar radiation, the anode and cathode are made by n- or p- type SC,
respectively, and are called photoelectrodes.!’> Depending on the type of photoactive electrode(s)
used, a photoelectrochemical (PEC) cell can be configured in three main classes: PECs with a
photoanode (PA) and a passive cathode, PECs with a photocathode (PC) and a passive anode, or
PECs with a photoanode and a photocathode (Figure 1.13). The last configuration, known as a
tandem PEC, is the most promising because it enables the collection of a broader range of the solar

spectrum, closely resembling the process of natural photosynthesis.'*?

VG Y G o ° —

e
By, -.’]'{' N
hv -
7 (0y)
Eyp s _}“"
7 H,0 (7]
Electrolyte
Photoanode Cathode Anode Photocathode Photoanode Photocathode

Figure 1.13 Configurations of PEC for water splitting and operating principle under illumination. a) PEC
with photoanode and a passive cathode; b) PEC with a photocathode and a passive anode; c) tandem PEC
with a photoanode and a photocathode. '™

Among multiple device architectures, a remarkably simple approach was reported by Honda
and Fujishima in 1972, which demonstrated the feasibility of PECs for water splitting under ultra-
violet (UV) irradiation. This device employed a n-type TiO: (anatase, E; = 3.2 eV, Aaps < 390 nm)
photoanode coupled with a platinum (Pt) cathode, and was able to drive water splitting by means

of the fundamental mechanism of operation shown in Figure 1.14.
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Figure 1.14 Honda-Fujishima photoelectrochemical cell with TiO» as photoanode.

Water splitting into H> and O» occurred in acidic solution with a small applied bias following UV
excitation of TiO; and charge separation. The photogenerated holes (h*) in the VB of TiO> nano-
particles oxidize water at the surface. Meanwhile, free conduction-band electrons migrated to the
cathode for H* reduction to H». Even if this device achieved a low efficiencys, it laid the basis for
future developments and studies in this direction. Since then, significant progress has been made
on developing new photoelectrode materials and improving the solar water splitting performances.
Some examples of tandem PECs for water splitting made by pure SCs have also been reported.
The most used SCs in these types of PECs are metal oxides and oxynitrides for the photoanode,
like WOs3, Fe>O3, TaON, LaTiO2N and p- type chalcogenides and metal oxides for the photocath-
ode, like CdTe, Culni- xGaxSez, p- Cu2O4. However, their efficiency is still below the threshold
for commercial application.'%-112

As already discussed for PC systems, one dilemma commonly occurring in the research of SC
photocatalysts or photoelectrodes is that it is intrinsically difficult to develop an oxide SC that
possesses both a sufficiently narrow band gap to absorb visible light and suitable energy levels to
drive both WS catalytic reactions simultaneously, thus resulting in either poor absorption charac-
teristic or use of additional undesirable external bias. Moreover, it is also intrinsically difficult to
fine tune the band levels of these inorganic materials.'!'> An innovative approach for PEC cells,
that addresses these problems, involves a hybrid design where semiconductor materials with large
band gaps are sensitized with dyes and paired with a water oxidation catalyst (WOC) and/or a
hydrogen evolution catalyst (HEC). The addition of dyes enhances the film light-harvesting capa-
bility, while catalysts accelerate the water-splitting reactions. This approach defines dye-sensitized

photoelectrochemical cells (DSPECs). !

19



DYE-SENSITIZED PHOTOELECTROCHEMICAL CELLS (DSPECS)

1.4 Dye-sensitized photoelectrochemical cells (DSPECs)

1.4.1 From DSSCs to DSPECs

The concept of a DSPEC has evolved from the dye-sensitized solar cell (DSSC), and as can

be seen from the schematic representations shown in Figure 1.15, the fundamental structure of a

DS-PEC is closely related to that of a DSSC. Indeed, the electron transfer processes listed below

are analogous in the two devices:!'!?

(1)  Upon absorption of visible light, the sensitizer undergoes a photoexcitation process, promot-
ing an electron from its highest occupied molecular orbital (HOMO) to the lowest unoccu-
pied molecular orbital (LUMO).

(2) The excited dye “injects” an electron into the CB of TiO».

(3) The injected electrons migrate through the bulk of nanocrystalline TiO> film, FTO conduct-

ing layer and external wires to the counter electrode, producing current.
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Figure 1.15 The architecture of n-type DSSCs (left) and n-type DSPECs (right).

The main differences between the two PEC devices are related to the regeneration of the dyes
attached on TiO; film.!'® As previously discussed, in DSSCs the oxidized dye is regenerated by
the redox mediator (RM) in the electrolyte. The oxidized form of the redox mediator diffuses to
the counter electrode where it receives electrons to close the whole circuit. In DSPECs based on
n-type semiconductors, water oxidation catalysts (WOCs) are coupled to the dye molecules to
regenerate the ground state dye instead of using redox mediators in electrolytes.'!” Subsequently,
water molecules are oxidized to oxygen by the catalyst at photoanodes. The photogenerated elec-
trons that transfer to the counter electrode are used to generate hydrogen to complete overall water
splitting. DSPECs based on p-type semiconductors are also developed.''®!"” Compared to p-type
DSSCs, hydrogen evolving catalysts (HECs) are used as electron acceptors to regenerate dye mol-

ecules in DSPECs rather than redox mediators in electrolyte, and then water reducing reaction
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occurs at the site of HECs. On the other side, water molecules are oxidized to form oxygen at the
anode.

Compared to DSSCs, DSPECs show a lower quantum yield of the process, typically 1-2%. In
DSSCs, photogenerated electrons can inject into the TiO> CB on a sub-picosecond timescale with
a high quantum yield. Then the oxidized dye can be regenerated by the redox mediator on the
nanosecond timescale, which is faster than back electron transfer from TiO»> to the oxidized dye or
redox mediator in the electrolyte (micro- to milliseconds). In DSPECs, the process of catalytic
water oxidation typically takes place on the millisecond timescale because of the weak driving
force for the reaction. As already mentioned, water oxidation is a four-electron, multiatomic, ther-
modynamic energy-demanding, and kinetically hampered process with a high activation barrier.
Therefore, the catalytic site needs time to accumulate four holes to oxidize water, while the charge

recombination reactions occur on a sub-millisecond time scale. 97

1.4.2 Working mechanism of tandem DS-PEC

Among all possible configurations, tandem DSPECs, % constructed with both a PA and a PC,
represents the most attractive cell-type, since it is the closest to natural photosynthesis and can
absorb two photons and thus transfer two electrons at one time.
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Figure 1.16 The schematic diagram of tandem DSPECs.

Moreover, compared to single-photoelectrode-based DSPECs which usually cannot provide suffi-
cient photogenerated potential for water splitting and need the assistance of an external electrical
bias, tandem DS-PEC can perform unassisted water splitting process. Furthermore, the two differ-
ent photoelectrodes can maximize solar energy utilization due to their complementary absorption
spectra, thus improving the theoretical maximum energy conversion efficiency of the whole sys-

tem. 121122 The schematic representation of a tandem DSPEC is shown in Figure 1.16.
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Concerning the working mechanism, in a tandem cell the electron transfer processes of each half-
cell occur simultaneously. On the photoanode side, excitation of the dye occurs when the incident
photon possesses energy (hv) that surpasses the optical band gap of photosensitizer (PS), resulting
in the formation of the excited state of PS (PS™). Then, the photo-generated electrons are injected
into the bottom of CB of n-SC in one cycle and are transported to the counter electrode through an
external circuit to accomplish the reduction of protons and the production of H». The resulting
oxidized PS species (PS*) is reduced by WOC that donates an electron to regenerate a neutral PS
in one cycle, raising its oxidation state (WOC'*"). Four cycles of forward electron transfer lead to
a fully oxidized WOC that can drive water oxidation reaction.'?*!>3 Meanwhile, at the photocath-
ode photons with sufficient energy induce the formation of PS*. Then, two charge transfer pro-
cesses, depending on the dye species, have been proposed:

(i) The reduction of HEC is preceded by a thermodynamic hole injection from PS* into p-SC
(reductive quenching): a hole from PS* injects into the top of VB of p-SC, forming the re-
duced state of PS (PS") and then initiating the first reduction of HEC (HEC'*%). Then PS~
transfers one electron to HEC, regenerating one PS per cycle.

(i1) HEC directly accepts electrons from PS* and hole injection then occurs between PS™ and p-
SC (oxidative quenching): one electron from PS™ directly moves to HEC to form HEC'",
then one electron travels from the p-type’s top of VB to PS*, regenerating one PS per cycle.

Nevertheless, proton reduction driven by the fully reduced HEC is finally achieved after two cycles
of forward electron transfer processes.'>*

For all the types of DSPECs described above, five basic elements are required to construct an
assembled device, including semiconductor, photosensitizer, water oxidation catalyst and/or hy-
drogen evolution catalyst, counter electrodes, and electrolytes. Every individual component has a
unique function and adds to the overall performance of the device, which will be explained thor-

oughly in the next sections.

1.4.3 Component materials

1.4.3.1 Semiconductors (SC)

In the construction of a DSPEC device, a proper SC should be stable when irradiated under
long-term illumination and immersed in electrolytes over a wide pH range. Meanwhile, as dis-
cussed above, the potential of CB/ VB should be suitable for photoinduced electron/hole injection

from the exited photosensitizer. In addition, the surface roughness and area of SC are also im-
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portant, which mainly affects the number of absorbed dyes on its surface. Therefore, porous nano-
crystalline SC films with remarkable surface areas are widely used as substrates for DSPECs. 1?+12
In PA-DSPEC, many n-type SCs have been exploited, such as TiO»,'26712% SnO, 1% and W0O;.!*°
Among them, TiO; is once again the most extensively studied material due to its superior stability
in aqueous solutions, facile synthesis and low toxicity.!3! In PC-DSPEC, the ability to quench
holes on the sensitizer is an important property for a suitable SC candidate. The most common p-
SC used for PC-DSPEC cathodes is NiO.!'” NiO is a mixed-valence SC consisting of Ni** and
Ni®* states. It has a quite wide bandgap (about 3.6-4 eV); thus it cannot compete with the dye for
light absorption. It has good thermal and chemical stability, and it is easily synthesized in the form
of nano particles at reasonably low temperatures. The potential of the NiO VB is 0.47 V vs. NHE
at pH 7, which makes it a good electron donor for many sensitizers. Unfortunately, a critical draw-
back for NiO is its low carrier mobility, which leads to fast charge recombination. According to
recent studies, the hole diffusion coefficient of NiO is approximately 1078 to 10”7 cm? /s, which is
at least a hundred times lower than the electron diffusion coefficient of TiO,.'!"” Therefore, several
132—

research groups have attempted exploring viable alternatives, reporting on the use of CuGaO-,

134 CuAl0,,'33:13¢ and p-Si'37138 as p-SC, respectively.

1.4.3.2 Photosensitizer (PS)

The sensitization of the surface plays a central role since, as it emerges from the previous discus-

sion, the dye is involved in some of the most crucial steps of the working mechanism of DSPEC,

namely light harvesting and charge separation. In general, the following properties are of great
importance to identify a high-performance PS in DSPECs:

1. Broad light absorption covering most of the visible light spectrum and even extending into the
near-infrared (near-IR) region, and high molar extinction coefficients that can guarantee suf-
ficient light-harvesting ability even at low dye loading conditions.

2. Appropriate LUMO level matched to the CB of n-type SCs (in the PA) or the reduction po-
tential of HERs (in the PC) to ensure sufficient thermodynamic driving force for electron
transfer.

3. Appropriate HOMO level matched to the VB of p-type SCs (In the PC) or the oxidation po-
tential of WOC:s (in the PA) to ensure fast hole transport.

4. High photophysical, photochemical, and electrochemical stability to avoid unwanted degra-
dation in multiple working cycles.

5. Favorable spatial configuration to prevent intermolecular aggregation and reduce energy loss

due to self-quenching.
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6. Proper aqueous solution adaptability to ensure favorable reaction processes.
7. Strong and permanent linkage to the semiconductor, obtained thanks to one, or more, anchor-
ing groups, which should also be able to promote charge injections, minimizing interfacial

charge-transfer resistance.

For what concern the last point, a variety of anchoring groups have been developed, including
catecholates (a),'* carboxylates (b,c),'**!*! phosphonates (d),'?614>!4 silatranes (e,f),!* hydrox-

amates (g)'**'* and pyridynes (h)'*® (Figure 1.17).
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Figure 1.17 Examples of anchoring and/or acceptor groups of PS for DSPEC.

Among them, carboxylic and cyanoacrylic acid are the most used anchoring groups for organic
dyes, mainly due to their relatively easy synthesis and rapid electron injection rate. In particular,
cyanoacrylic acid conjugates the electron-withdrawing properties of the cyano group with the
binding properties of the carboxylic moiety which is responsible for anchoring the dye to TiO>
thanks to formation of a titanate ester linkage. However, their stability in acidic aqueous solutions
(pH < 4) is only moderate, and at elevated pH levels, hydrolysis takes place quickly, resulting in
dye desorption. On the other hand, due to their ability to resist oxidation and maintain stability in
acidic, neutral, and basic conditions, phosphonic and hydroxamic acids exhibit a promising poten-
tial for application.'*® In recent years, pyridyl group has become a rising alternative due to its
water- and alkali-resistance property. In this case, the bond formed between a pyridyl anchoring
group and Ti0Oz is typically a coordination bond. This interaction is favored due to the strong elec-
tron-donating ability of the pyridyl nitrogen and the high affinity of titanium for such ligands,
creating a stable N-Ti bond. In 2017, Ozawa et al.'*" reported the first Ru-based photosensitizer
with pyridyl anchor groups, which gave better performance than the photosensitizers with carboxyl
and phosphate groups in the H; evolution experiment.

Besides their anchoring groups, DSPEC sensitizers can be classified into several categories, based
on their structure or their relevant photo- and electrochemical properties. In terms of structure, the
two most common categories are metal coordination complexes and fully organic dyes, whose

main features are described below.
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Metal coordination complexes

Historically, transition metal-based complexes have been the first class of sensitizers ever em-
ployed in DSPEC. Especially, ruthenium (II) tris-bipyridine complexes (the parent compound be-
ing [Ru(bpy)s]**) have been extensively investigated over the last decade as light absorbers due to
their long-lived excited state lifetimes (ca. 600 ns), high absorptivity in the visible region with A >
450 nm, owing to the metal-to-ligand charge transfer (MLCT) process, and a high ground-state
oxidation potential (ca. 1.26 V vs NHE). Furthermore, MLCT states can be altered systematically
by modifying the substitution pattern of the polypyridyl ligand. The wide possibilities to tune the
MLCT energy has led to the preparation of many different compounds that have been investigated

for semiconductor sensitization. 4”148

PS5 PS 6

Figure 1.18 Examples of Ru- and Zn- based photosensitizers reported in literature.

The first example of a ruthenium-polypyridine complex (PS1, Figure 1.18) was published by

Mallouk et al. in 2009.'* This sensitizer is characterized by two phosphonic anchoring groups for
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the SC and a malonic acid group for binding hydrated iridium oxide nanoparticles (that acted as
WOOC in that system). Since then, these classes of compounds have dominated early DS-PEC in-
vestigations (see, for example, PS2-PS4 in Figure 1.18),'°°152, However, the high cost of ruthe-
nium and the instability of its related complexes in oxygen rich environments for water oxidation
poses serious limits to it possible larger scale employment. !>}

Alternatively, a few examples have been reported in the literature in which organometallic dyes
made with abundant metals, such as zinc porphyrins, were applied as sensitizers for either the
photoanode or photocathode (PS5'*’ and PS6'>*, respectively). Zinc porphyrins show very intense
absorption bands in the visible region of the solar spectrum and give efficient electron injection in
the conduction band of TiO.. Despite remarkable activities, this class of compounds often requires
a complex synthetic pathway, characterized by difficult purification and low yields, hampering

their practical use.

Metal-free organic dyes

Presently, there is increasing scientific attention concerning the development of metal-free dyes
for utilization in DSPECs. These compounds have attracted much interest as potential alternatives
to metal-based sensitizers thanks to their lower production costs and absence of critical or precious
metals. Furthermore, their molar extinction coefficients are usually higher and their photophysical
and electrochemical properties can be easily tuned by fine optimization of the structure. Despite
these advantages, when compared to DSSCs, where the use of metal-free organic sensitizer has

been the subject of countless studies,

the use of metal-free dyes in DS-PECs has remained less
developed.!'* To date, three classes of organic sensitizers have been reported in DS-PEC: metal-

free porphyrins, perylene derivatives, and donor—acceptor (or push-pull) D-n-A molecules.

Metal-free porphyrins are characterized by a strong Soret band absorption in the blue region of the
visible spectrum and weaker Q bands at longer wavelengths. This allows them to efficiently over-
lap with visible solar radiation. Additionally, their conjugated macrocylcic structure provides good
photochemical and electrochemical stability. Furthermore, their redox properties can be adjusted
through synthetic modification of the periphery, making them ideal candidates for DSPECs. How-
ever, porphyrin-sensitized photoanodes exhibit lower photocurrents compared to their ruthenium-
complex counterparts, mainly due to a lower injection rate. Nonetheless, their ability to utilize red
photons for water splitting has heightened interest in this category of dyes and several groups have

investigated their use mainly for photoanode sensitization (PS7'°° and PS8'*’, Figure 1.19).
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Figure 1.19 Examples of porphyrins and perylene dyes reported in literature.

Perylene dyes are known for their strong absorption in the visible region, high molar extinction
coefficients and relatively easy modification. Twelve positions are available for functionalization
in perylene cores, giving rise to a potentially very large number of derivatives. Among them, ex-
tensive studies have been devoted to the synthesis and development of perylene imide deriva-
tives,'® including perylene diimides (PDI) and perylene monoimides (PMI), for DSPEC applica-
tion. PDIs exhibit superior thermal and oxidative stability in water and air,"” while PMIs exhibit
a stronger reducing ability than PDIs, so they have been reported to have more success for electron
injection into Ti0,.'®" In these compounds, the nitrogen atom can be easily modified to insert an-
chor groups (PS9'®!, Figure 1.19) or to increase the steric hindrance (PS10 %%, Figure 1.18) of the
molecules, since these compounds suffer from strong n-n stacking aggregation. This functionali-
zation is also important to obtain a long-lived charge separation state to avoid the back electron

transfer from the SC.

Currently, several reports dealing with the use of organic sensitizers for DS-PEC describe the ap-
plication of electron push-pull dyes, which contain electron-donating and withdrawing moieties
that form dipolar molecules: the so-called donor (D)—acceptor (A) dyes. Such approach relies on
the use of building blocks that have little or no visible light absorption themselves, but when com-
bined can generate broadly absorbing dyes due to intramolecular charge transfer (ICT) '*° events,
in which a significant transfer of electron density is observed upon the transition between ground-

and excited state. Usually, a conjugated n-bridge is inserted between donor and acceptor fragments
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to generate D-n-A systems, allowing to increase or decrease the conjugation lengths and thus to
adjust the optical energy gaps. As mentioned above, in a D-n-A dye, light absorption is usually
due to an intramolecular charge transfer process (ICT) from the donor unit, where the HOMO is
mostly localized, to the acceptor group, where the LUMO is usually located. Subsequently, elec-
trons are injected from the LUMO of the dye to the conduction band of TiO,, where the acceptor,
which has also the role of anchoring group, is directly bound. The conjugated spacer (1) ensures
the electron flow and, at the same time, separates the donor part from the acceptor one and, con-
sequently, from the TiO, surface, reducing losses due to charge recombination. Furthermore, the
insertion of a conjugated spacer (m) can reduce the energy difference between the HOMO and
LUMO levels, also called optical bandgap, shifting the absorption band towards longer wave-
lengths and making the transition more intense. However, the narrowed band gap is likely to lead
to a higher HOMO and lower LUMO level, which will weaken the oxidation and reduction capa-
bilities of the dyes. Balancing those opposing requirements represents the major challenge of de-

sign strategies for efficient DSPEC sensitizers.
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Figure 1.20 Examples of donor groups (D), m-spacer and acceptors (A) moieties in organic D-n-A sensitizers.

Up until now, D-n-A dyes have been widely investigated in DSSCs, and the results of these studies
have represented the starting points for the design of PS for DSPEC:s, that strongly depends on the

kind of electrode they will be applied to. In the photoanode case, the acceptor group is the closest
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part to the SC and brings the anchor functionality. It should help the charge separation that takes
place after the solar-driven excitation, injecting the electrons into the SC. At the same time, the
donor group facilitates the electron transfer to the acceptor, stabilizing the generated hole. Hence,
the donor moiety should be the most peripheral part and interact with the aqueous medium. The
opposite discussion applies to D-n-A dyes designed for photocathodes.

Regarding the donor group, variations of several electron-donating moieties have been investi-

163 ) 164
b

gated as promising candidates, including phenothiazine (PTZ),"® phenoxazine (POZ carba-
zole (CBZ),'®*16% and stereoscopic cone-shaped calixarene!®® (Figure 1.20).

However, triphenylamine (TPA) with various substituents in the terminal 4 and 4’ positions, has
been the most widely used unit because of its strong electron-donating ability coupled with good
hole transport properties.'¢’~'® Additionally, due to its non-planar structure, TPA effectively in-
hibits aggregation. For the n-spacer, thiophene and benzene have been widely used and extensively
studied. ''” Furthermore, introduction of auxiliary acceptors such as diketopyrrolopyrrole (DPP)!7°
and benzothiadiazole (BTD)!”! in the conjugated scaffold has been explored, leading to a more
complex D-A-n-A framework. In such structure, the additional acceptor unit acts as an electron
trap to separate charges and facilitate migration to the final acceptor; moreover, it enhances long
term stability thanks to a general lowering of molecular energy levels, while the downshift of the
LUMO energy level also means a more intense light absorption in the near-IR region of the spec-
trum. In terms of electron acceptors, carboxylic acid, cyanoacrylic acid and phosphonic acid with
strong electron withdrawing effects are the most common anchoring groups, as mentioned

above.!'”?

1.4.3.3 Water oxidation catalyst (WOC)

As discussed previously, the presence of both anodic and cathodic overpotentials further
slows down the water splitting process. Hence, in PA-DSPEC, the catalyst is necessary to lower
the water oxidation energy barrier and speed up the reaction. In order to have efficient charge
transfer, the WOC must have an oxidation potential less positive than the ground-state oxidation
potential of the dye to ensure the regeneration of the oxidized photosensitizer. Two different clas-
ses of water oxidation catalysts have been reported to date: metal oxide nanoparticles and molec-
ular catalysts. For what concerns the first class, several reports have been focused on iridium oxide
or cobalt oxide.!*!°!13 However, despite the higher stability shown by this type of WOCs, they
suffer from slow electron transfer kinetics between the oxidized PS and the WOC, causing fast
kinetics of back electron transfer which reduces the efficiency of the device. To overcome these

problems, different approaches have been investigated such as the possibility of adding a thin layer
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of TiO» over the dye-sensitized SC and /or establish a basic environment near the electrode, since
the free protons generated by the water oxidation combine with the electrons in the SC causing a
drastic drop in the efficiency. Furthermore, low overpotential metal oxides, like NiFeOx!™ or
CoFeOx,!” have been tested aiming to speed up the kinetics of the charge transfer between oxi-
dized dye and WOC.

On the other hand, molecular catalysts, despite having an inferior durability, show several ad-
vantages such as:(i) known molecular structures with clearly identified catalytic active sites; (ii)
possibility of fine tuning of both steric configuration and electronic structure by adjustment of the
specific coordination environment through ligand design and (iii) high product selectivity. In gen-
eral, molecular WOCs are redox-active transition-metal-based complexes (typically Ru, Ir and
Mn) 7! with unsaturated first coordination spheres, which function as active sites for the substrate
water molecule.!” To catalyse water oxidation, a catalyst must allow the accumulation of multiple

charges to form a high-valent metal-oxo intermediate. As can be seen from Figure 1.21, the cata-

lytic cycle starts with the binding to the catalytic active site of a substrate H>O molecule.
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Figure 1.21 Schematic representation of the water nucleophilic attack (WNA) and the interaction between two
M-0 intermediate (I12M) pathways to form O—O bonds catalysed by molecular catalysts.”!

After two consecutive proton-coupled electron transfer (PCET) steps, the WOC generates a high-
valent M=O intermediate, which is essential for the next crucial O—O bond formation step. De-
pending on the nature of this M=0O intermediate, two pathways for O—O bond formation have been
proposed: (1) water nucleophilic attack (WNA) and (i1) interaction of two M—O units (I2M). In the
WNA pathway, a second H2O molecule attacks the electrophilic O on the M=0 intermediate,

resulting in a two-electron reduction of the metal center and O—O bond formation on a metal hy-

droperoxide intermediate (M—OOH). Next, Oz evolution occurs after further oxidation of the M—
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OOH. On the other hand, the I2M pathway relies on the possible higher electron spin and radical
character of O on the M=0O intermediate. In this context, the O—O bond forms via coupling of two

radical-like species, leading to an M—O—O-M species, which can release O upon further oxidiza-

tion 115,177,178
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Figure 1.22 Structures of common Ru-based WOCs used in DSPECs.

Since 1982, when Meyer and co-workers reported the first molecular WOC, the so called ‘blue
dimer’(BD)!'” (Figure 1.22), Ru-Based molecular catalysts have been the most intensively studied.
The first systems able to reach an electron transfer rate comparable to that of photosystem II were
[Ru(bda)(X)2] (H2bda=2,2'-bipyridine-6,6"-dicarboxylic acid, X = 4-picoline or isoquinoline)
complexes designed by L. Sun and coworkers.'®® These complexes showed a turnover number
(TON) of 2000 and a turnover frequency (TOF) of 41 s™! in homogeneous oxygen evolution reac-
tions from water using Ce** as a sacrificial oxidant. This dramatic improvement compared to BD,
that only achieved a TON of 13 and TOF of 0.0042 s™' under similar conditions, is attributed to
the introduction of carboxylate groups into the ligands and the special steric configuration, which
provides an open site for the substrate water molecule and allows 7-coordination at this catalytic
site.!81182 However, since these WOCs are devoid of anchoring groups, for their use in DS-PEC
they had to be necessarily dissolved in the electrolyte medium. This configuration drastically re-

duces the efficiency of the photosystem, since the charge transfer rate is governed by the diffusion
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of the WOC near the electrode, which can also cause charge recombination reactions between the
WOC and the SC. For these reasons, a more efficient configuration contemplates a WOC immo-
bilized on the SC surface. The typical approach relies on the functionalization of the WOC by
adding a suitable anchoring group on to one or more of the ligands. In most cases, the functional-
ization is made on the axial ligand by adding a spacer constituted by an alkyl chain carrying the
proper anchoring group at one extremity. The longer the chain, the higher the conformational flex-
ibility of the spacer. This notable feature increases the opportunity for two WOCs to meet and
form the above-mentioned dioxo bridge necessary in the 12M pathway. Moreover, longer alkyl
chains can reduce the back electron transfer since they increase the spatial distance between the
catalytic site and SC surface.'®3

In the development of molecular WOCs, Ir-based complexes constitute another type of classic
catalysts.'®* In 2008, the Bernhard group pioneered this area by introducing a series of iridium

185 in Figure 1.23, feature two substituted 2-

complexes. These complexes, exemplified by WOC
phenylpyridine ligands and two water ligands. They demonstrated the ability to catalyze water
oxidation with a remarkable turnover number (TON) of 2760 using Ce** as the terminal oxidant.
This breakthrough spurred the development of numerous iridium-based molecular WOCs. A sec-
ond major family of iridium WOCs, extensively studied, includes Ir complexes with cyclopenta-
dienyl (Cp) or pentamethylcyclopentadienyl (Cp*) ligands. These complexes, exemplified by
WOC2!3¢ in Figure 1.23, were reported by Crabtree, Brudvig, and co-workers. '¢!87 This type of
Ir-based catalyst offers faster catalytic rates compared to those developed by Bernhard’s group.

However, the enhanced speed comes at the cost of reduced stability, as these half-sandwich com-

plexes are less robust.

Figure 1.23 Representative structures of Ir- and Mn-based WOC:s.
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Manganese-based complexes have been also considered promising candidates for WOCs because
manganese is the third-most-abundant transition metal on earth, is a low-cost material, and, as seen
before, is present in the form of a Mn4CaOs cluster in the oxygen-evolving complex (OEC) in
photosystem-II. Moreover, manganese has a rich redox chemistry and can bear multiple charges
to generate reactive high-valent intermediates for water oxidation. WOC3'®® and WOC4'* are

reported in Figure 1.23 as examples of this class of WOCs.
1.4.3.4 Hydrogen evolution catalyst (HEC)

The kinetics for the reduction reaction of protons to molecular hydrogen can be accelerated by
using an appropriate catalyst on the photocathode side. In order to have an efficient regeneration
of the dye, a HEC must have a reduction potential less negative than the excited state oxidation
potential of the dye. If this step is not efficient, a charge recombination between the reduced pho-
tosensitizer and the holes in the p-type SC would be observed. A general catalytic mechanism for
hydrogen evolution is shown in Figure 1.24. The active metal center undergoes a series of electron
and proton transfers to generate a reactive metal-hydride intermediate, which can react in two
possible ways to evolve hydrogen. In the left cycle, the metal-hydride reacts with another metal-
hydride to generate H» via reductive elimination. Alternatively, in the right cycle, the metal-hy-
dride is further reduced and protonated to form Hz. '**!°2 Based on this working mechanism, to
obtain high activity for hydrogen evolution, a metal complex should have wide open coordination
sites for binding the substrate and an appropriate electronic structure for generating and stabilizing

a reactive metal-hydride intermediate.
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Figure 1.24 Proposed mechanistic pathways for H, evolution by a metallic catalytic center.”’

As well as for the WOCs, several metal-based (typically Rh,'”* Fe,' and Ni'®*) molecular HECs

have been reported to date. Some examples are shown in Figure 1.25.
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Figure 1.25 Representative structures of HECs.

1.4.3.5 Counter electrode

In PA-DSPEC and PC-DSPEC systems, the counter electrode is not photoactive but plays a vital
role in facilitating electron transfer to and from external circuits, as well as catalyzing the respec-
tive half-reactions (hydrogen evolution reaction for PA-DSPEC and water oxidation reaction for
PC-DSPEC). This function complements that of the photoactive working electrode. Platinum (Pt)
electrodes have been commonly employed as counter electrodes in DSPECs due to their excellent
electrical conductivity, high chemical stability in aqueous environments, and remarkable electro-
catalytic efficiency for both half reactions. However, Pt is a rare and high-cost metal which pose
challenges for large-scale applications.'®® Alternatives such as graphite electrodes and cobalt sul-
fide have been explored in DSSCs, prompting further research into effective Pt-free counter elec-
trodes for DSPECs. 97-198 Graphite electrodes, for instance, are more affordable and easier to man-
ufacture in larger sizes compared to platinum, making them suitable for high-current applications

and less critical reactions, though their stability is not on par with that of platinum electrodes.

1.4.3.6 Electrolyte

The aqueous electrolyte solution represents the medium where the two photoelectrodes are im-
mersed, so the relevant parameters of an electrolyte, such as solute species, pH, and ionic strength,
strongly influence the overall performance of DSPECs. Since the electrolyte should enable effi-
cient proton transfer between the anode and cathode, inorganic salts are used as solute species.'*°
Among all the electrolyte parameters, the effect of pH on the photocurrent of DSPECs has been

noticed and investigated in many reports but no linear relationship between pH and photocurrent

density is observed.'” From a thermodynamic perspective, an acidic pH promotes the HER but
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inhibits the WOR. In contrast, a basic pH has the opposite effect. While a basic pH might appear
advantageous, given the greater challenge posed by the WOR, it introduces significant stability
issues, as dyes and WOC:s are prone to decomposition under these conditions. As a result, a neutral
or slightly acidic pH is normally preferred. At present, three frequently employed inorganic elec-

) 200
b

trolytes are utilized in DSPECs, which comprise phosphate buffer solution (PBS sodium sul-

fate (Na2S04),2°! and acetate buffer solution (ABS).?*?

1.4.4 Characterization methods and performance metrics

1.4.4.1 Photocurrent measurements

In the development process of photoelectrodes capable of splitting water efficiently under solar
irradiation, performances need to be properly evaluated and compared to achieve improved results.
To evaluate the performance of a DSPEC photoelectrode, the most common practice is to measure
the photocurrent density in a three-electrode configuration cell under 1 sun AM1.5 G illumination
(100 mW cm™) since the photocurrent should be proportional to the hydrogen or oxygen produc-
tion rate. The basic experimental setup for photocurrent measurements consists of a photoelectro-
chemical cell with three-electrodes configuration immersed in a water-based electrolyte, a light
source (i.e. a solar simulator) and a potentiostat as shown in Figure 1.26a.2°* To optimize the de-
vice, the photoanode and photocathode are typically studied separately using a simple platinum
wire as the counter electrode (CE). The working electrode (WE) is represented by the investigated
photoelectrode, (e.g., dye/catalyst-sensitized TiO; film), which is deposited on a conductive sub-
strate as the back contact (typically, transparent conductive oxides, such as fluorine-doped tin ox-
ide (FTO) and indium tin oxide (ITO)). Meanwhile the reference electrode (RE) is typically an
Ag/AgCl electrode or saturated calomel electrode (SCEs). This set-up requires a supply of electric
current (bias) to increase the electron injection into the SC. Normally, two different type of pho-
tocurrent measurement are carried out: linear sweep voltammetry (LSV) and chronoamperometry
(CA). LSV measurements involve recording the photocurrent density (J, pA/cm?) of the working
electrode under both dark and illuminated conditions, while the potential (V) between the working
electrode and the reference electrode is linearly swept with a constant scan-rate. The recorded
photocurrent is tipically normalized by the projected geometric surface area of the sample that is
illuminated and exposed to the electrolyte to calculate the photocurrent density value. LSV is
measured under dark and light conditions, in order to verify the photoactivity of the system. Under
dark conditions the recorded photocurrent must be almost zero, meanwhile a clear signal must be

seen under illumination mode. By comparing their current densities under dark and light conditions
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in the LSV plot (J-V curve, Figure 1.26b) it is possible to determine the potential where the
light/dark ratio is greatest; this value represents the optimal bias potential of the system and is then

set in the CA experiment.
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Figure 1.26 a) The experimental setup for PEC photocurrent measurement;?® b) LSV curves of a DS-PEC;'*
¢) CA curve of a DS-PEC. J; is the difference between the stable photocurrent and the dark current.?**

During CA experiments the photocurrent response of the WE at a fixed applied potential is rec-
orded over time, obtaining the corresponding J-¢ curve shown in Figure 1.26¢. Typically, the J-¢
curve exhibits a spike-like shape. In the dark, a photocurrent baseline, which is likely to be influ-
enced by electrode components, electrolyte species and applied bias, is observed. When illumina-
tion is started, a drastic initial photocurrent peak Jn, appears, resulting from the rapid electron in-
jection/transfer at the moment of irradiation. A rapid decaying peak follows, going into a steady
state current density Js. The difference between Jm and Js (AJ1) is often referred to as the recombi-
nation current, which results from rapid charge recombination competing with hole transfer to the
electrolyte. When the light is cut off, a discharge current (AJ2) occurs, and its magnitude is related
to the recombination resistance of the photoelectrode. Long term CA measurements under light

illumination allow to evaluate the stability of the device under working conditions. 2%°
1.4.4.2 Gas evolution measurements and efficiency parameters

Verifying and quantitating production of the desired Oz and H> products in a DSPEC for
water splitting represents another important aspect for characterizing a given system. While the
observation of sustained photocurrent implies catalytic activity, artificial photocurrent can arise
from oxidative decomposition of the chromophore or other non-productive surface reactions.
Therefore, it is usually helpful to identify and quantify the desired reaction products, which should
be collected, with a stoichiometry of 1:2.2° For hydrogen quantification, gas chromatography with
thermal conductivity detector (TCD-GC) represents the standard approach. A typical TCD-GC
set-up includes a GC, equipped with a detector that senses changes in the thermal conductivity of
the column effluent, and compares it to a reference flow of Argon as carrier gas in order to detect
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H>.27 On the other hand, quantitating the production of O presents a greater challenge, especially
because of interference from atmospheric oxygen. A possible approach to achieve an unambiguous
determination of O from water involves the use of water isotopically labeled with 30 combined
with mass spectrometry. Electrochemistry offers two other methods for detecting and quantitating
O; that are especially pertinent to the study of DSPEC water splitting systems; namely the use of

a Clark electrode®®®

or a dual working electrode method (referred to as the collector-generator
method).?* In recent reports, the latter method has been extensively employed, wherein an un-
changed FTO electrode (collector) is positioned nearby the working electrode (generator) and sub-
jected to a suitable potential for the detection and reduction of O2 diffusion originating from the
working electrode. With the detected amount of evolved gas and the photocurrent through the
photoelectrode, the faradaic efficiency (FE) (equation 3) can be calculated and considered as an

indicator of the device’s performance in terms of reaction selectivity.>*

FE (ng) =

Where z is the number of electrons (2 for the hydrogen evolution reaction or 4 for water oxidation

ZXNnXF
ixt

X 100% (1.3)

reaction), n is the molar amount of detected gas, F is the Faraday coefficient, i is the recorded
photocurrent and ¢ is the test time.

An additional parameter to determine the efficiency of a DSPEC is the solar-to-hydrogen
efficiency (STH). This value is the efficiency of the photosystem in terms of incoming solar energy

power converted into output power related to the produced hydrogen (equation 4).!°

Jsc (MA cm™2) x1.229 (V) X 15

Ptotqi(mW cm™2)

STH =

(1.4)

Where Jsc is the short-circuit photocurrent density, 75 is the faradic efficiency and Piotar is the e
energy of incident sunlight. In many cases, an external bias is provided for a working DSPEC in

the actual experiment. In this case, the applied bias photon-to-current efficiency (ABPE) is defined

as an analogue to the STH efficiency with no bias. ABPE can be calculated by using equation 5.2!!

Jse (MA cm™2) x(1.229—|Vapp |) (V) x 15
Ptotai(mW cm=2)

ABPE =

(1.5)
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OUTLINE OF THE WORK

This Ph.D. research work concerned the design, synthesis and transformation of new photoactive
compounds for application in photocatalysis.

The main section of the work focused on the preparation and characterization of new organic dyes
designed to function as anodic photosensitizers in Dye-Sensitized Photoelectrochemical Cells
(DSPECs) for water-splitting. Indeed, as widely discussed in the introduction, the dye is pivotal
for achieving intense visible light absorption and triggering the water oxidation reaction at the
catalytic active site. Consequently, the design of dye molecules with tailored spectro-electrochem-
ical properties is a critical factor in enhancing the performance of these devices.

In addition to this main subject, the research work also explored the potential of near-ultraviolet
(UV) and visible light irradiation as a powerful mean for enabling efficient and selective chemical
transformations in synthetic chemistry. This part of the activity was carried out in the course of a
six month internship in the group of Prof. Dr. Daniele Leonori at RWTH Aachen University (Ger-
many). This dual focus highlights the versatility of photochemical approaches in both energy con-

version and molecular synthesis applications.

In line with the various topics addressed during the research, the discussion will be organized into

three chapters, the contents of which are briefly outlined below.

e In Chapter 3, we will present the results of our activity dealing with the modeling, synthesis,
and characterization of two novel families of D-A-n-A organic dyes. Our aim in this work was
to develop new small molecules characterized by strong absorption in the visible region and
energy levels optimized for efficient electron transfer in DSPECs. The two dye families were
designed with distinct central chromophores: compounds 1a-c, incorporating a 2,3-diphe-
nylquinoxaline core, and compounds PP2a-c, featuring a 2,3-diphenylpyrido[3,4-b]pyrazine
core. In the case of dyes la-c, three different donor groups of moderate strength were intro-
duced to modulate the energies of the respective HOMO levels and enable the electron transfer
from the chosen Ru-based molecular water oxidation catalyst (WOC). Conversely, for dyes
PP2a-c, three different acceptor/anchor groups were introduced to modulate the energies of
the respective LUMO levels, thereby making electron transfer from the oxidized form of the
dye to the semiconductor conduction band thermodynamically favored.

First, a comprehensive computational study, conducted in collaboration with the group of
Prof. Adalgisa Sinicropi at the University of Siena, will be presented. This will be followed
by a detailed discussion of the synthetic methodologies and spectro-electrochemical charac-

terization carried out for both dye families.
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For dyes 1a-c, the characterization discussion will address both their behaviour in solution
and their properties after adsorption onto electrodes composed of thin films of nanocrystalline
TiOo». This section includes an investigation of the charge transfer processes between the dyes
and the semiconductor, utilizing femtosecond Transient Absorption Spectroscopy (TAS) stud-
ies, conducted in collaboration with the group of Dr. Andrea Barbieri and Dr. Barbara Ventura
at ISOF-CNR, Bologna. Additionally, the results of the DS-PEC photoanode fabrication and
spectro-electrochemical experiments, aimed at evaluating the new dyes as anodic sensitizers
for water splitting in DSPEC under a co-loading approach, will be presented in detail. This
work was carried out in collaboration with Dr. Alessandra Sanson's group at ISSMC-CNR,

Faenza.

In Chapter 4, the work conducted to explore different types chromophore/catalyst assemblies,
alternative to conventional co-loading strategies, is presented. Indeed, to overcome unfavora-
ble recombination dynamics, our approach involves synthetizing a new metal-free sensitizer-
WOC covalent adduct (dyad), in which the catalyst is positioned farther from the electrode
surface. In this context, with the aim to obtain a molecular system with a high molar attenua-
tion coefficient and a broad absorption spectrum in the visible region, we took the molecular
structure of the previously tested dye 1a as a starting point, and adapted it to incorporate a
crucial peripheral pyridine moiety, essential for coordinating a Ru(bda) unit, chosen also in
this case as the water oxidation catalyst, thus forming the dyad.A comprehensive discussion
of the design pathways and attempted synthetic routes leading to the successful preparation of
the catalytic dyad D1A2 will be provided. Additionally, the full characterization of the result-
ing system using various absorption and emission spectroscopy techniques, along with cyclic

voltammetry, will be presented, supporting the successful assembly of the dyad.

In Chapter 5, the research activity carried out during the internship will be described. The
project focused on the development of innovative synthetic methodologies utilizing UV and
visible light. The work was built upon the group expertise on the photodecomposition of aryl
azides into singlet nitrene species, that results, upon formation of seven-membered ring aze-
pine intermediate, in the incorporation of different nucleophiles in ortho- position, together
with the formal 1,2-shift of the nitrogen functionality. Building on this, the goal of this activity
was to create new photochemical techniques for the migration of N-functional groups on aro-
matic rings but without the need to introduce a second functionality, facilitating the conversion

of arylazides into anilines with a regioisomeric substitution pattern. Before describing the ex-
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perimental work, a brief general introduction on synthetic photochemical approaches is pro-
vided in this chapter. Then, a comprehensive discussion on the synthetic design plan, and the
reaction development, as well as a broad substrate scope evaluation, are presented. Addition-
ally, the possibility of employing the key reaction intermediates for the synthesis of diverse
ortho-substituted anilines, overcoming limitations of traditional methods and expanding the

scope of accessible molecular architectures, will be discussed
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novel organic dyes as anodic sensitizers in
photoelectrochemical cells
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INTRODUCTION

3.1 Introduction

In the field of artificial photosynthesis, dye-sensitized photoelectrochemical cells (DSPECs) have
been extensively investigated in recent years as a promising system to produce solar fuels from
water and sunlight.! As already discussed in the previous chapters, the major bottleneck in the
design of efficient and durable water splitting cells is the catalytic four-electron oxidation of water.
Therefore, the design of suitable photosensitizers (PS) and water oxidation catalysts (WOCs), as
fundamental elements of a photoanode, stands as a crucial point.” However, while the development
of WOCs has been the subject of several studies,’° the design of novel photosensitizers for pho-
toanode application has been less developed.

It is worth remembering that the dye represents the heart of the device, having the key roles of
absorbing sunlight and transferring the photogenerated electrons into the conduction band (CB) of
the semiconductor. Therefore, the optimal dye must: (i) present an intense visible light absorption,
possibly stretching to the near-infrared (NIR) region; (ii) possess anchoring groups providing ro-
bust linkages to the SC surface under aqueous condition; (iii) have an excited-state oxidation po-
tential more negative than the CB edge of the n-type SC and a ground-state oxidation potential
more positive than the catalytic onset potential of the WOC; (iv) be easy to synthesize and purify;
and (v) be not toxic. In addition, the structure of the dye should allow optimal tuning of its optical
(wide and strong light harvesting) and electronic properties, and ensure proper interface and solu-
bility characteristics. Combining all these stringent requirements in the same molecule represents
the principal challenge in this field. So far, most studies of dye-sensitized photoanodes have em-
ployed [Ru(bpy)s]**derivatives as photosensitizers, due to their stability in water and suitable elec-
tronic and optical properties.”® Meanwhile, metal-free organic dyes have been only scantly inves-
tigated.” This fact is even more surprising if we consider the massive literature on organic dyes
available for other solar-related applications, such as DSSCs or dye sensitized photocatalytic hy-
drogen generation.'% 2 Despite that, replacing Ru-based dyes with fully organic sensitizers in pho-
toelectrochemical cells could be potentially advantageous thanks to their properties of lower cost,
absence of critical or precious metals, simple synthesis and tunable spectroscopic properties.

To date, many of the reports dealing with the use of organic dyes for DS-PEC describe the appli-
cation of small and relatively simple donor-acceptor molecules, mostly relying on the use of tri-
phenylamine as principal donor unit. Representative D-n-A dyes that summarize the current state

of the art, and their corresponding water splitting performances, are shown in Figure 3.1."371°
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Figure 3.1Representative metal-free organic dyes reported in literature for photoanode sensitization and cor-
responding performance metrics.

As can be seen, most of these dyes have maximum absorption wavelengths below 450 nm and
weak light-harvesting ability in the middle of the visible region, where the emission spectrum of
sunlight is maximized. From this results, then, it appears clear that the design of novel molecules

with a broad optical response, appropriate energy levels, and good stability is still an open field.

3.2 Aim of the work

Building on the concepts outlined in the previous paragraph, the goal of this project was the de-
velopment of novel donor-n-acceptor (D-n-A) organic sensitizers showing both improved light-
harvesting capability and optimized electrochemical properties for employment in PA-DSPEC.

To achieve this goal, we designed the structures of the new compounds according to the following
basic principles: (1) in their conjugated structure, the dyes should feature a chromophore able to

impart strong absorption in the visible region, possibly with maximum close to 500 nm; (i1) the
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sensitizers should present donor groups of moderate strength, so as to modulate their ground-state
oxidation potentials (E,,) and make them compatible with the most common WOC:s (e.g. Ru-based
complexes); (ii1) alkyl chains present on the compounds structures could make them more soluble
in common organic solvents, facilitating their purification and subsequent handling; (iv) the com-
pounds structures should be easily obtained through a modular synthetic sequence allowing late-
stage differentiation. For what concerns the first point, extending the conjugation across D-A ar-
chitecture is a commonly applied strategy to widen the spectral window. However, cell degrada-
tion phenomena have been observed occasionally when longer m-conjugated chromophores have
been used as sensitizers. Another possible strategy to extend the absorption window is the incor-
poration of an auxiliary acceptor in the form of an additional electron-accepting group into the n-
bridge. This strategy effectively reduces the HOMO-LUMO bandgap and stabilizing the LUMO"’
and leading to a red-shifted absorption profile. Moreover, the incorporated auxiliary acceptor unit
was demonstrated to facilitate the electron transfer from the donor to the acceptor/anchor group. '
Based on the above considerations, we designed two new families of dyes, compounds 1a-c and
compounds PP2a-c, featuring a 2,3-diphenylquinoxaline and 2,3-diphenylpyrido[3,4-b]pyrazine
core, respectively, as their main chromophore (Figure 3.2). Such central units were selected since
they had been already successfully incorporated as auxiliary acceptors in several organic dyes for
dye-sensitized solar cells, showing impressive photovoltaic performances and intense light absorp-
tion in the visible mgion.19 The latter, as mentioned above, is a consequence of the electron-ac-
cepting properties provided by the pyrazine ring found in the two moieties. This property is en-
hanced for pyrido[3,4-b]pyrazines, displaying an additional imine nitrogen atom on the pyridine
ring. 202!
In compounds 1a-¢, the quinoxaline unit has been linked to two thiophene rings, introduced to
further extend the conjugation length of the molecules and thus red-shift their absorption spectra.
For what concerns the anchoring function, a typical cyanoacrylic acid moiety was chosen in all
cases. On the contrary, three different mono- or dialkoxy-substituted benzene rings were employed
as the donor groups. These donor moieties were selected due to their weaker electron-donating
ability compared to the common donor groups of DSSC sensitizers (e.g. triarylamines, in-
dolines)'8, with the aim to obtain compounds with relatively low HOMO energy levels, and thus
make electron transfer from the reduced form of the WOC to the oxidized dyes thermodynamically
favored. By varying the number and substitution patterns of alkoxy substituents in compounds 1a-
¢, we expected to induce changes in the electronic structures of the dyes, allowing us to modulate

their E,x values and therefore evaluate the influence of this parameter on device performances.
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Finally, the donor groups were decorated with branched or linear alkyl chains to improve the com-

pounds solubility and possibly reduce aggregation upon binding on the semiconductor surface.

2,3-Diphenylquinoxaline Donor Goups:
ZCZHs
i—@o C4Hg
1a
CsH13\O/<rO/CGH13
1b
O—CgH13
HOMO energy modulation through
different donor groups
O-CqgH13
1c
Acceptor Goups: 2,3-Diphenylpyrido[3,4-b]pyrazine
WOOH Ph Ph
= Z CN >/_\<
PP2a
Z CN
PP2b

LUMO energy modulation through

‘_OCOOH different acceptor groups

PP2c

Figure 3.2 Structure of organic dyes 1a-c (top) and PP2a-c (bottom) designed in this project.

A similar approach was followed for the design of compound PP2a-c. As it can be easily noted,
here the two thiophene rings, used in the previous case as m-spacers, were not employed. In this
case the more electron-withdrawing pyrido[3,4-b]pyrazine unit was directly linked to the donor/ac-
ceptor moieties. Once again, a mono-alkoxy-substituted benzene ring was selected as common
donor groups, meanwhile three different acceptor/anchor groups were employed. By progressively
reducing the electron-withdrawing strength of the acceptor/anchor unit from compound PP2a to
PP2¢c, we expected to obtain compounds with increasingly high LUMO energy levels, making
electron transfer from the oxidized form of the dye to the conduction band of the semiconductor
thermodynamically favored.

Once the initial design of the novel compounds was established, the selected structures were in-
vestigated computationally by means of Density Functional Theory (DFT) and Time Dependent

Density Functional Theory (TD-DFT) methods, to model their molecular and electronic properties
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and simulate their main light-absorption features. Then, the compounds were prepared by applica-
tion of a concise synthetic sequence featuring Pd-catalyzed arylation reactions as the key C-C
bond-forming steps. The optical and electrochemical properties of all dyes were assessed to have
a first evaluation of their suitability as sensitizers for use in DSPECs. Spectroscopic and electro-
chemical features of dyes la-c were studied both in solution and after adsorption on electrodes
made of thin films of nanocrystalline TiO», which included the investigation of the charge transfer
processes between the dyes and the semiconductor by means of femtosecond Transient Absorption
Spectroscopy (TAS) studies. Additionally, the known ruthenium complex [Ru(bda)(PyP):] (bda
= 2,2'- bipyridyl-6,6’-dicarboxylic acid; PyP = pyridin-4-methyl phosphonic acid) was then se-
lected as a water oxidation catalyst to work in combination with dyes 1a-¢ and was prepared by
adapting a reported procedure. Finally, photoanodes sensitized with the new dyes and decorated
with the chosen WOC were tested in water splitting DS-PEC with a 0.1 M aq. Na>SOs electrolyte,
to determine their relative performances. On the other hand, the capability of dyes PP2a-c to work
as anodic sensitizers was first investigated by spectroscopic and electrochemical characherization
in solution.

For clarity, the synthetic approach developed for each family of dyes, and the corresponding spec-
tro-electrochemical characterization, will be discussed individually in the following sections (par-

agraph 3.4 and 3.5).
3.3 Computational studies

The correlation between the molecular structures and the optoelectronic properties of the designed
dyes was investigated by means of computational methods based on density functional theory
(DFT) and time-dependent DFT (TD-DFT). 2223 The computational study was carried out in col-
laboration with the group of Prof. Adalgisa Sinicropi (University of Siena). A complete investiga-
tion was conducted for the entire series of compounds 1a-c, while compound PP2a was selected
as model substrate for the pyrido[3,4-b]pyrazine family. First, the structures of the compounds in
the singlet ground state (SO) were minimized in vacuum at the B3LYP/6-31G* level (Figure 3.3).
As can be seen, the structures of dyes 1a-c¢ were very similar and sufficiently planar, with dihedral
angles comprised between approx. 11.0° and 26.5°, allowing to maintain a proper conjugation
along the entire molecular scaffold. Analogous features could be found for PP2a. Subsequently,
B3LYP/6-31G* single-point calculations at ground-state optimized geometries were carried out to
obtain the distribution and energy of the respective frontier molecular orbitals (FMOs), including

the effects of the chosen solvent, dichloromethane (DCM), by using the polarizable continuum
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model (PCM). As can be noticed from Figure 3.4, for all quinoxaline-based dyes the highest oc-
cupied molecular orbitals (HOMO) were mainly localized on the donor part of the molecules, with
a significant contribution from the intermediate quinoxaline ring. On the other hand, the lowest
unoccupied molecular orbitals (LUMO) were located for the most part on the acceptor cy-
anoacrylic group, with a smaller contribution coming from the central bridging unit. For compound

PP2a a less pronounced spatial separation of the orbitals can be noticed (Figure 3.4, right).

Figure 3.3 Optimized DFT geometries of compounds la-c and PP2a in vacuum computed at the B3LYP/6-

31G* level.
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Figure 3.4 Energies and electron density spatial distributions of the FMOs of dyes 1a-c and dye PP2a in DCM
solution.

In terms of computed orbital energies, the LUMOs of all three quinoxaline-based dyes were found

to be in similar positions, which can be attributed to the common acceptor/anchoring group present
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in each compound. When compared to dye 1a, the HOMO of dye 1b was slightly destabilized
(approx. 0.1 eV), likely due to the additional electron-donating alkoxy group placed in conjugation
with its unsaturated backbone. In contrast, the HOMO of compound 1¢, which contains two alkoxy
groups in the meta positions, showed a stabilization of roughly the same magnitude. Therefore,
dye 1b exhibited the smallest HOMO-LUMO energy gap, followed by 1a and 1¢. On the other
hand, as a result of the less conjugated structure and the presence of a stronger auxiliary acceptor,
compound PP2a shows a higher HOMO-LUMO energy gap with a deep HOMO level calculated
at —5.69 eV vs. vacuum.

TD-DFT calculations were then employed to assess the spectroscopic properties of the com-
pounds, once again in DCM solution. The funda mental properties investigated were the maximum
absorption wave length (1925, the vertical excitation energy (Eexc), the oscillator strength (f) and
the percentage composition of the transition in terms of molec ular orbitals. They were calculated
at the TD-CAM-B3LYP/6-311+G(2d,p) and TD-MPW1K/6-311+G(2d,p) levels of theory, includ-
ing the solvent effect by means of PCM. The results are reported in Table 3.1.

Table 3.1 TD-DFT absorption maxima (in nm), excitation energies (Eex. in eV), oscillator strengths (f) and
contributions (%) to the So— S, transition in DCM of compounds 1a-c and PP2a.

TD-CAM-B3LYP MPW1K

oe yLN Eexe f Comp. (%) 2953, Eecxe f  Comp. (%)
1a 493 2.52 180 69H-L) 519 239 179 80H-L)
1b 498 2.49 180 66 (H—L) 526 236 178 78 H-L)
1c 486 2.55 177 75H->L) 509 243 1.78 83(H-L)

PP2a 441 2.81 1.17 87 (H-L) 452 275 114 93 H-L)

As it can be noticed, dyes 1a-c present a main transition in the visible region, in the 486-526 nm
(2.55-2.36 eV) range, depending on the functional used. The most red-shifted absorption was ex-
hibited by compound 1b, owing to its stronger donor group with two alkoxy chains in 2- and 4-
position, while the weaker electron-donating capacity of the bis-meta-substituted ring of 1c was
evidenced by its slightly blue-shifted transitions. Meanwhile, as expected from the larger energy
band gap, compound PP2a shows blue-shifted absorption with a maximum wavelength calculated
at ca 440-450 nm (depending on the functional used). In all cases, the oscillator strengths are high,
suggesting a strong light absorption capability, and the corresponding bands are found to stem
mostly from HOMO — LUMO transitions.

In general, the obtained results indicated the existence of a good degree of intramolecular charge
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transfer (ICT) upon photoexcitation and suggests the possibility of an intense light absorption via
HOMO-LUMO transitions. Based on the above computational investigation, all the designed
compounds show appropriate electronic and spectroscopic properties for employment in photoe-

lectrochemical cells, and therefore their preparation was subsequently investigated.
3.4 Quinoxaline-based sensitizers
3.4.1 Design pathway and retrosynthetic analysis

The synthetic strategy employed to prepare the designed quinoxaline-based sensitizers relies on
the use of Pd-catalyzed C-C bond forming reactions for linking donor/n-spacer and acceptor moi-
eties. As widely known, Pd-catalyzed cross-coupling reactions such as Suzuki—Miyaura, Stille-
Migita, Negishi, Sonogashira, efc. have become indispensable in organic synthesis. While these
reactions enable the construction of C—C bonds with high selectivity, the prerequisite functionali-
zation of substrates with expensive organometallic reagents and, often, toxic metallic byproducts
generated in stoichiometric quantities still represents a serious drawback.?* In recent decades, di-
rect C—H (hetero)arylation, has therefore emerged as an attractive alternative strategy.?
Conceptually, direct (hetero)arylation allows the formation of a new carbon—carbon bond starting
from a (hetero)aromatic halide and a (hetero)arene, bearing one or more C(sp?)—H bonds, without
the need for preformed organometallic reagents, improving several aspects such as synthesis time,
waste generation, and atom economy. The reaction usually requires a precatalyst, which typically
is either PA(OAc); or Pd>(dba)s, a phosphine ligand, an excess amount of a base (usually a car-
bonate) in combination with a catalytic amount of a carboxylic acid (usually pivalic acid).

The generic reaction mechanism (Scheme 3.1) involves an oxidative addition of the aryl bromide
to the Pd(0) complex (A) and the interaction of the pivalate anion with the catalytic complex to
give intermediate B. Then, the arene is subjected to concerted metalation/deprotonation (CMD)
process through transition state C, which evolves to the complex D. From here, two possible reac-
tion pathways can be discerned: in the first one, pivalic acid is eliminated (E) and then the reduc-
tive elimination of the biaryl takes place, while, in the second case, the pivalate anion remains

bound to the palladium metal (F) even after the formation of the new C—C bond.
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Scheme 3.1 The proposed mechanism of direct arylation through concerted metalation/deprotonation
(CMD).*

The CMD pathway guides the regioselectivity of the direct arylation reaction towards the most
acidic C-H bond of the arene, making thiophenes and furans ideal candidates for functionalization
at the C-2 position. For these reasons, the direct arylation reaction has been widely used in the past
decade for the preparation of small conjugated organic molecules and polymers with applications
in optoelectronics.?”?

On the basis of the above discussion, the retrosynthetic analysis followed for the preparation of
dyes 1a-c (Scheme 3.2) was elaborated considering direct aryltaion reactions as principal protocols
the construction of key C—C bonds.

To prepare compounds 1a-c, the process begins with the removal of cyanoacetic acid (15), yielding
aldehyde 14a-c (disconnection A). The following steps involve the disconnections of the alkoxy-
phenyl donor (disconnection B) and benzaldehyde acceptor group (disconnection C). For these
important steps we chose to perform a double direct arylation protocol starting from intermediate
6, in order to avoid the use of any preformed organometallic reagent and reduce the number of
synthetic and purification steps as much as possible. Finally, intermediate 6 can be obtained by a

telescopic reduction/condensation reaction of intermediate 4 (disconnection D), that results from
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the Stille cross-coupling reaction between the two commercially available starting materials, 4,7-
dibromobenzo[c][1,2,5]thiadiazole (2) and tributyl(thiophen-2-yl)stannane (3). From this discus-
sion, it clearly emerges that the corresponding synthesis would represent a convergent approach,
granting access to all the desired dyes through a late state diversification of the common interme-

diate 8.

Knoevenagel
Condensation

B

N
N\ /N Direct C-H
Arylation
Br Br * @\S
S n(nBu)s
2 3
Stille
Cross-
Coupling Vv
Ph Ph Ph  Ph
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N\ /N N>/ \(N
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O~ —w &@@ ——— DX
4 S Reducmn Direct C-H Arylation 8 S
Condensation o
=

Scheme 3.2 Retrosynthetic approach for the synthesis of compounds 1a-c. Colors represent the different build-
ing blocks: donor (purple), © (yellow), auxiliary acceptor (orange), acceptor (pink).

3.4.2 Synthesis of dyes 1a-c

The synthetic route followed to obtain common intermediate 8 needed for the preparation of dyes
la-c is presented in Scheme 3.3.

By subjecting 4,7-dibromo-2,1,3-benzothiadiazole (2) to a Stille-Migita reaction with tributyl(thi-
ophen-2-yl)stannane (3) in the presence of Pd(PPh3)>Cl: as catalyst, bis-thiophen-2-yl derivative
4 could be obtained in high yield.

The benzothiadiazole ring of compound 4 was then converted to a quinoxaline system by means
of a reduction with elemental zinc in acetic acid, followed by trapping of the resulting diamine
with 1,2-diphenylethane-1,2-dione (benzil, 5) in ethanol (EtOH), providing the desired compound

6 in 92 % yield. At this stage, the insertion of the acceptor moiety of the final sensitizers was
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achieved through a direct arylation reaction of compound 6 with 4-bromobenzaldehyde 7, in the

presence of a palladium complex as the catalyst.
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N\ /N (2.2eq) N\ /N o O N N
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Scheme 3.3 Synthetic route and preparation of intermediate 8.

To maximize the yield of key intermediate 8, a short optimization of the reaction protocol was

carried out, varying the nature of the phosphine ligand and the base (Table 3.2).

Table 3.2 Optimization of the reaction conditions for the preparation of intermediate 8*

Entry Base Ligand Yield (%)’ S.M. recovery (%)’
1 K>COs PCys;HBF, 18% 69%
2 Cs,CO; PCy;HBF, 31% 67%
3 Cs,CO3 CataCXium A® 46% 62%
4 Cs2C0O3 P(2-MeOPh)3 73% 43 %
5¢ Cs,CO3 P(2-MeOPh); 70% 50%
o Cs,COs P(2-MeOPh); 67% 50%

%6 (0.27 mmol, 2.0 eq), 4-bromobenzaldehyde (7, 0.135 mmol,1.0 eq ), PA(OAc), (5 mol%), ligand (10 mol%),
base (3.0 eq), pivalic acid (30 mol%), toluene, 110°C, 24 h, if not stated otherwise; b Isolated product yield after
column chromatography; ¢ Referred to the initial amount of reagent 6; ¢ Scaled-up reaction: 6 (2.24 mmol), 7
(1.12 mmol), reaction time 16 h;/ reaction time 1.5 h.

The best conditions turned out to be the following: Pd(OAc)2 (5 mol%), P(2-MeOPh); (10 mol%),
Cs2CO0s3 (3.0 eq.), pivalic acid (30 mol%) in toluene at 110°C for 24 h. Under such conditions, the
desired product could be obtained in 73% yield on a small-scale reaction (0.27 mmol of quinoxa-
line 6, entry 4), which was essentially maintained at 70% when scaling up to 2.24 mmol of sub-
strate (entry 5), demonstrating the robustness of the protocol. Importantly, most of the unreacted
compound 6 could be recovered after flash column chromatography, and the reaction time could

be also decreased to 1.5 h (entry 6), albeit at the cost of a slightly reduced yield (67%).
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At this stage, driven by the will to develop a concise synthetic pathway that allows a late-stage
diversification, we then attempted the introduction of 4-hydroxyphenyl moiety via direct arylation
(Scheme 3.4, A). Unfortunately, by subjecting compound 8 to similar conditions to those employed
for the previous C-H coupling, in the presence of 4-bromohydroxyphenol (9), the desired product
10 was detected only in traces and almost no conversion of aldehyde 8 was observed. A slightly
better result was obtained when compound 11 (where hydroxyl function was protected with a tri-
methylsilyl group) was used as aryl bromide (Scheme 3.4, B). However, even in this case, the
desired product was obtained with a very low yield of 10%.

Based on these results, we decided then to change our approach and attempt the direct arylation of
intermediate 8 with the appropriate arylbromides 13a-c¢ (Scheme 3.4, C), already bearing a differ-
ent number of alkoxy-substituents arranged in different substitution patterns. The reactions pro-
ceeded once again under similar conditions to those employed for the coupling between com-
pounds 6 and 7, allowing to isolate advanced intermediates 14a-c in 80-93% yield, where the
lower yield of aldehyde 14a was mostly due to its lower solubility, and thus more difficult han-

dling, compared to 14b-c.
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Scheme 3.4 Attempted direct arylation reactions for the insertion of the donor unit.
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Finally, the desired dyes la-c¢ were obtained in good yields (82-89%) by condensation of alde-
hydes 14a-c¢ with cyanoacetic acid in the presence of a catalytic amount of piperidine (Scheme
3.5). Compounds 1a-c could not be purified using flash column chromatography, due to the inter-
action of the anchoring group with the silica stationary phase, and therefore were isolated by means

of recrystallization from ethanol.

HOOC__CN
15 (3.0 eq)

Piperidine (cat)
CH3CN:CHCIj 3:2
80°C, 16h

Scheme 3.5 Knoevenagel condensation of aldehydes 14a-c with cyanoacetic acid.

3.4.3 Spectro-electrochemical characterization

3.4.3.1 Characterization in solution

A detailed spectro-electrochemical characterization was performed for dyes 1a-c in solution. The
results discussed below have been obtained in collaboration with the group of Dr. Andrea Barbieri
(CNR-ISOF, Bologna). The UV-Vis absorption and fluorescence emission spectra of compounds
1a-c were recorded at room temperature in both DCM (Figure 3.5, left) and THF (Figure 3.5, right)

solution and their main features are listed in Table 3.3.

Table 3.3 Main spectroscopic properties of dyes 1a-c in DCM and THF solution.

b Solvent  22%% (nm) £ x 10 Agmi ; (ns) “Ep.o
ye olven nm ~ _ 7 (ns
max M em™) (nm) (eV)*
492 2.39
DCM 647 - - 2.17
334 3.14
1a
498 3.36
THF 632 0.310 5.43 2.18
334 4.05
503 2.27
DCM 664 - - 2.14
1b 337 3.11
THF 499 1.93 646 0.429 6.28 2.15
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Figure 3.5 UV-Vis absorption, emission and excitation spectra of dyes la-c in DCM (left) and THF (right)
solution at room temperature.

By comparison with the values resulting from the TD-DFT investigations (see paragraph 3.3), it
can be seen that a very good agreement with the experimental data was obtained when using the

CAM-B3LYP functional for calculations (Table 3.1), with differences between the computational
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Whereas the absorption maxima did not change much in passing from DCM to THF, a significant
red-shift (7-18 nm) was observed for the emission profiles of the dyes in the more polar DCM.
When excited near their maximum absorption in THF solution, the dyes exhibited a notable fluo-
rescence emission, with maxima in the 610—646 nm range, quantum yields (FQY, @) comprised
between 0.31 and 0.54 and excited state lifetimes (7, obtained from the corresponding time-re-
solved fluorescence spectra reported in Figure 3.6) comprised between 5 and 7 ns in THF.

Furthermore, excitation spectra were also measured for all dyes in THF solution. The correspond-
ing excitation profiles, monitored at the maximum emission wavelength, followed those of the
corresponding absorption spectra, indicating that, regardless the excitation energy, emission al-
ways occurred from the lowest singlet excited state (S1), according to Kasha’s rule.”” From the
intersection of the normalized absorption and emission spectra, the corresponding energies of the
So—S1 zero-zero transition (also known as optical band gap, Eo-0) could be determined, yielding
values in the 2.14-2.23 eV range. It can be noted that the largest value of Stokes’ shift (approx.
0.5-0.6 eV, 4100-4900 cm™') and smaller Eo-o were shown by compound 1b, probably owing to

its stronger donor group compared to the other two compounds, and therefore to its more pro-

nounced donor-acceptor character.
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Figure 3.6 Fluorescence (Aexe = 440 nm) decay spectra for compounds la-c recorded in THF solution at room
temperature. IRF = Instrument response function.

Subsequently, to gain further insight into the electronic structures of the dyes and the properties of

their excited states, additional experiments were carried out in a DCM:MeOH 1:1 frozen matrix at
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77K. Compared to the experiments in THF at room temperature, the emission spectra are only

slightly affected by changes in matrix and temperature. The main difference is a better-resolved

vibrational progression, which is not apparent in the emissions from fluid solution at room tem-

perature. In contrast, at low temperatures, the excitation spectra show a significant bathochromic

shift, suggesting a larger dipole moment of the ground state compared to the excited state. At low

temperatures, the reorganization of solvent dipoles that normally stabilize the ground state in so-

lution is hindered, leading to a destabilization of the ground state in the frozen matrix. Meanwhile,

the energy of the excited state remains largely unchanged. This results in a reduced energy differ-

ence between the ground and excited states, which in turn causes the observed red-shift in the

spectra (Figure 3.7, left).
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Further spectroscopic information can be obtained from the energy-scaled spectra. To correctly
convert the data recorded in wavelength units (1) to energy (E) scale, the intensity of the bands

themselves must be scaled using the Jacobian transformation, according to equation (3.1):

hc

FE) =L =L (%)=-f 3.1)

E

where h is Planck’s constant, ¢ is the speed of light and E is the energy of the transition. The minus
sign here can be ignored as it simply reflects the different directions of integration in wavelength
and energy. Therefore, to correctly convert the data recorded in wavelength units to the energy
scale, not only must the latter be converted using the well-known relationship £ = hc / 4, but the
signal intensities must also be scaled by hc / E2. This process is called a Jacobian transformation.*°
The excitation spectra and emission spectra transformed according to the above procedure and
reported in energy scale (E, eV) are illustrated in Figure 3.7 (right).

From the intersection between the two spectra it is possible to estimate the energy difference be-
tween the vibrational ground levels of the electronic ground state and first excited state of the
molecule (Eo-0), in the absence of perturbations due to the presence of solvent dipoles. The corre-
sponding values are reported in Table 3.4. All analyzed compounds 1a-c showed practically coin-
cident Ey.o values, further confirming the similarity of the nature of their excited states. Com-
pounds 1a and 1b with the alkoxy groups —OR in para- and ortho- positions of the terminal phenyl
ring present similar values of Stokes’ shift (approx. 1300 cm™ ') and excited state lifetimes of ~ 5.3
ns. Conversely, compound 1¢, featuring the alkoxy groups in meta- position, presents different
values of A4 ~ 1700 cm™! and 7 = 7.2 ns. This highlights the effect exerted by the substituents

positions on the photophysical properties of this series of dyes.

Table 3.4 Main absorption and emission parameters of the sensitizers in frozen matrix at 77K.

Dye A%bs (nm)” A (nm)° 7 (ns)° A2 (em™)? Epo (eV)
1a 340, 425, 520 613 5.33 1270 2.12
1b 343, 428, 524 620 5.23 1360 2.11
1c 339, 424, 516 615 7.22 1680 2.12

4 In DCM/MeOH 1:1 mixture; ® Obtained from excitation spectra (Aemi = 700 nm); © Obtained from emission spectra
(Aexe = 440 nm and Ay = 375 nm for emission and lifetime measurements, respectively); ¢ Stokes’ shift calculated
from the energy difference between the band with the lowest excitation energy and the band with the highest emis-
sion energy, considering the spectra reported in energy scale. ¢ Values estimated from the intersection between the
normalized excitation and emission spectra reported in energy scale.

To achieve crucial insights into the thermodynamics of the electron injection as well as of the dye

regeneration processes in dye-sensitized systems, electrochemical measurements were carried out
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by recording the corresponding cyclic voltammetry (CV) experiments, using tetrabutylammonium
hexafluophosphate (TBAPF¢) 0.1 M in DCM as the supporting electrolyte and the ferrocenium/fer-
rocene (Fc*/Fc) redox couple as an internal standard. The ground state-oxidation potentials (Eoy)
of all three dyes were determined, allowing to calculate the energy level positions of their frontier
orbitals. The obtained results are summarized in Table 3.5. As can be seen from Figure 3.8, upon
application of positive potentials compounds 1a-c exhibited quasi-reversible first oxidation waves,
which were followed by a second oxidation at more positive potentials. After conversion according
to literature reports,’! their E,, values resulted in +1.19 V (1a), +1.08 V (1b) and +1.33 V (1¢) vs.
NHE, respectively. As expected, the trend observed in the E,, values of the dyes thus followed the
order of relative strength of their donor groups, with 1¢ > 1a > 1b. Accordingly, the electrochem-
ical analysis showed that in the case of dye 1b the E,x value measured in solution was very close
to the reported onset of catalysis of a typical Ru'(bda)-based complex (Eonser, approx. +1.1 V vs.
NHE)*?, suggesting that a relatively small thermodynamic driving force for hole transfer to the
catalyst could exist for such dye. Compound 1a and 1c¢ have, on the contrary, E,, potentials above

the threshold value which should ensure a proper regeneration process.
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Figure 3.8 Cyclic voltammetry plots of dyes 1a-c in DCM solution, both without (solid lines) and with (dotted
lines) ferrocene as an internal standard.
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Table 3.5 Electrochemical properties of dyes 1a-c in DCM solution.

Dye E,: (V) vs. Fc'/Fc E,: (V) vs. NHE* E*,; (V) vs. NHE?
1a +0.47 +1.19 —0.98
1b +0.36 +1.08 —1.06
1c +0.61 +1.33 —-0.89

¢ Calculated by adding +0.72 V to the potential vs. Fc*/Fc®!; ® Calculated from the E, and Ey val-
ues according to the formula: E*,, = E,« — (Ep.o/e)

The excited state oxidation potentials (E*,x) of the dyes were then assessed by subtracting the
previously determined Eo.o values from the E,, resulting from cyclic voltammetry, yielding values
of —0.98, —1.06 and —0.89 V vs. NHE for 1a, 1b and 1c¢, respectively. The obtained values were
largely more negative than the conduction band energy of TiO> (approx. —0.5 V vs. NHE), sup-

porting a proper electron injection from the excited state of the dye to the semiconductor during

cell operation.
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Figure 3.9 Absorption spectra of the neutral and cationic species of dyes 1a-c in dichloromethane solution
containing TBAPFs 0.1 M as supporting electrolyte.

To further investigate the spectroscopic behaviour of the oxidized dyes, a complete spectro-elec-

trochemical study was performed in DCM solution. Absorption spectra across the UV—vis—NIR
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range (200—-1600 nm) (Figure 3.9) were recorded under potentiostatic conditions at three distinct
potentials: (1) below the first oxidation potential (E,,), corresponding to the neutral species, (2)
between the first and second oxidation potentials (E,.z), representing the monocationic species,
and (3) above the second oxidation potential (di-cation). The corresponding values are reported in
Table 3.6.

The absorption spectra obtained at potentials below E,. (Figure 3.9, blue curves) closely match
those recorded at open circuit for all dyes 1a-c, consistent with the absorption of the neutral spe-
cies. For the cationic forms of dyes 1a and 1b, observed at potentials between E,. and E,,> (green
curves) and above E,.. (red curves), the spectra exhibit two notable features: (i) a clear red-shift of
the two main absorption bands in the visible region, and (ii) the appearance of a strong new low-
energy absorption band peaking around 1000 nm. In contrast, for compound 1¢, while a red shift
in the visible region is still observed for the cationic species, the absorption band in the NIR region

is less intense compared to 1a and 1b.

Table 3.6 Absorption maxima of compounds la-c at different oxidation potentials in dichloromethane solution
containing TBAPFs 0.1 M at room temperature

e mmoem  SEQM G, R
1a 336, 492 336, 492 3512(3 ;g@ 4017625296
1b 339, 503 339, 503 3316625863 403’9305
o mm o we DS R

3.4.3.2 Spectroscopic characterization on TiO: films

Dye-sensitized films were obtained by immersing the electrodes for 4 h in 2 x 10™* M solutions of
the dyes in THF, and their UV—Vis absorption spectra are reported in Figure 3.10.

Compared to the spectra in solution, compound 1a showed a noticeable blue-shift in its absorption
maximum (from 482 nm to 498 nm), while the absorption maxima of dyes 1b and 1c shifted by
no more than 2 nm compared to THF. In all cases, the absorption peaks were broader than those
observed in solution, and a red-shifted onset around 650 nm was evident. The dye loading on TiO2

(in mol/cm?) was determined using Meyer’s method*?, based on the following equation 3.2:

T = AN)/[10% - (V)] (3.2)
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where A(A) and €(A) represent the absorbance and molar absorptivity at wavelength A of each dye.
The calculated dye loadings were 4.1 x 107® mol/cm2 for 1a, 9.3 x 1078 mol/cm? for 1b, and 6.4 x
10~® mol/cm? for 1¢, which are in line with the values reported for other organic dyes in previous

studies. >34
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Figure 3.10 UV-Vis absorption spectra of dyes la-c adsorbed on mesoporous TiO: films.
3.4.3.3 Transient absorption spectroscopy

To better understand the individual processes occurring after light absorption, we investigated the
dynamics of photoexcitation and charge transfer of the dyes adsorbed onto mesoporous TiO> films
using femtosecond transient absorption spectroscopy (TAS) in the visible and near infrared (NIR)
regions. This study was done in collaboration with the research group of Dr. Barbara Ventura and
Dr. Andrea Barbieri (CNR-ISOF, Bologna).

TAS is a time-resolved technique used to explore the excited-state dynamics and reaction path-
ways of molecules and materials following photoexcitation. In a typical experiment, the ground-
state absorption spectrum of the sample is first recorded. A pump pulse then excites the sample,
and after a controlled time delay (), a probe light measures the changes in the absorption spectrum
induced by the excitation. The differential absorption spectrum (AA) is calculated using the equa-

tion 3.3:
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AA = Aafter pump — Aground-state (33)

By systematically varying the delay time (t) between the pump and probe pulses and recording the
AA at each time point, a time-resolved profile of AA as a function of T and wavelength (1) can be
generated. This provides a detailed map of how the sample’s absorption properties evolve over
time, offering valuable insights into transient states, energy transfer, and reaction dynamics.

In general, AA is composed of a series of contributions:

- Ground-state bleach: When a significant portion of molecules is excited from the ground state to

an excited state, fewer molecules remain available to absorb light at the ground-state absorption
wavelengths. This depletion manifests as a negative contribution in AA spectrum.

- Stimulated emission (SE): This process occurs when the system is already excited by a pump

pulse and a subsequent probe photon induces the excited molecule to return to its ground state.
The resulting trend on AA spectrum appears as a negative band, typically observed in the wave-
length region corresponding to the fluorescence emission of the molecule. This negative signal
arises because stimulated emission reduces the net absorption at these wavelengths. The spectral
profile of this negative band often overlaps with other features, such as the ground-state bleach,

making it challenging to deconvolute the two signals.

- Excited-state absorption (ESA): In this process, molecules that have been promoted to an excited
state by the initial pump pulse can undergo further excitation to higher-energy excited states
when interacting with the probe pulse. This occurs if the probe photon energy matches the tran-
sition energy between the populated excited state and the higher excited states. ESA contributes
positively to the AA spectrum in regions where these higher excited-state transitions are optically

allowed.

Keeping in mind this real-time spectroscopic technique, TiO: films sensitized with dyes 1a-c were
excited at 500 nm and their transient spectra recorded in the 0.1 ps -6.1 ns time interval. The results
were then analyzed by simultaneously fitting all the kinetic traces with a combination of exponen-
tial functions (global analysis), and using a kinetic scheme based on a sequential decay. Besides
kinetic constants, the global analysis also retrieved the correspondent spectral components, indi-
cated as Evolution Associated Difference (EAD) spectra.

As can be seen in Figure 3.11 (left) the spectral region below 510 nm has been omitted because of
the strong noise due to the intense ground state absorption. In general, the spectral features were
similar across all three dyes, with first broad band in the 600—800 nm region, an intense band at
ca. 900 nm and a broad absorption in the NIR between 1200 nm and 1600 nm. The corresponding

back electron-transfer kinetic traces are shown in Figure 3.11 (right). Interestingly, the formation
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of aband at ca. 830 nm is clearly observable: it appears with a kinetics in the order of few hundreds

of ps, after a fast decay of the signal in the same region, and decays on longer time scales.
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Figure 3.11 Transient absorption spectra at different delays of dyes 1a-c (left) and AA temporal evolution at
selected wavelengths for la-c (right) adsorbed on mesoporous TiO: films.

As anticipated before, in order to rationalize the obtained data, a global fit analysis has been per-

formed on the transient matrices and the corresponding EAD spectra are reported in Figure 3.12.
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Figure 3.12 Evolution Associated Difference Spectra and lifetimes obtained from Global Analysis of the tran-
sient data.

As can be seen, in all cases, a fast component with a timescale of 1-2 ps is observed, characterized
by a broad absorption band in the 600—800 nm range and a pronounced peak around 920 nm. The
analysis also reveals two additional components, which differ significantly from the fast compo-
nent in both their spectral features and kinetic behavior. These components have nearly identical
spectra, featuring a broad band between 600 and 800 nm, a peak near 830 nm, and a broad absorp-
tion feature in the 1200—1600 nm range. The corresponding time constants are approximately 100—
200 ps and >5 ns, with the latter effectively exhibiting an infinite lifetime within the experimental
time window. The first fast component is assigned to the radical cation of the molecule, generated
upon electron injection into TiOx, as its spectrum closely matches that of the oxidized dye observed
in spectro-electrochemical analysis shown in the previous paragraphs. This suggests that electron
injection from the dye’s singlet excited state into TiOz is an ultrafast process occurring within the
time resolution of the instrument (300 fs). Similar ultrafast injection dynamics have been reported
in titania-supported DSSCs.*® In contrast, the spectral distribution of the components with longer
lifetimes can be attributed to contributions from the dye cation, as well as from both trapped and

conduction electrons generated upon injection. These electrons are known to exhibit absorption
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bands around 800 nm and above 1200 nm, respectively.?’ The growth of the band at 830 nm (Fig-
ure 3.11, right) testifies the slower accumulation of the trapped electrons with respect to the fast
injection event. Interestingly, as mentioned above, these spectra decay with two different time con
stants: 100-200 ps and >5 ns, as indicated by the global fit (Fig. 9, right). This behavior can be
interpreted considering that charge recombination can occur from two types of electron-hole pairs,
one where the electron is still electrostatically bound to the dye cation (interfacial charge-transfer
complex) and one where the electron has become a “free” carrier.*® The “infinite” lifetime is thus
indicative of the presence of free electrons that will give origin to the photocurrent. It can be no-
ticed that the short lifetime (1-2 ps) observed for the first component associated with the radical
cation of the dye is justified by the absence of an external circuit that promotes the movement of
the electron once generated. Part of the formed cations will thus recombine quickly and, given the
high attenuation coefficient of these species, their transient features dominate the spectra at short

time delays.

3.4.4 Application of dyes 1a-c as anodic sensitizers in DSPEC

In agreement with the general structure of n-type DS-PEC described above (see Chapter 1), we
planned to fabricate devices presenting a photoanode functionalized with dyes 1a-c and a suitable
water oxidation catalyst. Accordingly, we selected the known ruthenium complex
[Ru(bda)(PyP):] (Figure 3.13) to work in combination with the novel dyes 1a-c.

The resulting DS-PEC, and in particular its photoanode, are also schematically represented in Fig-

ure 3.12.
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Figure 3.13 Schematic representation of a DS-PEC with a photoanode functionalized with dyes la-c and cata-
lyst [Ru(bda)(PyP)] .
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Among all reported Ru-based water oxidation catalysts we choose [Ru(bda)(PyP):] due to its two
phosphonate anchoring groups, which enable stable attachment to TiO, and its straightforward
synthesis from commercially available starting materials. Furthermore, previous reports have
demonstrated sustained photocurrent density in an aqueous solution when [Ru(bda)(PyP):] was
employed as WOC for water splitting DSPEC in combination with D-n-A organic dyes as sensi-
tizers. 1°

For the functionalization of the photoelectrodes we decided to apply the so-called co-loading ap-
proach, where chromophores and catalysts are deposited onto the oxide surface through simple
soaking procedures.*® This procedure can occur simultaneously or sequentially, with the electrode
being immersed in a solution containing the chromophores, catalysts, or both.***> Despite some
drawbacks, such as rapid electron-hole recombination at the molecule-electrode interface and a
difficult-to-control adsorption ratio of catalyst and photosensitizer, this approach offers a simple,
straightforward and effective method to assemble PA-DS-PECs.

In the next paragraphs, the synthesis of the chosen Ru-based WOC will be described, followed by
the spectroscopic and electrochemical characterization of the functionalized photoelectrodes, us-
ing both stationary and time-resolved techniques. Finally, the performances of the resulting DS-

PEC in a three-electrode cell configuration will be discussed.
3.4.4.1 Synthesis of [Ru(bda)(PyP):] complex

Initially, we attempted the synthesis of [Ru(bda)(PyP):] by repeating the general procedure de-

scribed in the literature to access this class of compounds'® (Scheme 3.6).
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Scheme 3.6 Synthesis of intermediate 20.
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Accordingly, [RuCl2(DMSQ)4] (16) was prepared by refluxing RuClz-3H>O in DMSO for 10
minutes. The obtained precursor was then reacted with the tetradentate ligand 2, 2'-bipyridine-6,6'-
dicarboxylic acid (bda, 16) and NEt; to form the intermediate [Ru(bda)(DMSQO)2] (18). Without
any isolation step, intermediate 18 was treated in situ with diethyl pyridin-4-ylmethylphosphonate
(19), leading to the di-phosphonic ester complex 20 in 63% yield.

At this stage, multiple attempts to obtain the final product after conversion of the phosphonic ester

moieties to the free acids, summarized in Table 3.7, were unsuccessful (Scheme 3.7).

O'
1
N N
| |
Qg q
PO3Et, PO3H;
20 Ru(bda)(PyP),
(21)

Scheme 3.7 Attempted deprotection of complex 20 with trimethylsilyl halides.

Table 3.7 Attempted reaction condition for the deprotection of complex 19

Entry Deprotection conditions Yield of 21 (%)

(CH3)sSil, DCM, rt, 16 h
1° then n.d
MeOH, rt, 2 h
(CH3)sSil, DCM, rt, 16 h
2 then n.d
MeOH, rt, 8 h
(CH3)sSil, DCM, rt, 24 h
3 then n.d
MeOH, rt, 2 h
(CH3)3SiBr, DCM, 1t, 16 h
4 then n.d
MeOH, rt, 2 h
(CH3)3SiBr, DCM, rt, 72 h
5 then n.d
MeOH, rt, 2 h
(CH3)3SiBr, Acetonitrile, rt, 16 h
6 then n.d
MeOH, rt, 2 h

n.d.= Not determined
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Indeed, when either (CH3)3SiBr or (CH3)3Sil were used as the deprotecting reagent under different
reaction conditions'®, a complex mixture of products was obtained, from which we were not able
to isolate [Ru(bda)(PyP):2] (21) in pure form, also due to its limited solubility in typical organic
solvents.

To overcome these problems, we modified the procedure to bypass the deprotection step (Scheme
3.8). In this revised method, [Ru(bda)(DMSO):] (18) was prepared once again from
[RuCl2(DMSO0)4] (16) under similar conditions as the previous synthesis. This time, however, the
product was isolated by centrifugation and washed with cold methanol. Intermediate 18 was then
directly reacted with free pyridin-4-ylmethylphosphonic acid (22) in a 4:1 MeOH/HFIP mixture
(HFIP = 1,1,1,3,3,3-hexafluoro-2-propanol). The use of HFIP proved essential to dissolve the oth-
erwise rather insoluble acid 22, allowing a more efficient formation of the final product, which
could then be isolated in good yield by centrifugation and washing with DCM and methanol. Also
in the case of [Ru(bda)(PyP):], we found that the use of HFIP greatly helped to properly dissolve
the compound, facilitating its isolation and further manipulation (see below).

The desired product was finally characterized by 'H-, *C- and *'P-NMR spectroscopy. Due to
partial oxidation under air, with consequent formation of less soluble paramagnetic species, NMR
spectra of the catalyst were recorded in the presence of a small amount of hydroquinone as a re-

ducing agent.
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Scheme 3.8 Synthesis of water oxidation catalyst [Ru(bda)(PyP):.

3.4.42 Spectro-electrochemical characterization of [Ru(bda)(PyP):]

The optical properties of [Ru(bda)(PyP):] were initially studied using UV-vis absorption spec-
troscopy in a MeOH/HFIP (9:1) solution. As shown in the recorded spectra (Figure 3.14, left) the
compound exhibits a broad absorption in the visible region, with an onset just below 600 nm. The
absorption is more pronounced between 300—450 nm and weaker in the 450-600 nm range. This

spectroscopic behavior is in agreement with the reported examples in literature.
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The spectroscopic behavior of [Ru(bda)(PyP):] was further examined after adsorption on meso-
porous TiO; films. Electrodes decorated only with the [Ru(bda)(PyP):] catalyst were prepared by
dipping them in a 1.0 x 10"* M solution of the complex in a MeOH/HFIP 9:1 mixture for 4 h. The
recorded UV-Vis absorption spectra shown in Figure 3.14 (right), resembles the one recorded in

solution, but with a relatively weaker absorption encompassing the visible region in the 400—-575

nm range.
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Figure 3.14 Normalized UV-Vis absorption spectra of [Ru(bda)(pyP):] in solution (left) and adsorbed on mesopo-

rous TiO; films (right).
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Figure 3.15 Transient absorption spectra at different delays of complex [Ru(bda)(PyP):] adsorbed on TiO-
films (left); AA temporal evolution at selected wavelengths. Aexe = 500 nm, E = 3 piJ/pulse (right).

TAS experiments were also performed on the complex [Ru(bda)(PyP):] adsorbed onto TiO,. The
transient spectra display ground-state bleaching around 500 nm and a broad, featureless positive
signal extending up to 1600 nm (Figure 3.15, left). No rise in the signal was observed, and the
decay follows a multi-exponential profile across the entire spectral range, with lifetimes of ap-

proximately 0.5, 50, and 500 ps, along with an "infinite" component, which is most prominent in
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the bleaching band (Figure 3.15, right). The short components can be attributed to electron injec-
tion from the triplet excited state of the Ru complex into TiO», while the infinite lifetime suggests
a slow recovery of the complex’s ground state, likely due to charge recombination occurring over
longer timescales. Overall, the transient signal can be interpreted as a combination of absorption
from the triplet state of the complex, its oxidized form, and free electrons in the conduction band

of Ti0,. ¥4
3.4.4.3 Preparation and characterization of the photoanodes

DS-PEC photoanodes were obtained following a co-adsorption approach realized by immersion
of FTO/nc-TiO; films in a mixed solution of one of the dyes la-c and [Ru(bda)(PyP):] in a
MeOH/THF/HFIP 70:25:5 solvent mixture for 4 h. The concentrations of the dye and the catalyst
in this staining solution were 2.0x10™* M and 1.0x10~* M, respectively.

Prior to the photoelectrochemical experiments in DSPEC, the obtained electrodes were fully char-
acterized from a photo-electrochemical point of view.

The UV-vis absorption spectra reported in Figure 3.16, show profiles similar to those of the indi-
vidual dyes. However, for compound 1a, a red shift of the absorption maximum to 489 nm was
observed, likely due to reduced dye aggregation on the TiO» surface as a result of co-adsorption.
Unfortunately, we were unable to separate the absorption features of the dyes from those of the
ruthenium catalyst in the recorded spectra, preventing the estimation of their relative loading on

the semiconductor surface using Meyer’s method as described above.
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Figure 3.16 Normalized UV—-Vis absorption spectra of dyes 1a-c and complex [Ru(bda)(PyP):] co-adsorbed
on TiO,.
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For what concern TAS experiments, when co-adsorbed with the complex [Ru(bda)(PyP):] on
TiO», dyes 1a-c show transient spectral features very similar to those observed for the bare dyes.
The EAD spectra obtained by global analysis (Figure 3.17) reveals three main components with
spectral distributions similar to those seen in the previous case. However, the second component
now shows a slightly shorter lifetime, in the range of 100—130 ps, suggesting a faster charge re-
combination in the interfacial electron-hole pairs. Overall, the presence of the Ru complex does
not significantly influence the charge injection or charge recombination processes within the time-
scale of the TAS experiment, which is not surprising considering that the dye regeneration process
mediated by the catalyst usually occurs on much longer timescales. Furthermore, since the transi-
ent absorption features of the bare complex adsorbed on TiO, are weak, they are barely detectable

in the spectra of the co-adsorbed samples.
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Figure 3.17 Evolution Associated Difference Spectra and lifetimes obtained from Global Analysis of the transi-
ent data of dyes la-c and complex [Ru(bda)(PyP):] co-adsorbed on TiO; films.

The electrochemical properties of the dye-sensitized photoanodes were also investigated recording
the cyclic voltammetry (CV) traces of the FTO/nc-Ti0: electrodes in dark conditions (Figure 3.18,
right), using a three-electrodes cell setup with the functionalized films as working electrodes, a
Saturated Calomel Electrode (SCE) as the reference electrode, a platinum wire as the counter elec-

trode and phosphate buffer (pH = 6.6) as the electrolyte.
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Figure 3.18 CV scan of a FTO/TiO>/[Ru(bda)(PyP):] electrode (left); FTO/TiOx/dye + [Ru(bda)(PyP):] elec-
trodes (right, 1a: red solid line; 1b: blue dashed line; 1c: green dotted line), immersed in 0.1 M phosphate
buffer solution at pH = 6.6.

The CV traces of the photoanodes functionalized with both the dyes and the catalyst (Figure 3.18,
right), display a small reversible peak at Ei2 ~ +0.6 V vs. NHE and an anodic wave with an onset
potential of approx. +1.1 V vs. NHE. By comparison with the CV traces of the electrodes func-
tionalized with only [Ru(bda)(pyP):] (Figure 3.18, left) the small reversible peak at Ei» ~ +0.6 V
vs. NHE could be assigned to the Ru"/Ru'™ redox couple, whereas the anodic wave at positive
potentials indicated that the water oxidation reaction occurred.***¢ Therefore, the presence of the
Ru-catalyst could be confirmed in all the samples, although, as can be seen in the zoom of the plots
in Figure 3.18 (right), the electrode sensitized with 1b shows a less evident peak at Ei» ~ +0.6 V
vs. NHE and also a smaller water oxidation wave at positive potentials, suggesting that it could be

less efficient in promoting the desired reaction, compared to dye 1a,c.
3.4.4.4 Photoelectrochemical experiments

As a final part of our study on the quinoxaline-based sensitizers, the capability of the new dyes to
work as sensitizers for DS-PEC photoanodes was preliminarily assessed by measuring the relative
photocurrent response in a photoelectrochemical cell with a three-electrode configuration. The
dye-sensitized photoanodes (prepared in the same manner described above) were used as working
electrodes, an Ag/AgCl (KCl sat.) aqueous electrode as reference electrode and platinum wire as
the counter electrode, while aq. NaxSO4 0.1 M (pH = 6.5) was employed as the electrolyte.

To evaluate the best external bias to be used in the photoelectrochemical measurements, linear
sweep voltammetry (LSV) was performed on the differently sensitized photoanodes, scanning the
potential range from —0.2 to 0.7 V vs NHE. The experiments were conducted under chopped illu-
mination (100 mW cm ™2, AM 1.5 calibrated with a reference silicon solar cell), to highlight the

different response of the electrode materials and confirm their photoactive behavior.
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Figure 3.19 LSV traces of DS-PEC fabricated with FTO/nc-TiO»/dye + [Ru(bda)(PyP)z] working electrodes
under chopped AM 1.5 illumination.

Clearly, the largest photocurrent was provided by dye 1a (Figure 3.19, red line), with an onset at
around — 0.2 V vs. NHE and the maximum value of approx. 150 pA cm 2 in the +0.4-0.5 V vs.
NHE range, calculated as difference between illuminated and dark conditions. This outcome can
be rationalized considering that compound 1a shows the best combination of intense light absorp-
tion and well-aligned electrochemical features in quinoxaline-based dye series. Specifically, the
HOMO and LUMO energy levels of dye 1a have the best matching with the catalytic onset poten-
tial of the Ru-based WOC and the CB of TiO», respectively. Furthermore, its smaller Eo-o value
ensures enhanced overlap with the solar emission spectrum, contributing to its higher efficiency.
Dye 1¢ (Figure 3.19, green line) displayed a similar behavior, although its photocurrent was lower,
peaking at around 85 pA cm 2 within the same potential range. In contrast, the electrode sensitized
with dye 1b (Figure 3.19, blue line) showed minimal activity under illumination, with a photocur-
rent only slightly above the dark current.

Building on the results from the LSV experiments, subsequent chronoamperometric (CA) meas-
urements were conducted at a fixed bias of +0.5 V vs. NHE to optimize the photocurrent response
(Figure 3.20). Current traces were recorded over a 100-second period, under chopped illumination.
After an initial decay-attributable to rapid electron injection from the excited dye into the TiO2
conduction band, followed by fast charge recombination due to the kinetic limitations of the dye
regeneration process by the WOC*, the photocurrents stabilized for the remainder of the experi-
ment. These results were consistent with those from the LSV measurements. Electrodes incorpo-
rating dyes 1a and 1c¢ yielded stable currents of approximately 145 pA cm ™2 and 82 pA cm 2,
respectively, while the electrode sensitized with dye 1b showed the lowest photocurrent, at around

6 A cm ™.
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Figure 3.20 CA of DS-PEC fabricated with FTO/nc-TiO>/dye + [Ru(bda)(PyP):] working electrodes under
hopped AM 1.5 illumination from 0 to 60 s (left); zoom of panel in the 20—40 s range (right).

The lack of activity shown by the electrodes containing dye 1b could be tentatively explained by
taking into account its oxidation potentials. The electrochemical analysis discussed above (see
paragraph 3.4.3.1) showed that, in the case of dye 1b, the E,, value measured in solution (+1.08 V
vs. NHE) was very close to the reported onset of catalysis of [Ru(bda)(pyP)2] (Eonser, approx. +1.1
V vs. NHE) suggesting that a relatively small thermodynamic driving force for hole transfer to the
catalyst could exist for such dye. In addition, with a value of 9.3x10~® mol/cm?, dye 1b presented
also the highest loading on TiO>, suggesting that an insufficient amount of the catalyst could be
adsorbed on the semiconductor surface when applying the “co-adsorption” method described
above.

Based on these observations, we hypothesized that the regeneration of dye 1b could be improved
by increasing the relative amount of catalyst adsorbed on the semiconductor compared to the dye.
To test this supposition, we employed a "sequential” adsorption approach, where the bare TiO:
electrodes were first immersed in a 1.0 x 10~* M catalyst solution for 4 hours, followed by immer-
sion in a 2.0 x 107* M solution of dye 1b (Figure 3.21). By initiating the sensitization process with
the immersion of the photoanode in a solution containing only the catalyst, we aimed to maximize
the amount of catalyst anchored on the semiconductor surface and enhance the water oxidation

reaction capacity.
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Figure 3.21 Schematic representation of the co-adsorption method (left) and the “sequential” adsorption ap-

proach (right).
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Figure 3.22 a) Comparison between the normalized UV-Vis absorption spectra of
FTO/TiOy/1b+[Ru(bda)(PyP):] electrodes obtained with the “co-adsorption” (blue dashed line) and “sequen-
tial” (light blue solid line) staining procedures; b) CV scans of FTO/TiO; /1b + [Ru(bda)(PyP):] electrodes,
immersed in 0.1 M phosphate buffer solution at pH = 6.6. “Coadsorption” staining procedure, blue dashed
line; “sequential” staining procedure, light blue solid line.

Comparing the normalized UV—Vis absorption spectra of electrodes prepared with the two meth-

ods (Figure 3.22, left), we found a higher relative absorbance for the "sequential” sample in the
350-500 nm range, where the catalyst absorbs more light. Furthermore, in the CV curves (Figure
3.22, right), the redox peak corresponding to the Ru/Ru™ couple was more pronounced for the
"sequential" sample. In addition, an intense electrocatalytic anodic wave (onset at ca. +1.1 V vs.
NHE) comparable with the one seen previously for dyes 1a,c was observed. This observation sug-
gested that the electrode, prepared using the sequential method, could have significantly higher

catalytic activity compared to the one prepared using the co-adsorption procedure.

Encouraged by these results, we performed LSV experiments using the FTO/nc-TiO2/1b +

[Ru(bda)(PyP):] electrodes, obtained by the “sequential” adsorption method, as working elec-

trodes under the same experimental conditions described previously.
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Figure 3.23 Comparison of the LSV traces of DS-PEC fabricated with FTO/nc-TiO»/1b + [Ru(bda)(PyP):]
working electrodes obtained with the “co-adsorption” and “sequential” methods (top); CA of the same cells
(bottom left); zoom of panel in the 20—40 s range (bottom right); under chopped AM 1.5 illumination.

As illustrated in Figure 3.22, the investigated sample displayed notable improvement in photocur-
rent, reaching approximately 63 uA cm 2 within the +0.4 to +0.5 V vs. NHE potential range. This
observation was further confirmed by the following CA measurements conducted at +0.5 V vs.
NHE (Figure 3.23,bottom), where a relatively stable photocurrent of around 68 pA cm 2 was sus-
tained throughout the entire duration of the experiment. Although the photocurrent generated by
the “sequential” 1b + [Ru(bda)(PyP):] photoelectrodes remained lower than the one produced by
dyes la,c, this result highlighted the potential of tuning the performance of DS-PEC systems
through adjustments in the sensitization procedure, in response of the specific structural and elec-

trochemical features of their molecular components.
3.5 Pyrido[3,4-b]pyrazine-based sensitizers

After completing the investigation of compounds 1a—c, we turned our focus to the second family
of pyrido[3,4-b]pyrazine-based sensitizers PP2a-c. These dyes were initially synthesized using
Pd-catalyzed cross-coupling reactions and subsequently characterized in solution. The synthesis

and characterization details are outlined in the following sections.
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3.5.1 Design pathway and retrosynthetic analysis

With the aim of developing a concise and common synthetic pathway for the designed family of
dyes, we decided to first investigate the synthesis of compound PP2a as a model substrate and
later extend the optimized approach to compounds PP2b-c

Scheme 3.9 shows the retrosynthetic approach devised to highlight the most important disconnec-

tions in the structure of dye PP2a.
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Scheme 3.9 Retrosynthetic approach for the synthesis of compound PP2a. Colors represent the different build-
ing blocks: donor (purple), & (vellow), auxiliary acceptor (orange), acceptor (pink).

In agreement with the retrosynthetic analysis shown above, after a first fragmentation of the cy-
anoacrylic acid moiety to yield aldehyde 28a, the two main disconnections (B and C) concerned
the removal of the acceptor and then donor groups from the central pyrido[3,4-b]pyrazine core.
Then, the latter was divided to release the starting materials benzil (5) and 3,4-diamino-2,5-dibro-
mopyridine (23).

Considering the forward synthetic route, the procedure chosen to connect the donor and acceptor
units to the pyrido[3,4-b]pyrazine central core of 24 was once again based on Pd-catalyzed cross-
couplings as key reactions. Unlike the preparation of dyes la-c, here we preferred the Suzuki—
Miyaura reaction over direct arylation protocol. Indeed, while direct C—H arylation reactions be-
tween arenes and aromatic halides have been reported in literature, this procedure often suffers
from poor regioselectivity. This is due to the presence in many arenes of C—H bonds with compa-
rable reactivity, often resulting in mixtures of regioisomers. Without directing groups or inherent
electronic or steric biases, it is challenging to control the arylation site. In order to optimize the

key C-C bond formation step we decided to investigate the Suzuki-Miyaura reaction both under
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thermal and microwave (MW)-assisted conditions. The details of the optimization process are dis-

cussed below.

3.5.1.1 Optimization of the Suzuki-Miyaura reaction and synthesis of dye PP2a

In the last decades, the application of MW irradiation as a heating source in synthetic organic
chemistry has become progressively more popular, in response to the need of developing more
environmentally friendly processes in terms of sustainable chemistry*s. MW heating offers a dis-
tinct advantage over conventional heating because it directly transfers energy to the reacting mol-
ecules, leading to a rapid increase in temperature without significant energy loss. In contrast, con-
ventional heating is slower due to the need to transfer heat through the walls of the vessel, which
results in energy dissipation before reaching the reacting molecules. MW heating takes advantage
of the ability of mobile electric charges in liquids or conducting ions in solids to convert electro-
magnetic energy into heat. On the other hand, conventional heating relies on thermal conduction
and convection to transfer heat. MW heating is particularly advantageous in chemical processes
as it significantly reduces reaction times from hours or even days to just minutes or seconds. More-
over, it aligns with the principles of green chemistry by minimizing side reactions, increasing re-
action yields, and improving reproducibility.*” For these reasons, we decided to test its employ-
ment also in our sequence to prepare dye PP2a.

Prior to optimizing the Suzuki-Miyaura reaction, the needed pyrido[3,4-b]pyrazine central core
(24) was successfully synthetized. The desired product could be obtained through a condensation
reaction, conducted in acetic acid at 100°C for 2h, between the two commercially available starting
materials: 2,5-dibromopyridine-3,4-diamine (23) and benzil (5). Under this condition, compound

24 was obtained in high yield.

Ph_ Ph Ph  Ph
HN  NH, o>/ \<o NZAY

= 5
Br—Q\ Br —m > =
N—7 AcOH, 100°C,2h  Br \/ Br

83%
23 24

Scheme 3.10 Synthesis of intermediate 24.

For what concern the Suzuki-Miyaura coupling several reports in literature have demonstrated
that, with pyrido[3,4-b]pyrazine, the reaction occurs preferentially at the more electron deficient
4-carbon position in (highlighted with a red dot in Scheme 3.11) of pyridine derivatives.?’%!

Therefore, in order to obtain the desired dye PP2a, we started our investigation by optimizing the
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coupling between the 5,8-dibromo-2,3-diphenylpyrido[3,4-b]pyrazine (24) and (4-hydroxyben-

zene)boronic acid (25) (Scheme 3.11) under both thermal and microwave-assisted conditions (Ta-

ble 3.8).
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Scheme 3.11 Synthesis of intermediate 26.

Table 3.8 Optimization of the reaction conditions for the preparation of intermediate 26°.

24:2 “Pd”/Li
Entry : (g I:l 01%;;“1 Solvent T/t Yield 26 (%) 24:26:26a¢
(4
Thermal Heating
P Ph
1 11 d(zl(‘;b;):j o )OS THF:H,0 3:1 80°C/24 h 0% -
P N 0
2b 1:1 Pd(PPhs)s THF:H,0 3:1 80°C/24 h 15% 83:15:traces
(3 mol%)
Pd(PPh3), Toluene: EtOH: H,O
b . o . .
3 1:1 (3 mol) . 80°C/24 h 36% 0:36:12
4b 1:1.5 Pd(PPhs)s THF:H,0 3:1 80°C/24 h 43% 41:43:7
(3 mol%)
5P 1:2 Pd(PPhs)s THF:H,0 3:1 80°C/24 h 50% 30:50:10
(3 mol%)
Microwave Irradiation
6 1:1 Pd(PPhs), THF:H,0 3:1 80°C/30° 8% 75:8:8
(3 mol%)
70 1:1 Pd(PPhs)s THF:H,0 3:1 120°C/30” 8% 48:8:12
(3 mol%)
Pd(dppfh)Cl
ge 1:1 (dppD)C2 Toluene: MeOH 1:1  80°C/30° 48% 24:48:traces
(3 mol%)
9 1:1.5 Pd(dpp)Cl: Toluene: MeOH 1:1 80°C/30’ 70 % 8:70:10
(3 mol %)
10° 122 Pd(dppDCl Toluene: MeOH 1:1  80°C/30° 59% 0:59:27
(3 mol%)

424 (0.227 mmol); " K»CO; (15.0 eq) was used as base; ¢ KF (6.0 eq) was used as base; ¢ Isolated prod-
uct yield after column chromatography; ¢ Isolated products ratios.

After varying the catalyst, solvent mixture, base, stoichiometry ratio between the reagents, tem-

perature and time, we found that the best protocol for the synthesis of intermediate 26 was repre-

sented by the microwave-assisted reaction conducted in the presence of Pd(dppf)Clz (3 mol%) as

catalyst, KF (6.0 eq.) as base, in toluene and methanol (MeOH) 1:1 at 80°C for 30 min (entry 9).

Under these conditions the desired product was obtained with a good yield of 70% on a 0.227

mmol scale.
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Encouraged by this result we moved further and investigated the second coupling between alde-
hyde 27a and the obtained intermediate 26 (Scheme 3.12). Also in this case we performed a short
optimization of the reaction conditions and explored again both thermal and MW -assisted proce-
dures (Table 3.9).

O
Ph  Ph oﬁ—g\’ Ph. Ph
— S o —
N N 27a . N N

— base (x eq.), — S =0

HO \ ) Br Pd cat. (y mol%), HO an'y
N Solvent, time (h), temperature (°C) N
26 28a

Scheme 3.12 Synthesis of intermediate 28a-

Table 3.9 Optimization of the reaction conditions for the preparation of intermediate 28a“.

26:27a “Pd”/Ligand 26:28a
E 1 T Yield 2 d
ntry ratio (x mol %) Solvent /t ield 28a (%) (%)
Thermal Heating
1b 1:3 Pd(PPhs)s THF:H,0 3:1 80°C/24 h 41% 39:41
(3 mol%)
Microwave Irradiation
Pd(PPh
1b 1:3 (PPhs)s THF:H,0 3:1 80°C/30° 25% 63:25
(3 mol%)
Pd(dppf)Cl
3¢ 1:3 @ppHCl o ene: MeOH 1:1  80°C/30° 62% 35:62
(3 mol %)

26 (0.220 mmol); ® KoCO; (15.0 eq) was used as base; ¢ KF (6.0 eq) was used as base; ¢ Isolated product yield
after column chromatography; ¢ Isolated products ratios.

The optimized conditions found for the preparation of intermediate 26 turned out to also work best
for the synthesis of compound 28a (entry 3). The same protocol, performed with an excess of
compound 27a, allowed us to obtain intermediate 28a with a good yield of 62%.

Furthermore, since both Suzuki-Miyaura couplings could be conducted under the same reaction
conditions, we decided to explore the synthesis of compound 28a using a one-pot telescopic ap-
proach (Scheme 3.13). In this method, the process begins with the MW -assisted Suzuki-Miyaura
reaction between 24 and 25. After 30 minutes of irradiation at 80°C, the entire catalytic system is
reintroduced into the reaction mixture along with boronic acid 27a, required for the second cross-
coupling step. The resulting mixture is then subjected to MW irradiation once again.

Due to the complexity of the mixture deriving from the double cross-coupling reaction, compound
28a could not be isolated in pure form by classic flash column chromatography in this case. To
overcome this problem, we decided to attempt the subsequent alkylation step leading to compound
30a directly on the crude mixture of the double cross-coupling transformation (Scheme 3.13).
The introduction of the n-butane chain on the free —OH group was performed using a large excess

of n-bromobutane (10.0 eq) and K>COs as the base, in N,N-DMF at 90°C for 4h. To our delight,
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the alkylation procedure succeeded, and intermediate 30a could be easily separated from the other
components of the crude reaction mixture, allowing its isolation with a good overall yield of 54%
over 3 steps. Therefore, the telescopic strategy offers not only better performances when compared
to the previously described step-wise protocol (54% of yield over 3 steps vs. 43% over two steps),
but also a more concise and straightforward approach, characterized by a lower number of steps

requiring work-up and purification processes.

Ph. Ph OH o, _éj\/ Ph. Ph
>_< HO—< >—B B _0 —
N\ OH g s 7\
_ 27a o

N" N
_ 25 > _ S o
Br—=\ /7 Br pd(dppf)Cl, (3 mol%) Pd(dppf)Cly (3 mol%) HO N/2nN |
N KF (6 eq) KF (6 eq) N
24 Toluene/ MeOH (1:1) Toluene/ MeOH (1:1) 28a
MW, 30', 80°C MW, 30', 80°C
Ph  Ph
NN\ Br-C4Ho
— S X0 _ 29
C4HgO }\l / \| K,COs (5 eq)
DMF,90°C, 4 h
30a

54% over 3 steps

Scheme 3.13 Synthesis of intermediate 19: with a one-pot telescopic approach.

Ph Ph Ph Ph ,OH
H.N  NH, o>/ < 7~ HO_Q_B\OH

¢} N N

— 5 25
Br—\ B ———————> — =
N AcOH, 100°C,2h  Br—\ —Br Pd(dppf)Cl, (3 mol%)
83% N KF (6 eq) o g
23 24 Toluene:MeOH (1:1) B L o
MW, 30, 80°C g sTF
26a
Pd(dppf)Cl; (3 mol%)
KF (6 eq)
Ph ph Ph ph Toluene:MeOH (1:1)
>/ \< Br-C,4H, 7\ MW, 30", 80°C

N N o, N N
— S X0 — S <0
CaHeO \? N | K,CO3 (5 eq) HO \-Z \ |

N,N-DMF, 90°C, 4 h

54% over 3 steps

Ph  Ph
HOOC._CN —
N N

15 - (s

AcONH, (4 eq) C4H0 A [

Toluene:AcOH 2:1 N 7/ N\ COOH

110°C, 10h PP2a
94%

Scheme 3.14 Overall synthetic pathway for the synthesis of dye PP2a.

Finally, by subjecting intermediate 30a to a Knoevenagel reaction with cyanoacetic acid (15) in

an acidic environment, the desired dye PP2a could be obtained with a high yield of 94%.

100



PYRIDO[3,4-B]PYRAZINE-BASED SENSITIZERS

Based on the above description, the overall synthetic pathway for its preparation is summarized in
Scheme 3.14. Besides the synthetic steps already described above, the scheme reports also the
preparation of the pyrido[3,4-b]pyrazine central core (24) that can be easily obtained through a
condensation reaction, conducted in acetic acid at 100°C for 2h, between the two commercially

available starting materials: 2,5-dibromopyridine-3,4-diamine (23) and benzil (5).
3.5.1.2 Synthesis of dyes PP2b,c

Encouraged by the results obtained for dye PP2a, we decided to expand the developed pathway to
the synthesis of dyes PP2b,c. The overall synthetic pathway is presented in Scheme 3.15.

o)
Ph Ph OH \ Ph Ph 0
— Ho—< >—B( j:o’B Q — *_Q_//
N° N OH N° N
— 25 o 27b-c _ __
Br }\1 /) B" Pd(dppfiCl, (3 mol%) Pd(dppf)Cl, (3 mol%) \ r\{ OH
KF (6 eq)

\
-
©
o

6eq KF (6 eq) o]
24 Toluene:MeOH 1:1 Toluene:MeOH 1:1 28b-c }_©_<
MW, 30", 80°C MW, 30", 80°C o—
19¢
Ph, Ph
7 N\
NN Br-C4Ho
— 29
C4HgO \ -
N K,CO3 (5 eq)

N,N-DMF,90°C, 4 h
30b, 43%, over 3 steps

30c, 39%, over 3 steps

Ph. Ph Ph. Ph
NN HOOC._CN 7 N\

N° N NC,
— je 15 — /) —COOH
C4HgO O \ O AcONH, (4 eq) C4HgO Q \ O
N N

Toluene:AcOH 2:1

30b 110°C, 10h PP2b
89%
Ph  Ph Ph  Ph
>/ \< >/ \<
NN o LIOH H,0 (50 eq) NN
— - —> —
C4HgO O \ O THF:MeOH (1:1) C4Hg0 Q \ /) O COOH
N o] rt, 4h N
30c 95% PP2c

Scheme 3.15 Overall synthetic pathway for the synthesis of dye PP2b-c.

As can be seen, the telescopic double Suzuki-Miyaura followed by alkylation allowed us to obtain
the key intermediates 30b-c with good yields of 39-43% over 3 steps. Then, by subjecting inter-
mediate 30b to a Knoevenagel reaction with cyanoacetic acid (15) and ammonium acetate in a
toluene:acetic acid mixture at 110°C for 10h, the desired dye PP2b could be obtained with high
yield of 89%. Meanwhile, the basic hydrolysis of ester 30c with LiOH in a toluene:MeOH mixture,
at room temperature for 4h, led to dye PP2¢ with an excellent yield of 95%. Compounds PP2a-c

could not be purified using flash column chromatography, due to the interaction of the anchoring
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group with the silica stationary phase, and therefore were isolated by means of recrystallization

from ethanol.

3.5.2 Spectro-electrochemical characterization

The absorption spectra of the pyrido[3,4-b]pyrazine-based dyes PP2a-c in DCM are shown in
Figure 3.24. Their absorptions, molar extinction coefficients, and optical band gap (Eo.o) are sum-
marized in Table 3.10. The UV-vis spectra of PP2a exhibit three major prominent bands, two
appearing around in the visible region around 390-450 nm and the third in the near UV around 310
nm. By comparison with other pyrido[3,4-b]pyrazine-based dyes reported in literature?’, the latter
can be ascribed to a localized aromatic n—n* transition from the donor group to the pyrido[3,4-
b]pyrazine moiety, meanwhile the absorption at 390-450 nm may be attributed to the ICT transi-

tion from the alkoxy-phenyl ring to the cyanoacetic acceptor unit.

PP2a PP2b PP2c
— Absorption Absoption
4 \ — Emission Emission

o

= Absorption
== Emission

Normalized Intensity (au)
o
@

Normalized Intensityi {a.u.)
Normalized Intensity (a.u.)

T T ; T T T T T T T T
300 400 500 800 700 800 300 400 500 600 700 800 300 400 500 600 700 800
Wavelenght (nm) Wavelength (nm) Wavelength (nm)

Figure 3.24 UV-Vis absorption and emission spectra of dyes PP2a-c in DCM.

Table 3.10 Main spectroscopic propetrties of dyes PP2a-c in DCM.

Dye 2905, 4 (NM) ex10*M™" em™ 2 (NM) “Ep.9 (V)"
456 (398)
PP2a 2.51 594 2.42
316
PP2b 357 (406) 2.33 537 2.66
PP2c 389 2.02 525 2.75

“ Estimated based on the intersection of the normalized absorption and emission spectra.

Varying the n-bridge from thiophene to benzene as was done for the dye PP2b leads to a signifi-
cant difference in the absorption features demonstrating that modulation of the electron density
distribution of FMOs of D-A—n—A type dyes may be achieved through alterations of the n-bridges.
In particular, dye PP2b shows a strong blue-shift in the absorption spectra with a major prominent

band at 357 nm and a minor shoulder at 406 nm, as a consequence of the less planar, and thus less
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conjugated, structure of the compound incorporating the benzene ring compared to thiophene, re-
sulting in a less pronounced push-pull system. When cyanoacrylic acid moiety was changed to a
simple carboxylic acid a blue-shift of ca. 17 nm was observed, with dye PP2¢ showing a maximum
at 389 nm. This result was unexpected, as a simple change in the anchor group typically does not
have such significant impact on the electron density distribution. However, the relatively simple
design of the dye, featuring a short conjugation system, may provide a key explanation for this
observation. The molar attenuation coefficients () range from 2.02x10* M 'cm™! for dye PP2c¢ to
2.51x10* M 'cm™! for dye PP2a.

When excited near their absorption maxima, the dyes exhibited a notable fluorescence emission,
with maxima in the 520-590 nm range. The large Stokes shift (ca. 130-180 nm) indicates good
intramolecular charge transfer character in the singlet excited state of dyes PP2a-c. From the in-
tersection of the normalized absorption and emission spectra, the corresponding optical band gap
Eo-o could be determined, yielding values in the 2.42-2.75 eV range. As can be seen, compound
PP2b exhibited the largest Stokes shift, approximately 180 nm. This observation suggests that
replacing the n-bridge from thiophene to benzene may enhance planarity in the excited state S,
potentially boosting optical properties, including a larger Stokes shift. Meanwhile the smaller Eo-
o was shown by compound PP2a, probably owing to its stronger donor-acceptor character.

The spectro-electrochemical characterization of the new dyes was thus completed by recording the
corresponding cyclic voltammetries (CV) in DCM solution, in order to determine their ground-

state oxidation potentials E,, and calculate the energy level positions of their frontier orbitals (Fig-

ure 3.25).

4x108 {==PP2a 13107 - s PP2b PP2C
== PP2a+Fc 4

= PP2b+Fc PP2C+ Fc

Current (A)

05 00 05 10 15 10 a5 00 s 10 15 05 00 s 10 15
Potential vs Fe/Fe+ (V) Potential vs Fc/Fe+ (V) Potential vs Fe/Fe+ (V)

Figure 3.25 Ciclic voltammetry plots of dyes PP2a-c in DCM solution, both without and with ferrocene as an
internal standard.

103



CONCLUSIONS

Table 3.11 electrochemical properties of dyes PP2a-c in DCM solution.

Dye E,. (V) vs. Fc¢'/Fe E,. (V) vs. NHE® E*,. (V) vs. NHE?
PP2a +1.03 +1.75 -0.67
PP2b +1.11 +1.83 —0.83
PP2c +1.11 +1.83 -0.92

¢ Calculated by adding +0.72 V to the potential vs. Fc*/Fc®!; ® Calculated from the E, and Ey val-
ues according to the formula: E*,, = E,x — (Ep-o/€)

Upon application of positive potentials, the dyes showed single quasi-reversible oxidation waves
corresponding to an oxidation/re-reduction process. After conversion according to literature re-
ports, their E,x values resulted +1.75 V (PP2a), +1.83 V (PP2b) and +1.83 V (PP2c) vs. NHE,
respectively (Table 3.11). Therefore, all dyes bring sufficient energy offsets for regeneration by
the typical Ru'(bda)-based complex (Eonser, approx. +1.1 V vs. NHE). The excited state oxidation
potentials (E*,x) of the dyes were then assessed by subtracting the previously determined Ey. val-
ues from the E,, resulting from cyclic voltammetry, yielding values of —0.67 V, —0.83 V and —0.92
V vs. NHE for PP2a, PP2b and PP2c, respectively. As expected, the trend observed in the values
of the dyes followed the order of relative electron-withdrawing ability of their acceptor/anchor
groups, with PP2¢ < PP2b < PP2a. Accordingly, the electrochemical analysis showed that in the
case of dye PP2a the value measured in solution was very close to the reported conduction band
edge of TiO2 (approx.—0.5 V vs. NHE) suggesting that a smaller thermodynamic driving force for
electron transfer to the semiconductor may exist for such dye. Further investigation for this class

of chromophores must be continued on TiO; films.

3.6 Conclusions

In conclusion, we designed, synthesized, and characterized two families of organic dyes as sensi-
tizers for DSPEC applications: compounds 1la-c, featuring a quinoxaline core, and compounds
PP2a-c, built on a pyrido[3.,4-b]pyrazine core. With the help of DFT and TD-DFT computational
studies, the structures of the dyes were designed to optimize light absorption and energy levels for
efficient electron transfer in DSPECs. Key design choices included using donor/acceptor groups
that moderate the dyes' ground state-/excited state-oxidation potentials, extending m-conjugation
to shift absorption toward longer wavelengths, and adding alkyl chains to improve solubility and
reduce aggregation on semiconductor surfaces.

The structures of dyes la-c presented a common 2,3-diphenyl-5,8-dithienylquinoxaline central

core and three different alkoxy-substituted benzene rings as donor groups of moderate strength.
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The varying number of substituents and the different substitution patterns of the donor groups were
expected to alter the energy of the corresponding HOMO levels, allowing a fine tuning of the dyes
ground state oxidation potentials and affecting the efficiency of their regeneration by the WOC.
The dyes were prepared through a multistep synthetic sequence, featuring two consecutive direct
arylation reactions as the key carbon-carbon bond forming steps. By applying such procedures, it
was possible to sequentially introduce both the acceptor and the donor groups while reducing the
number of steps compared to typical cross-coupling procedures, keeping the overall synthetic route
concise.

Firstly, the spectroscopic and electrochemical properties of compounds 1a-c were determined both
in solution and upon adsorption on mesoporous TiO> thin films. In agreement with the results of
the computational studies, all compounds presented marked visible light absorption in solution.
After adsorption on the semiconductor, spectral profiles were only slightly affected, although a
small blue shift of the absorption maxima and a broadening of the main visible absorption bands
could be observed. Electrochemical analysis in DCM solution confirmed the expected impact of
the relative strength of different donor groups on the ground state oxidation potentials of the com-
pounds, with E,, values increasing in the order 1b < 1a < 1c.

As a final part of our study of the quinoxaline-based dyes, we investigated the capability of the
new chromophores to work as anodic sensitizers in photoelectrochemical cells for water splitting
application. As a WOC to work in combination with the dyes, we selected compound
[Ru(bda)(PyP):], thanks to its simple symmetric structure and the possibility to prepare it from
readily available, commercial starting materials. Its synthetic protocol was slightly modified com-
pared to literature reports, and it was found that using HFIP as a co-solvent was crucial both to
improve the efficiency of its formation and facilitate its subsequent purification and handling. CV
experiments indicated that the onset of electrochemical water oxidation with [Ru(bda)(PyP):]
adsorbed on TiO; occurred at around +1.1 V vs. NHE, which was considered compatible with the
ground state oxidation potentials of all dyes, although in the case of compound 1b its lower Eo,
value measured in solution could point to a less efficient dye-regeneration process in comparison
to sensitizers 1a,c.

Before carrying out the photoelectrochemical tests, the dynamics of photoexcitation and charge
transfer of the dyes adsorbed on mesoporous TiO> films were studied by means of TAS technique.
The results evidenced ultrafast electron injection processes taking place within the time resolution
of the instrument, with formation of both dye-bound (lifetime 100-200 ps) and long-lived (>5 ns),
“free” charge carriers for all the tested systems, the latter being able to give rise to photocurrent in

PEC cells.
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Finally, the ability of the new dyes to work as anodic sensitizers in DS-PEC devices was prelimi-
narily assessed by means of photoelectrochemical tests in a three-electrodes cell setup. Our study
revealed that when the dyes and WOC were deposed on the electrode semiconductor by means of
a “co-adsorption” procedure, the best performance was yielded by dye 1a, which provided a pho-
tocurrent density of approx. 150 pA cm2 at +0.5 V vs. NHE external bias. In contrast, dye 1c
yielded a lower current of around 85 pA cm 2 under the same conditions, while dye 1b exhibited
almost no activity. For the latter, we attributed the poor performance to a possible ineffective dye
regeneration by the WOC, which was likely due to both a lower driving force, as previously dis-
cussed, and insufficient catalyst loading arising from the co-adsorption method.

To address this limitation, we explored an alternative staining approach in which the WOC was
first deposited on TiO», followed by the dye. This sequential deposition method led to a noticeable
improvement photocurrent density of approx. 63 pA cm 2 at +0.5 V vs. NHE external bias. These
findings suggest that further optimization of electrode fabrication, functionalization protocols, and
exploration of different dye-catalyst combinations are necessary to enhance the system’s perfor-
mance. Therefore, additional experiments are currently underway.

Overall, we can conclude that dye 1a emerged as the most promising candidate, exhibiting a well-
balanced combination of photophysical and electrochemical properties. It demonstrated strong and
broad absorption (174~ 500 nm), well-matched ground- and excited-state oxidation potentials,
and an optimal adsorption density on TiO», which contributed to its superior photocurrent perfor-

mance in the series.

Considering the second sensitizers series, the structures of dyes PP2a-c presented a pyrido[3,4-
b]pyrazine central core and three different acceptor/anchor groups of moderate strength. By vary-
ing the acceptor moiety of the dye we expected to alter the energy of the corresponding LUMO
levels, allowing a fine tuning of the dyes excited state oxidation potentials and affecting the effi-
ciency of electron injection into the CB of TiO. The dyes were prepared also in this case through
a multistep synthetic sequence, featuring a telescopic double microwave -assisted Suzuki-Miyaura
reaction as the key carbon-carbon bond forming steps.

The capability of the new chromophores to work as anodic sensitizers in photoelectrochemical
cells for water splitting application was first investigated by performing a complete spectro-elec-
trochemical characterization in DCM solution. PP2a-c¢ showed a narrower, but still appropri-
ate,visible light absorption compared to dyes 1a-¢, with maxima A%55, centered around 390-450
nm. This result suggests that the increased electron acceptor capacity of the pyrido[3,4-b]pyrazine
central core is probably not sufficient to compensate the less extended n-conjugation of dyes PP2a-

C.
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Electrochemical analysis in DCM solution confirmed the expected impact of the relative strength
of different acceptor on the oxidation potentials of the compounds, with excited -state oxidation
potentials (E,x) values decreasing for compound PP2a-c in the order PP2a < PP2b < PP2c.

Notably, spectroscopic and electrochemical studies confirmed the dyes’ suitability for DSPEC ap-

plications.
3.7 Materials and methods
3.7.1 General synthetic remarks

All commercially available compounds were purchased from Merck KGaA, Fluorochem Ltd., and
T.C.I. Europe Co. Ltd., and were used without further purification unless otherwise stated. 4,7-
dibromobenzo[c][1,2,5]thiadiazole (2), 2-(tributylstannyl)thiophene (3), benzil (5), 2,5-dibro-
mopyridine-3,4-diamine (23), (4-hydroxyphenyl)boronic acid (25), 5-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)thiophene-2-carbaldehyde (27a), 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzaldehyde (27b), methyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (27c),
RuCl3+3H>0, and 2,2'-bipyridine-6,6'-dicarboxylic acid (17) were obtained from the above men-
tioned commercial suppliers. 1-Bromo-4-((2-ethylhexyl)oxy)benzene (14a),’> 1-bromo-2,4-
bis(hexyloxy)benzene (14b)>* and 1-bromo-3,5-bis(hexyloxy)benzene (14¢)>* were prepared ac-
cording to the previously published synthetic procedures. Before use, Zn dust was stirred in a 1M
HCI aqueous solution for 15 min, then it was filtered and washed with water, ethanol and diethyl
ether, in this order, to remove adventitious traces of zinc oxides. The resulting activated Zn dust
was dried under vacuum and could be stored for months under nitrogen atmosphere. Anhydrous
toluene, N,N-dimethylformamide (DMF), tetrahydrofuran (THF), and dichloromethane (DCM)
were obtained after drying with a PureSolv Micro apparatus (Inert). Palladium-catalyzed reactions
were carried out under a dry nitrogen atmosphere using Schlenk techniques. Reactions were mon-
itored by TLC on Kieselgel 60 F254 (Merck) aluminum sheets and the products were visualized
by exposing the plate to UV light or by staining it with a basic aqueous potassium permanganate
(KMnOy) solution. Flash column chromatography was performed using Merck Kieselgel 60 (300—
400 mesh) as the stationary phase. 'H NMR spectra were recorded at 200-400 MHz, and *C NMR
spectra were recorded at 50.3—100.6 MHz, respectively, on Varian Gemini/Mercury/INOVA in-
struments. Chemical shifts (J) are reported in parts per million (ppm) and are referenced to the
residual solvent peak (CDCl3, § = 7.26 ppm for 'H NMR and 6 = 77.16 ppm for °C NMR; CD-Cl>,
J = 5.32 ppm for 'H NMR and J = 53.84 ppm for '*C NMR; THF-ds, 6 = 1.72, 3.58 ppm for 'H
NMR and & = 25.31, 67.21 ppm for '*C NMR). The following abbreviations are used to indicate
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the multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; bs, broad signal. ESI-MS
spectra were obtained by direct injection of the sample solution using a Thermo Scientific LCQ-
FLEET instrument, while HRMS spectra were measured using a Thermo Scientific LTQ Orbitrap
(FT-MS) instrument (carried out at the Interdepartmental Center for Mass Spectroscopy of the
University of Florence, CISM); both are reported as m/z.

3.7.2 Synthetic procedures

4,7-Di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (4)

N
NTON
\ s
| \
s

4,7-Dibromobenzo[c][1,2,5]thiadiazole (2, 1.00 g, 3.40 mmol, 1.0 eq.) and PdCl>(PPh3), (0.047 g,
0.068 mmol, 2.0 mol%) were added to a Schlenk tube and put under inert atmosphere by perform-
ing three vacuum-nitrogen cycles. The solids were then dissolved in dry DMF (25 mL) and the
solution was stirred for 5 min. Then, 2-(tributylstannyl) thiophene (3, 2.79 g, 7.48 mmol, 2.2 eq.)
was added via syringe and the reaction was stirred at reflux for 24 h. The reaction mixture was
allowed to cool down to room temperature, then water (25 mL) was added, and the mixture was
extracted with DCM (3 x 25 mL). The organic phases were combined and dried over anhydrous
Na»SOq, filtered and the solvent evaporated under reduced pressure. The crude was purified by
recrystallization from ethanol to give compound 4 as a bright yellow solid (0.950 g, 3.16 mmol,
93% yield). '"H-NMR (400 MHz, CDCl3) 6 = 8.13 (dd, J = 3.7, 1.1 Hz, 2H), 7.89 (s, 2H), 7.46 (dd,
J=5.1,1.1 Hz, 2H), 7.22 (dd, J = 5.1, 3.7 Hz, 2H) ppm. Spectroscopic data are in agreement with

those reported in the literature.

2,3-Diphenyl-5,8-di(thiophen-2-yl)quinoxaline (6)

In a round bottom flask 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (4, 0.950 g, 3.16 mmol,
1.0 eq.) and zinc powder (2.07 g, 31.6 mmol, 10 eq.) were suspended in glacial acetic acid (25
mL). The reaction mixture was vigorously stirred at 80°C for 1.5 h to obtain a complete conversion
of the starting material as assessed by TLC (eluent: petroleum ether/DCM 4:1 v/v). The mixture

was then cooled to room temperature and filtered. The filtrate was poured in water and extracted
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with diethyl ether (3 x 30 mL). The combined organic phases were dried over Na>SOys, filtered,
and the solvent evaporated under reduced pressure. Without any further purification, the crude
mixture was then dissolved in ethanol (20 mL) and benzil (5, 0.731 g, 3.48 mmol, 1.1 eq.) was
subsequently added. The reaction mixture was then vigorously stirred at 80°C for 16 h. After cool-
ing down to room temperature, the mixture was filtered through a fritted funnel and the solid res-
idue washed with cold ethanol, to afford compound 6 as a yellow solid (1.30 g, 2.91 mmol, 92%
yield). 'TH-NMR (400 MHz, CDCl3) 6 = 8.16 (s, 2H), 7.89 (dd, J = 3.8, 1.1 Hz, 2H), 7.82-7.71 (m,
4H), 7.53 (dd, J = 5.1, 1.1 Hz, 2H), 7.45-7.37 (m, 6H), 7.19 (dd, J = 5.2, 3.8 Hz, 2H). Spectro-

scopic data are in agreement with those reported in the literature.>®

General procedure for the synthesis of compounds 14a-c (GP1)

4-(5-(2,3-Diphenyl-8-(thiophen-2-yl)quinoxalin-5-yl)thiophen-2-yl) benzaldehyde (8), the appro-
priate aryl bromide 13a-c (3.0 eq.) and Cs2COs3 (3.0 eq.) were added to a Schlenk tube and put
under inert atmosphere by performing three vacuum-nitrogen cycles. The solids were dissolved in
dry toluene (3 mL) and a solution of Pd(OAc)> (5 mol%), P (2-MeOPh)3 (10 mol%) and pivalic
acid (30 mol%) in toluene (1 mL) was added. The reaction mixture was stirred at 110°C for 24 h.
After cooling down to room temperature, water (5 mL) was added and the mixture extracted with
DCM (3 x 10 mL). The combined organic phases were dried over anhydrous Na>SOu, filtered, and
the solvent evaporated under reduced pressure. Crude products were then purified by flash column

chromatography to give the desired compounds 14a-c in pure form.

4-(5-(2,3-Diphenyl-8-(thiophen-2-yl)quinoxalin-5-yl)thiophen-2-yl) benzaldehyde (8)

Ph Ph

N/\N

S,

| 7

720~
.

2,3-Diphenyl-5,8-di(thiophen-2-yl)quinoxaline (6, 1.00 g, 2.24 mmol, 2.0 eq.), 4-bromobenzalde-
hyde (7, 207 mg, 1.12 mmol, 1.0 eq.), Cs2COs5 (2.19 g, 3.36 mmol, 3.0 eq), Pd(OAc): (13 mg,
0.056 mmol, 5 mol%), P(2-MeOPh); (39 mg, 0.112 mmol, 10 mol%) and pivalic acid (34 mg,
0.336 mmol, 30 mol%) were added to a Schlenk tube and put under inert atmosphere by perform-
ing three vacuum-nitrogen cycles. The solids were then dissolved in dry toluene (32 mL) and the
reaction mixture was vigorously stirred at 110°C for 24 h. The solution was cooled to room tem-

perature, diluted with DCM (20 mL), filtered over a pad of Celite®, and washed with water (2 x
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30 mL) and brine (30 mL). The organic phase was dried over Na>SOqs, filtered, and the solvent
evaporated under reduced pressure. The crude product was purified by flash column chromatog-
raphy (SiO3, gradient from petroleum ether/ DCM 75:15 to petroleum ether/DCM 50:50) to afford
compound 8 (434 mg, 0.788 mmol, 70% yield) as a dark yellow solid. 'H-NMR (400 MHz, CDCl5)
0 =10.01 (s, 1H), 8.14 (s, 2H), 7.92-7.85 (m, 4H), 7.81 (d, J = 8.0 Hz, 2H), 7.80-7.72 (m, 4H),
7.54 (d, J =5.1 Hz, 1H), 7.51 (d, J = 4.1 Hz, 1H) 7.48-7.30 (m, 6H), 7.19 (dd, J = 5.1, 3.7 Hz,
1H) ppm. '*C-NMR (100 MHz, CDCl3) ¢ = 191.7, 152.0, 151.8, 145.1, 140.6, 140.3, 138.64,
138.58, 137.3, 137.2, 135.0, 131.8, 130.67, 130.66, 130.6, 129.39, 129.36, 129.3, 128.41, 128.36,
127.60, 127.56, 127.0, 126.8, 126.7, 125.8, 124.9 ppm. MS (ESI) m/z: [M+H]" calcd. for
C35H23N208S; 551.1; found: 551.3.

4-(5-(8-(5-(4-((2-Ethylhexyl)oxy)phenyl)tiophen-2-yl)-2,3-diphenylquinoxalin-5-yl)tiophen-
2-yl)benzaldehyde (14a)

Prepared following general procedure GP1, using 4-(5-(2,3-diphenyl-8-(thiophen-2-yl)quinoxa-
lin-5-yl)thiophen-2-yl)benzaldehyde (8) (50 mg, 0.091 mmol, 1.0 eq.), 1-bromo-4-((2-
ethylhexyl)oxy)benzene (13a, 78 mg, 0.273 mol, 3.0 eq.), Cs2CO3 (89 mg, 0.273 mmol, 3.0 eq.),
Pd(OAc)2 (2 mg, 0.009 mmol, 10 mol%), P(2-MeOPh);3 (6 mg, 0.018 mmol, 20 mol%) and pivalic
acid (3 mg, 0.027 mmol, 30 mol%). The crude product was purified by flash column chromatog-
raphy (SiO;, petroleum ether/THF 85:15 v/v) to afford compound 14a as a red solid (55 mg, 0.073
mmol, 80% yield). 'H-NMR (400 MHz, THF-ds) 6 = 9.95 (s, 1H), 8.27-8.19 (m, 2H), 7.97-7.85
(m, 6H), 7.83-7.75 (m, 4H), 7.65- 7.58 (m, 3H), 7.46-7.35 (m, 7H), 7.30 (d, J = 3.9 Hz, 1H), 6.96
(d, J=8.6 Hz, 2H), 3.92 (d, J = 5.9 Hz, 2H), 1.50-1.53 (m, 4H), 1.34-1.38 (m, 4H), 1.01-0.90 (m,
6H) ppm. *C-NMR (100 MHz, THF-ds) 6 = 191.3, 160.4, 152.8, 152.7, 148.7, 146.2, 141.3, 141.0,
139.9, 138.1, 137.6, 136.6, 132.8,131.7, 131.1, 130.1, 130.0, 129.11, 129.08, 128.8, 128.5, 127.60,
127.55, 127.0, 126.4, 125.7, 122.6, 115.8, 71.3, 40.7, 31.7, 30.2, 25.0, 24.2, 14.6, 11.7 ppm. Note:
not all carbon signals are visible in the '>*C-NMR spectrum due to fortuitous overlaps of aromatic

peaks. MS (ESI) m/z: [M+H]* calcd for C40H43N20,S, 755.3; found: 755.3.

4-(5-(8-(5-(2,4-Bis(Hexyloxy)phenyl)tiophen-2-yl)-2,3-diphenylquinoxalin-5-yl)tiophen-2-
yl)benzaldehyde (14b)
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Prepared following general procedure GP1, using 4-(5-(2,3- diphenyl-8-(thiophen-2-yl)quinoxa-
lin-5-yl)thiophen-2-yl)benzaldehyde (8) (50 mg, 0.091 mmol, 1.0 eq.), 1-bromo-2,4-bis(hex-
yloxy)benzene (13b, 97 mg, 0.273 mmol, 3.0 eq.), Cs2CO3; (89 mg, 0.273 mmol, 3.0 eq.),
Pd(OAc)2 (2 mg, 0.009 mmol, 10 mol%), P(2-MeOPh)3 (6 mg, 0.018 mmol, 20 mol%) and pivalic
acid (3 mg, 0.027 mmol, 30 mol%). The crude product was purified by flash column chromatog-
raphy (SiO2, gradient from petroleum ether/DCM 90:10 v/v to petroleum ether/DCM 60:40 v/v)
to afford compound 14b as a red solid (70 mg, 0.085 mmol, 93 % yield). '"H-NMR (400 MHz,
CD:Clz) 6 =9.96 (s, 1H), 8.11-8.05 (m, 2H), 7.89-7.84 (m, 3H), 7.82-7.72 (m, 7H), 7.59 (d, J =
8.3 Hz, 1H), 7.57-7.48 (m, 2H), 7.46-7.35 (m, 6H), 6.57-6.52 (m, 2H), 4.07 (t, J = 6.6 Hz, 2H),
4.00 (t, J = 6.6 Hz, 2H), 1.79-1.81 (m, 4H), 1.55-1.45 (m, 4H), 1.41-1.35 (m, 4H), 1.33-1.29 (m,
4H), 0.94 (t, J = 7.0 Hz, 3H), 0.86 (t, J = 7.0 Hz, 3H) ppm. 3*C-NMR (100 MHz, CD:Cl) 6 =
191.2, 160.0, 156.5, 151.6, 151.5, 144.7, 143.3, 140.2, 140.1, 138.7, 137.2, 137.0, 136.7, 135.0,
132.1, 130.5, 130.4, 130.2, 129.7, 129.1, 128.9, 128.8, 128.1, 127.4, 127.1, 126.5, 126.4, 125.4,
124.6, 124.4, 116.2, 105.7, 99.9, 68.8, 68.2, 31.6, 31.5, 29.3, 29.0, 25.8, 25.7, 22.6, 22.5, 13.80,
13.77 ppm. MS (ESI) m/z: [M+H]" calcd. for Cs3Hs1N203S2 827.3; found: 827.4.

4-(5-(8-(5-(3,5-Bis(hexyloxy)phenyl)thiophen-2-yl)-2,3-diphenylquinoxalin-5-yl)thiophen-2-
yl)benzaldehyde (14c)

Prepared following general procedure GP1, using 4-(5-(2,3- diphenyl-8-(thiophen-2-yl)quinoxa-
lin-5-yl)thiophen-2-yl)benzaldehyde (8) (40 mg, 0.073 mmol, 1.0 eq.), 1-bromo-3,5-bis(hex-
yloxy)benzene (13c, 78 mg, 0.219 mmol, 3.0 eq.), Cs2CO3 (71 mg, 0.219 mmol, 3.0 eq.), PA(OAc)>
(2 mg, 0.008 mmol, 10 mol%), P(2-MeOPh); (5 mg, 0.015 mmol, 20 mol%) and pivalic acid (2
mg, 0.022 mmol, 30 mol%). The crude product was purified by flash column chromatography
(8102, gradient from petroleum ether/DCM 90:10 v/v to petroleum ether/DCM 60:40 v/v) to afford
compound 14c¢ as a red solid (56 mg, 0.068 mmol, 93 % yield). "H-NMR (400 MHz, CDCl3) § =
9.99 (s, 1H), 8.07 (br s, 2H), 7.88 (d, J = 8.1 Hz, 2H), 7.83-7.73 (m, 8H), 7.49-7.32 (m, 8H), 6.85-
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6.81 (m, 2H), 6.43 (s, 1H), 4.00 (t, J = 6.5 Hz, 4H), 1.88—1.76 (m, 4H), 1.56—1.45 (m, 4H), 1.43—
1.32 (m, 8H), 0.94 (t, J = 6.7 Hz, 6H) ppm. *C-NMR (100 MHz, CDCl3) 6 = 191.6, 160.8, 151.79,
151.77, 147.7, 145.1, 140.6, 140.3, 138.7, 137.8, 137.2, 136.4, 135.1, 131.7, 130.8, 130.7, 130.6,
130.6, 130.4, 129.4, 129.2, 128.4, 128.3, 127.6, 126.7, 126.3, 125.7, 124.9, 123.2, 104.5, 101.0,
68.3, 31.8, 29.5, 26.0, 22.8, 14.2 ppm. Note: not all carbon signals are visible in the *C-NMR
spectrum due to fortuitous overlaps of aromatic peaks. MS (ESI) m/z: [M+H]* calcd for
Cs3Hs51N203S; 827.3; found: 827.4.

General procedure for the synthesis of compounds 1a-c (GP2)

The appropriate aldehyde 14a-c was added to a Schlenk tube, put under inert atmosphere by per-
forming three vacuum-nitrogen cycles and dissolved in a mixture of CHCl3/CH3CN 3:2 v/v (10
mL). Cyanoacetic acid (15, 10 eq.) and piperidine (0.3 eq.) were then added and the reaction mix-
ture was stirred at 90°C for 16 h. After cooling down to room temperature, water (5 mL) was added
and the mixture was extracted with DCM (3 x 10 mL). The combined organic phases were dried
over anhydrous Na>SOq, filtered, and the solvent evaporated under reduced pressure. The crude

mixture was washed several times with cold ethanol to give the corresponding compounds 1a-c.

3-(4-(5-(8-(5-(4-((2-Ethylhexyl)oxy)phenyl)thiophen-2-yl)-2,3- diphenylquinoxalin-5-yl)thio-
phen-2-yl)phenyl)-2-cyanoacrylic acid (1a)

CaHo
CaHs

COOH
Prepared following general procedure GP2, using 4-(5-(8-(5-(4-((2-ethylhexyloxy)phenyl)ti-
ophen-2-yl)-2,3-diphenylquinoxaline-5-yl)tiophen-2-yl)benzaldehyde (14a, 55 mg, 0.073 mmol,
1.0 eq.), cyanoacetic acid (15, 60 mg, 0.715 mmol, 10 eq.) and piperidine (2 mg, 0.022 mmol, 0.3
eq.). The crude mixture was washed several times with cold ethanol to afford compound 1a as a
red solid (49 mg, 0.060 mmol, 82% yield). 'H-NMR (400 MHz, THF-ds) = 8.27-8.19 (m, 3H),
8.09 (d, J = 8.4 Hz, 2H), 7.95 (d, J = 4.0 Hz, 1H), 7.92 (d, J = 3.9 Hz, 1H), 7.85 (d, J = 8.4 Hz,
2H), 7.84-7.76 (m, SH), 7.67-7.56 (m, 3H), 7.47-7.36 (m, 7H), 7.31 (d, J = 3.9 Hz, 1H), 6.96 (d,
J =8.7 Hz, 2H), 3.95-3.90 (m, 2H), 1.63-1.44 (m, 4H), 1.43-1.32 (m, 4H), 1.01-0.90 (m, 6H)
ppm. PC-NMR (100 MHz, THF-dg) § = 164.1, 160.4, 153.9, 152.8, 152.7, 148.7, 146.2, 141.1,
140.2, 139.9, 138.1, 137.7, 132.8, 131.7, 131.2, 130.1, 130.0, 129.2, 129.1, 128.8, 128.6, 128.5,
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127.6, 127.3, 127.0, 126.5, 125.9, 122.6, 121.8, 116.7, 115.9, 112.8, 103.6, 71.3, 40.7, 31.7, 30.8,
30.2, 24.1, 14.6, 11.7 ppm. Not all carbon signals are visible in the ?*CNMR spectrum due to
fortuitous overlaps of aromatic peaks. HRMS (ESI) m/z: [M+H]* calcd for CsxH4sN303S,
822.2819; found 822.2821.

3-(4-(5-(8-(5-(2,4-Bis(hexyloxy)phenyl)thiophen-2-yl)-2,3- diphenylquinoxalin-5-yl)thio-
phen-2-yl)phenyl)-2-cyanoacrylic acid (1b)

Prepared following general procedure GP2, using 4-(5-(8-(5-(2,4-bis (hexyloxy)phenyl)tiophen-
2-yl)-2,3-diphenylquinoxalin-5-yl)tiophen2-yl)benzaldehyde (14b, 70 mg, 0.085 mmol, 1.0 eq.),
cyanoacetic acid (15, 72 mg, 0.846 mmol, 10 eq.) and piperidine (2 mg, 0.025 mmol, 0.3 eq.). The
crude mixture was washed several times with cold ethanol to afford compound 1b as a red solid
(62 mg, 0.069 mmol, 82% yield). '"H-NMR (400 MHz, THF-ds) J = 8.32-8.20 (m, 3H), 8.11 (d, J
= 8.2 Hz, 2H), 8.00-7.96 (m, 2H), 7.88 (d, J = 8.1 Hz, 2H), 7.84-7.77 (m, 4H), 7.67-7.61 (m, 2H),
7.53 (d, J = 4.0 Hz, 1H), 7.45-7.36 (m, 7H), 6.62 (d, J = 2.5 Hz, 1H), 6.56 (dd, J = 8.5, 2.4 Hz,
1H), 4.09 (t, J = 6.5 Hz, 2H), 4.01 (t, J = 6.4 Hz, 2H), 1.83-1.76 (m, 4H), 1.55-1.46 (m, 4H), 1.42—
1.35 (m, 4H), 1.33-1.26 (m, 4H), 0.97-0.91 (m, 3H), 0.88-0.82 (m, 3H) ppm. '*C-NMR (100
MHz, THF-dg) 0 = 164.1, 161.2, 157.7, 153.9, 152.76, 152.75, 146.1, 144.8, 141.3, 140.3, 140.1,
140.0, 138.4, 138.2, 137.7, 133.5, 132.8, 131.8, 131.7, 130.9, 130.1, 129.9, 129.7, 129.14, 129.08,
128.5, 128.3, 127.8, 127.3, 126.5, 125.9, 125.2, 117.6, 116.7, 111.7, 106.8, 103.6, 101.1, 69.7,
68.8,32.8, 32.7,30.5, 30.2, 27.0, 26.9, 23.7, 23.6, 14.6, 14.6 ppm. HRMS (ESI) m/z: [M+H]" calcd
for CssHs2N304S2 894.3394; found 894.3391.

3-(4-(5-(8-(5-(3,5-Bis(hexyloxy)phenyl)thiophen-2-yl)-2,3-diphenylquinoxalin-5-yl)thio-
phen-2-yl)phenyl)-2-cyanoacrylic acid (1c)

CeHize
6130

COOH
Prepared following general procedure GP2, using 4-(5-(8-(5-(3,5-bis(hexyloxy)phenyl)thiophen-
2-yl)-2,3-diphenylquinoxalin-5-yl)thiophen-2-yl)benzaldehyde (14¢, 56 mg, 0.068 mmol, 1.0 eq.),
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cyanoacetic acid (15, 58 mg, 0.677 mmol, 10 eq.) and piperidine (2 mg, 0.020 mmol, 0.3 eq.). The
crude mixture was washed several times with cold ethanol to afford compound 1c as a red solid
(54 mg, 0.060 mmol, 89% yield). "H-NMR (400 MHz, THF-ds) & = 8.28 (s, 2H), 8.23 (s, 1H), 8.10
(d, J=8.5 Hz, 2H), 7.99 (d, J = 4.0 Hz, 1H), 7.95 (d, J = 4.0 Hz, 1H), 7.87 (d, J = 8.4 Hz, 2H),
7.86-7.79 (m, 5H), 7.64 (d, J = 4.0 Hz, 1H), 7.48-7.37 (m, 7H), 6.87 (d, J = 2.1 Hz, 2H), 6.42 (t,
J =2.1Hz, 1H), 4.02 (t, J = 6.4 Hz, 4H), 1.84-1.79 (m, 4H), 1.59-1.50 (m, 4H), 1.38-1.41 (m,
8H), 0.99-0.92 (m, 6H) ppm. *C-NMR (100 MHz, THF-ds) 6 = 164.1, 161.9, 153.9, 152.9, 152.8,
148.8, 146.3, 141.0, 140.2, 139.9, 139.8, 138.4, 138.1, 138.0, 137.3, 132.8, 132.5, 131.8, 131.7,
131.4, 130.2, 130.0, 129.2, 129.1, 128.7, 128.4, 127.6, 127.1, 126.5, 125.9, 123.8, 116.7, 104.8,
103.5, 101.7, 96.2, 68.8, 32.8, 30.5, 27.0, 24.0, 14.6 ppm. HRMS (ESI) m/z [M+H]" calcd for
Cs6Hs52N304S2 894.3394; found 894.3398.

5,8-Dibromo-2,3-diphenylpyrido[3,4-b]pyrazine (24)
Ph Ph

NN

Br \/Br
N

2,5-Dibromopyridine-3,4-diamine (23,1.0 g, 3.72 mmol, 1.0 eq.) and benzil (5, 0.79 g, 4.09 mmol,
1.1 eq.) were dissolved in acetic acid (10 mL) and the reaction mixture was vigorously stirred at
100 °C for 2 h. After cooling down to room temperature, the mixture was filtered through a fritted
funnel and the solid residue was washed with cold ethanol, to afford compound 24 as a pale yellow
solid (1.35 g, 3.07 mmol, 83% yield). '"H-NMR (400 MHz, CDCls) 6 = 8.76 (s, 1H), 7.70-7.61 (m,
4H), 7.49-7.42 (m, 2H), 7.42-7.34 ppm (m, 4H). Spectroscopic data are in agreement with those
0

reported in the literature.?

General procedure for the synthesis of compounds 22a-c¢ (GP3)

Compound 16 was dissolved in anhydrous toluene (3 mL) together with [Pd(dppf)Cl2] (3 mol%)
and the reaction mixture was introduced in a microwave vial equipped with a magnetic stirrer. 4-
(Hydroxybenzene)boronic acid (17, 1.5 eq.) and KF (6.0 eq.) were dissolved in MeOH (3 mL),
and the resulting solution was transferred into the microwave vial. The reaction mixture was heated
under microwave irradiation at 80°C for 30 min. After cooling to room temperature the microwave
vial was opened and the appropriate boronic ester 19a-c (3.0 eq), [Pd(dppf)Cl2] (3 mol%.) and KF
(6.0 eq.) were added. The obtained reaction mixture was subjected again to microwave irradiation
at 80°C for 30 min. After cooling down to room temperature, water (5 mL) was added and the
mixture extracted with DCM (3 x 10 mL). The combined organic phases were dried over anhy-

drous NaxSOq, filtered, and the solvent evaporated under reduced pressure. Without any further
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purification, the crude mixture was then dissolved in dry DMF (4 mL). n-Bromobutane (9.0 eq)
and K>CO3 (5.0 eq.) were added and the reaction mixture was then stirred at 90°C for 4 h. After
cooling down to room temperature, water (5 mL) was added and the mixture extracted with DCM
(3x10 mL). The combined organic phases were dried over anhydrous Na>SOy, filtered, and the
solvent evaporated under reduced pressure. Crude products were then purified by flash column

chromatography to give the desired compounds 22a-c in pure form.

5-(5-(4-Butoxyphenyl)-2,3-diphenylpyrido[3,4-b]pyrazin-8-yl)thiophene-2-carbaldehyde
(30a)

\ 7 OC4Hy

Prepared following general procedure GP3, using 5,8-dibromo-2,3-diphenylpyrido[3,4-b]pyrazine
(24, 100 mg, 0.227 mmol, 1.0 eq.), (4-hydroxybenzene)boronic acid (25, 47 mg, 0.340 mmol, 1.5
eq.), [Pd(dppf)Cl2] (5 mg, 0.007 mmol, 3.0 mol%.) and KF (79 mg, 1.39 mmol, 6.0 eq.), 5-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-2-carbaldehyde (27a, 162 mg, 0.680 mmol, 3.0
eq.), n-bromobutane (29, 280 mg, 2.04 mmol, 9.0 eq.) and K>CO3 (157 mg, 1.13 mmol, 5.0 eq.).
The crude product was purified by flash column chromatography (SiO, gradient from petroleum
ether/EA 90:10 v/v to petroleum ether/EA 80:20 v/v) to afford compound 30a as a red solid (66
mg, 0.122 mmol, 54% yield). "TH-NMR (400 MHz, THF-ds) 6 = 9.96 (s, 1H), 9.33 (s, 1H), 8.51 (d,
J =8.5Hz, 2H), 8.09 (d, J =3.9 Hz, 1H), 7.89 (d, / = 4.0 Hz, 1H), 7.77 (d, J = 7.1 Hz, 2H), 7.66
(d, J=7.1 Hz, 2H), 7.48 — 7.31 (m, 6H), 7.04 (d, J = 8.6 Hz, 2H), 4.08 (t, J/ = 6.4 Hz, 2H), 1.87 —
1.75 (m, 2H), 1.62 — 1.48 (m, 2H), 1.01 (t, J = 7.4 Hz, 3H) ppm. *C-NMR (400 MHz, THF-ds) &
= 183.5, 162.0, 159.1, 156.5, 154.4, 147.0, 146.0, 145.5, 141.2, 139.8, 139.3, 139.1, 136.5, 134.6,
134.1, 131.5, 131.1, 130.8, 130.2, 129.3, 129.2, 128.0, 124.0, 114.7, 68.5, 32.5, 20.3, 14.4 ppm.
MS (ESI) m/z: [M+H]* calcd for C34H23N30.S 542.2; found: 542.3

4-(5-(4-Butoxyphenyl)-2,3-diphenylpyrido[3,4-b]pyrazin-8-yl)benzaldehyde (30b)

Ph Ph

N>/_\<N
Q —
L'—{ \ N,/>—’ oCts
Prepared following general procedure GP3, using 5,8-dibromo-2,3-diphenylpyrido[3,4-b]pyrazine

(24, 100 mg, 0.227 mmol, 1.0 eq.), (4-hydroxybenzene)boronic acid (25, 47 mg, 0.340 mmol, 1.5
eq.), [Pd(dppf)Cl2] (5 mg, 0.007 mmol, 3.0 mol%.) and KF (79 mg, 1.39 mmol, 6.0 eq.), 4-(4.,4,5,5-
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tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (27b, 158 mg, 0.680 mmol, 3.0 eq.), n-bromo-
butane (29, 280 mg, 2.04 mmol, 9.0 eq.) and K>CO3 (157 mg, 1.13 mmol, 5.0 eq.). The crude
product was purified by flash column chromatography (SiO», gradient from petroleum ether/EA
99:1 v/v to petroleum ether/EA 90:10 v/v) to afford compound 30b as a red solid (52 mg, 0.097
mmol, 43% yield). '"H-NMR (400 MHz, CDCl3) J = 10.13 (s, 1H), 8.94 (s, 1H), 8.36 (d, J = 8.8
Hz, 2H), 8.08 — 8.03 (m, 4H), 7.68 — 7.58 (m, 4H), 7.44 — 7.31 (m, 6H), 7.14 —7.06 (m, 2H), 4.10
(t, J = 6.5 Hz, 2H), 1.89 — 1.80 (m, 2H), 1.61 — 1.49 (m, 2H), 1.02 (t, J = 7.3 H, 3H). ">*C-NMR
m(400 MHz, CDCl3) 6 = 192.2, 161.2, 159.0, 156.0, 153.4, 145.1, 141.9, 141.3, 138.3, 138.0,
135.8, 133.7, 133.4, 131.5, 130.4, 130.2, 130.2, 130.1, 129.7, 128.6, 114.4, 68.0, 31.4, 19.4, 14.0
ppm. Note: not all carbon signals are visible in the '*C-NMR spectrum due to fortuitous overlaps

of aromatic peaks. MS (ESI) m/z: [M+H]" calcd for C36H30N30> 536.2; found: 536.3

Methyl 4-(5-(4-Butoxyphenyl)-2,3-diphenylpyrido[3,4-b]pyrazin-8-yl)benzoate (22c)

Ph Ph
7\

N N
O, —
aveSgr
MeO N

Prepared following general procedure GP3, using 5,8-dibromo-2,3-diphenylpyrido[3,4-b]pyrazine
(24, 100 mg, 0.227 mmol, 1.0 eq), (4-hydroxybenzene)boronic acid (25, 47 mg, 0.340 mmol, 1.5
eq.), [Pd(dppfH)Cl2] (5 mg, 0.007 mmol, 3.0 mol%.) and KF (79 mg, 1.39 mmol, 6.0 eq.), methyl
4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (27¢, 178 mg, 0.680 mmol, 3.0 eq.), n-
bromobutane (29, 280 mg, 2.04 mmol, 9.0 eq.) and K>CO3 (157 mg, 1.13 mmol, 5.0 eq.). The
crude product was purified by flash column chromatography (SiO», gradient from petroleum
ether/EA 95:5 v/v to petroleum ether/EA 85:15 v/v) to afford compound 30c as a red solid (48 mg,
0.085 mmol, 37% yield). '"H-NMR (400 MHz, THF-ds) 6 = 8.94 (s, 1H), 8.48 (d, J = 8.5 Hz, 2H),
8.17 (d, J = 8.0 Hz, 2H), 8.02 (d, J = 8.1 Hz, 2H), 7.74 — 7.54 (m, 4H), 7.40 — 7.27 (m, 6H), 7.06
(d, J = 8.4 Hz, 2H), 4.09 (t, J = 6.4 Hz, 2H), 3.91 (s, 3H), 1.89 — 1.75 (m, 2H), 1.64 — 1.45 (m,
2H), 1.02 (t, J = 7.4 Hz, 3H) ppm. >*C-NMR (400 MHz, THF-ds) § = 167.1, 161.8, 159.5, 156.4,
153.8, 147.0, 142.5, 141.2, 140.0, 139.7, 134.6, 134.1, 133.0, 131.8, 131.4, 131.1, 131.0, 130.5,
130.1, 129.7, 129.2, 129.2, 114.6, 111.7, 68.5, 52.3, 32.5, 20.3, 14.4 ppm. MS (ESI) m/z: [M+H]*
calcd for C37H32N303 566.2; found: 566.4

3-(5-(8-(4-Butoxyphenyl)-2,3-diphenylpyrido[3,4-b]pyrazin-5-yl)thiophen-2-yl)-2-cy-

anoacrylic acid (PP2a)
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NG I 4 OC4H,

HOOC

Compound 30a (57 mg, 0.105 mmol, 1.0 eq.) was added into a Schlenk tube, put under inert at-
mosphere by performing three vacuum-nitrogen cycles and dissolved in a mixture of toluene and
glacial/acetic acid 2/1 v/v (6 mL), then cyanoacetic acid (15, 45 mg, 0.526 mmol, 5.0 eq.) and
ammonium acetate (8 mg, 0.105 mmol, 1.0 eq.) were added. The resulting mixture was stirred at
110°C for 4 hours, then cooled down to room temperature. After dilution with DCM, the organic
phase was washed twice with HCl (aq.) 0.1 M and the solvent evaporated. The crude mixture was
washed with several portions of ethanol, ethyl acetate (EA) and n-pentane to afford compound
PP2a as a dark orange solid (60 mg, 0.099 mmol, 94% yield). '"H-NMR (400 MHz, THF-ds) § =
9.40 (s, 1H), 8.52 (d, J = 8.9 Hz, 2H), 8.44 (bs, 1H), 8.09 (d, J =4.1 Hz, 1H), 7.96 — 7.86 (m, 3H),
7.74 —7.67 (m, 2H), 7.47 —7.31 (m, 6H), 7.10 — 7.02 (m, 2H), 4.09 (t, J = 6.4 Hz, 2H), 1.87 — 1.78
(m, 2H), 1.62 — 1.49 (m, 2H), 1.02 (t, J = 7.4 Hz, 3H). *C-NMR (100 MHz, THF-ds) 6 = 164.3,
162.0, 159.0, 156.7, 154.4, 147.3, 146.7, 145.4, 140.9, 140.3, 140.0, 138.9, 138.9, 134.4, 131.9,
131.1, 131.1, 130.6, 130.2, 129.6, 129.4, 129.3, 127.4, 123.9, 117.1, 114.7, 99.9, 32.5, 30.8, 20.3,
14.4. HRMS (ESI) m/z [M+H]* calcd for C37H20N403S 609.1960; found 609.1983.

3-(4-(5-(4-Butoxyphenyl)-2,3-diphenylpyrido[3,4-b]pyrazin-8-yl) phenyl)-2-cyanoacrylic
acid (PP2b)

Ph Ph
~

N N
eSS g
HOOC 4 \ N
CN

Compound 30b (52 mg, 0.097 mmol, 1.0 eq.) was added to a Schlenk tube, put under inert atmos-
phere by performing three vacuum-nitrogen cycles and dissolved in a mixture of toluene and gla-
cial/acetic acid 2/1 v/v (6 mL), then cyanoacetic acid (15, 41 mg, 0.485 mmol, 5.0 eq.) and am-
monium acetate (7 mg, 0.097 mmol, 1.0 eq.) were added. The resulting mixture was stirred at
110°C for 4 hours, then cooled down to room temperature. After dilution with DCM, the organic
phase was washed twice with HCI (aq.) 0.1 M and the solvent evaporated. The crude mixture was
washed with several portions of ethanol, EA and n-pentane to afford compound PP2b as a yellow
solid (52 mg, 0.086 mmol, 89% yield). '"H-NMR (400 MHz, THF-ds) & = 8.97 (s, 1H), 8.54 — 8.43
(m, 2H), 8.36 (s, 1H), 8.23 (d, J = 8.5 Hz, 2H), 8.12 (d, J = 8.4 Hz, 2H), 7.70 — 7.61 (m, 4H), 7.42
—7.27 (m, 7H), 7.12 - 7.02 (m, 2H), 4.09 (t, / = 6.3 Hz, 2H), 1.88 — 1.76 (m, 2H), 1.63 — 1.49 (m,
2H), 1.01 (t, J = 7.4 Hz, 3H). >C NMR (100 MHz, THF-ds) 6 = 164.2, 161.8, 159.6, 156.4, 154.3,
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153.9, 147.1, 142.6, 141.3, 140.0, 139.7, 134.6, 134.1, 132.6, 132.4, 131.6, 131.3, 131.1, 131.1,
131.0, 130.7, 130.5, 130.1, 129.2, 129.2, 116.6, 114.6, 68.5, 32.5, 20.3, 14.4. HRMS (ESI) m/z
[M+H]* caled for C39H31N4O3 603.2396; found 603.2382

4-(5-(4-butoxyphenyl)-2,3-diphenylpyrido[3,4-b]pyrazin-8-yl)benzoic acid (PP2c)

Ph Ph
7\

N N

Compound 30c (48 mg, 0.085 mmol, 1.0 eq.) was added to a Schlenk tube, put under inert atmos-
phere by performing three vacuum-nitrogen cycles and dissolved in THF (3 mL). A solution of
LiOH-H>0 (178 mg, 4.24 mmol, 50.0 eq) in MeOH (3 mL) was then added. The resulting mixture
was stirred at room temperature for 4 hours. HCI (ag.) 0.1 M (30 mL) was then added to induce
precipitation od the crude and the solid was collected by centrifugation (4000 rpm, 10 min, rt).The
crude mixture was washed with several portions of ethanol, EA and n-pentane to afford compound
PP2c as a yellow solid (44 mg, 0.080 mmol, 94% yield). 'H-NMR (400 MHz, CD>Clo/HFIP-d»
6/1 v/v) 6 =8.77 (d, J = 1.4 Hz, 1H), 8.30 (d, J = 8.1 Hz, 2H), 8.08 — 7.97 (m, 4H), 7.67 — 7.59
(m, 4H), 7.52 — 7.43 (m, 2H), 7.42 — 7.34 (m, 4H), 7.23 — 7.16 (m, 2H), 4.14 (t, J/ = 6.3 Hz, 2H),
1.92 — 1.78 (m, 2H), 1.61 — 1.47 (m, 2H), 1.02 (t, J = 7.4 Hz, 3H). C-NMR (100 MHz,
CD:Clo/HFIP-d; 6/1 v/v) 0 = 171.2, 162.1, 160.9, 158.9, 156.2, 143.9, 143.4, 140.5, 138.4, 138.3,
135.0, 133.7, 133.5, 131.8, 131.5, 131.1, 131.0, 130.9, 130.7, 129.7, 129.5, 128.5, 122.8, 115.9,
111.5, 31.8, 19.8, 13.8. HRMS (ESI) m/z [M+H]" calcd for Cs3sH3oN303 552.2287; found
552.2286.

[RuCl2(DMSO)4](16)

RuCl33H20 (1.00 g, 3.82 mmol, 1.0 eq) was refluxed in DMSO (10 mL) for 10 min under air
until the solution turned yellow. After cooling to room temperature, acetone (30 mL) was added
to induce product precipitation. The resulting precipitate was then filtered and washed with acetone
and diethyl ether to afford the desired product as a yellow solid (1.38 g, 2.85 mmol, 74% yield).
"H NMR (400 MHz, D;0): § 3.49 (s, 6H), 3.47 (s, 6H), 3.39 (s, 6H), 2.72 (s, 6H). Spectroscopic

data are in agreement with those reported in the literature.’
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[Ru(bda)(DMSO):] (18)

2,2'-bipyridine-6,6'-dicarboxylic acid (17, 350 mg, 0.722 mmol, 1.0 eq.) and [RuCl2(DMSQO)4v]
(176 mg, 0.722 mmol, 1.0 eq.) were added to a Schlenk tube and put under inert atmosphere by
performing three vacuum-nitrogen cycles. The solids were then suspended in dry methanol (15
mL) and the solution degassed by bubbling N> for 15 min. EtsN (439 mg, 4.33 mmol, 6.0 eq.) was
then added, and the mixture was heated up and stirred under reflux for 4 h. After cooling to room
temperature, the reaction mixture was centrifuged (4000 rpm, 10 min, rt). The resulting precipitate
was then washed with cold methanol to afford the desired product as a dark brown solid (251 mg,
0.502 mmol, 70% yield). '"H NMR (400 MHz, DMSO-de) J = 8.64 (d, J = 8.0 Hz, 2H), 8.14 (t, J
= 7.9 Hz, 2H), 8.02 (d, J = 7.8 Hz, 2H), 2.52 (s, 6H) ppm. Spectroscopic data are in agreement

with those reported in the literature. >

[Ru(bda)(PyP)2] (21)

PO3H,
[Ru(bda)(DMSO):] (117 mg, 0.234 mmol, 1.0 eq.) was added to a Schlenk tube, put under inert
atmosphere by performing three vacuum-nitrogen cycles, and suspended in dry methanol (10 mL).
The mixture was degassed by bubbling N> for 15 min and heated at 60°C. Then a solution of
(pyridin-4-ylmethyl)phosphonic acid (25, 89 mg, 0.515 mmol, 2.2 eq.) in a HFIP/methanol 1:4 (5
mL) mixture, previously prepared in another Schlenk tube under inert atmosphere and pre-heated
at 60°C, was added via a gas-tight syringe. The reaction mixture was vigorously stirred at 80°C
for 16 h. After cooling to room temperature, the volume of the solvent was reduced to ca. 8 mL.
The mixture was centrifuged (4000 rpm, 10 min, rt). The resulting solid was washed with DCM
and methanol, to afford the desired product as dark brown solid (110 mg, 0.200 mmol, 68% yield).

Note: due to partial oxidation under air, with consequent formation of less soluble paramagnetic
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species, NMR spectra of the catalyst were recorded in the presence of a small amount of hydro-
quinone as a reducing agent. '"H NMR (400 MHz, CDsOD + Hydroquinone) § 8.55 (dd, J = 8.0,
1.1 Hz, 2H), 8.01 (d, J =7.7 Hz, 2H), 7.87 (t, J=7.9 Hz, 2H), 7.71 (d, J = 6.0 Hz, 4H), 7.14 (dd,
J=6.6,2.3 Hz, 4H), 3.04 (d, J = 22.5 Hz, 4H) ppm. *'P NMR (162 MHz, CD;0D + Hydroquinone)
0 =17.50 ppm. MS (ESI) m/z: [M]* calcd for C24H22N4010P2Ru 690.0; found: 689.8.

3.7.3 Spectroscopic characterization

UV-Vis spectra in different solvents were measured on diluted solutions of the compounds (ap-
prox. 10 M) either with a Shimadzu UV-2600 or a Perkin Elmer Lambda 950 UV-vis-NIR spec-
trometer. UV-Vis absorption spectra of the same compounds adsorbed on TiO; were recorded with
a Shimadzu UV-2600 spectrometer in transmission mode after the sensitization of thin, transparent
semiconductor films (thickness approx. 5 um, for details on their preparation see below, Section
3.7.5). Steady state fluorescence emission and excitation spectra of the dyes at room temperature
were obtained either with a Jasco FP-8300 or a Hamamatsu Edinburgh FLS920 spectrofluorome-
ter. Excitation and emission spectra of the compounds in a frozen MeOH/DCM 1:1 matrix at 77
K were obtained with the same Edinburgh FLLS920 spectrofluorometer, using quartz tubes dipped
in liquid nitrogen in a quartz Dewar as sample containers.

Time-correlated single photon counting (TCSPC) experiments for the determination of the excited
states lifetimes were carried out with an IBH time-correlated single-photon counting apparatus
with nanoLED excitation source at 375 nm.

Pump-probe transient absorption measurements on the dyes and catalyst adsorbed on TiO films
were performed with an Ultrafast Systems HELIOS (HE-VIS-NIR) femtosecond transient absorp-
tion spectrometer by using, as excitation source, a Newport Spectra Physics Solstice-F-1K-230 V
laser system, combined with a TOPAS Prime (TPR-TOPAS-F) optical parametric amplifier (pulse
width: 100 fs, 1 kHz repetition rate) tuned at 500 nm. The pump energy on the sample was 3
pJ/pulse. Probe beams with a generated continuum both in the visible range (450-800 nm) and in
the NIR range (800-1600 nm) have been employed and the spectra have been merged in the anal-
ysis. The overall time resolution of the system 1s 300 fs. Surface Xplorer V4 software from Ultra-
fast Systems was used for data acquisition and analysis. The 3D data surfaces were corrected for

the chirp of the probe pulse prior to analysis. The estimated error on transient absorbance lifetimes

1s 10%.
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3.7.4 Electrochemical and spectroelectrochemical characterization

Cyclic voltammetries (CV) of the dyes in DCM solution were recorded with an Agilent B2901
precision SMU using a glassy carbon electrode as the working electrode, a platinum wire as the
counter electrode, and an Ag/AgNOs; (0.01 M in CH3CN) pseudo-reference electrode. 0.1 M
TBAPF; was used as the supporting electrolyte, with a scan speed of 100 mV s !. Curves were
recorded first in the absence and then in the presence of ferrocene (Fc), used as an internal stand-

ard. The E,, of the compounds were referenced to that of the Fc*"

couple, and the latter was used
to set the potential scale assuming its redox potential to be equal to 0.72 V vs. NHE in DCM,
according to the literature.’!

CVs of the FTO/TiO2/dye + [Ru(bda)(PyP):] electrodes, employed as working electrodes, were
recorded with a Metrohm Autolab PGSTAT 302N + FRA32M electrochemical workstation, using
a Saturated Calomel Electrode (SCE) as the reference electrode and a platinum wire as the counter
electrode, and the data were recorded and elaborated by Nova 1.6 software. Measurements were
performed in a 0.1 M phosphate buffer solution (pH = 6.6), between —0.05 V and +1.4 V vs. SCE
at scan rate of 50 mV s ! (3 cycles). Prior to each measurement, electrolytic solutions were de-
gassed with argon for 10 minutes.

The in situ UV-vis-NIR spectroelectrochemical measurements were carried out with a Metrohm
Autolab PGSTAT204 potentiostat/galvanostat and a Perkin Elmer Lambda 950 spectrophotometer
in a thin layer quartz glass spectroelectrochemical cell (ALS, model SEC-C). A platinum gauze
was used as the working electrode, a platinum wire was the counterelectrode while the reference
electrode was made by Ag/Ag® in AgNOs 0.01 M in acetonitrile (ALS, model RE-7). Tetrabu-
tylammonium hexafluophosphate (TBAPFs) 0.1 M in dichloromethane was used as the electrolyte.
All the solutions were deaerated for 15 min in argon and the cuvette was sealed for maintaining
the argon atmosphere during the experiments. The spectroelectrochemical tests were carried out

at room temperature.

3.7.5 Photoelectrode preparation and staining procedure

10x10 cm FTO-coated conducting glass sheets (TEC 8 Q sq”', GreatCell solar) were cleaned in an
ultrasonic bath by the following procedure: (a) immersion in soapy water (15°), followed by rins-
ing with demineralized water (3x); (b) immersion in demineralized water (15°), followed by rins-
ing with acetone (3x); (¢) immersion in acetone (15°). The sheets were then immersed for 10 sec-

onds in boiling iso-propanol, followed by drying.
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The mesoporous TiO; layer was deposited on the FTO glass by printing a single layer of a com-
mercially available nanocrystalline TiO> paste (DyeSol TiO, Paste DSL 18NR-T, mechanically
stirred for 20’ prior to use) in 1.0x1.0 cm? spots, using an Aurel C920 semi-automatic screen
printer. The plates were left to sit in an EtOH-fumes-filled chamber for 30” before drying at 120
°C for 30 min, then sintered according to the following programmed ramp: 15’ at 350 °C, 30’ at
375 °C, 1 h at 450 °C, and 1 h at 500 °C. The active area of the resulting mesoporous semi-
transparent TiO films was 1.0 cm? and the plates were cut into 2.5%2.5 cm? slides.

For the preparation of the co-adsorption staining solutions, dyes la-c were first dissolved in the
appropriate volume of anhydrous and degassed THF, then the same volume of anhydrous and
degassed MeOH was added to obtain 4 x 10~* M solutions of the dyes in a THF/MeOH 1:1 (v/v)
mixture. In another container, [Ru(bda)(PyP):] was dissolved in a small amount of HFIP, and
then anhydrous and degassed MeOH was added to obtain a 2 x 10~* M solution of the catalyst in
a MeOH/HFIP 9:1 (v/v) mixture. Finally, the dye and catalyst individual solutions were mixed in
a 1:1 ratio to obtain the desired co-adsorption staining solution, with concentrations of 2 x 10™* M
(dye) and 1 x 10™* M (catalyst) in a MeOH/THF/HFIP 70:25:5 (v/v) mixture. The staining solu-
tions for the sequential procedure were instead obtained by simply diluting to double volume the
above-mentioned individual dye (1b) and catalyst solutions, obtaining the same final concentra-
tions of 2 x 107* M (dye) and 1 x 10™* M (catalyst).

The slides with the printed TiO> films were heated on a hot plate at 80°C for at least one hour. For
the co-adsorption procedure, while still warm, they were then immersed in the appropriate com-
bined 1a-c+[Ru(bda)(PyP):] solution for 4 h, after which the electrodes were rinsed with ethanol
and dried under airflow. For the sequential adsorption procedure, they were instead immersed first,
when still warm, in the [Ru(bda)(PyP):] solution for 4 h, followed by rinsing with ethanol and
immersion in the 1b solution for another 4h; finally, also in this case they were rinsed with ethanol

and dried under airflow.

3.7.6 Photoelectrochemical measurements

The photoelectrochemical tests were conducted in a three-electrode cell setup with a Metrohm
Autolab PGSTAT 302N + FRA32M electrochemical workstation, using the dye-sensitized and
catalyst-functionalized electrodes as working electrodes, an Ag/AgCl/KCl (3 M) reference elec-
trode and a platinum wire as the counter electrode, and the data were recorded and elaborated by
Nova 1.6 software. The electrolyte was constituted by a 0.1 M Na>SO4 (Sigma Aldrich, 299.9%)
solution in demineralized water (pH = 6.5), which was degassed for 10° with Ar prior to each

measurement. The working electrode was illuminated with simulated solar radiation (100 mW
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cm > AM 1.5) obtained using a LOT-ORIEL Solar Simulator, calibrated with a reference silicon

solar cell. A mask was placed on the working electrode so that the illuminated area was 0.5 cm?.

Linear sweep voltammetry (LSV) measurements were conducted under chopped illumination,

scanning potentials from —0.5 to +1.3 V vs. Ag/AgCl (in the oxidation direction), with a scan rate

of 50 mV s !. Potentials were then referenced to NHE according to the following equation: Exne

= Eag/agal + 0.2 V. Chronoamperometry (CA) measurements were conducted for 100 s under the

same illumination conditions, measuring the current produced by the cells at a fixed potential of

+0.3 V vs. Ag/AgCl (equal to +0.5 V vs. NHE).
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Chapter 4

Synthetic approaches to the construction of a
dye-catalyst molecular dyad
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4.1 Introduction

In the previous chapter, it was shown how functionalized DS-PEC photoanodes can be fabricated
by applying the concept of co-loading of a dye and a water oxidation catalyst. However, such
arrangement presents inherent limitations such as rapid electron-hole recombination at the mole-
cule-electrode interface, which limits overall efficiency, and a difficult-to-control ratio of the ad-
sorbed catalyst and photosensitizer. To overcome these problems, alternative strategies have been
investigated over the years. In 2012, Meyer and coworkers' introduced an innovative co-loading
strategy that improves the dye-catalyst assembly on metal oxide surfaces. This method relies on
the formation of a catalyst overlayer on a chromophore monolayer. Initially, a layer of chromo-
phores is covalently attached to the oxide surface. Subsequently, catalyst units are linked to the
surface using long-chain -(CH»)- phosphonate linkers, positioning each catalyst above a corre-
sponding chromophore. This design places the WOC further away from the electrode surface lim-

iting charge recombination (Figure 4.1).

Figure 4.1 Examples of molecular overlayer strategy.

More generally, the unfavorable electron recombination dynamics on the SC surface can be over-
come by linking the chromophore to the catalyst through different types of bridge, forming a dy-
adic system, and thus boosting dye regeneration kinetics. In this approach, the WOC can either be
connected to the dye exploiting supramolecular interactions or form a covalent bond with it.

The first strategy has been reported several times in the literature. In 2012, Meyer and co-workers
described for the first time the “layer-by-layer” assembly strategy (Rul-Zr**-RuCatl) where
phosphonate/Zr' coordination linkages were employed for the construction of multiple chromo-

phore-catalyst sites on nanocrystalline metal oxide surfaces (Figure 4.2a).% In this approach Ru-
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dyes endowed with multiple phosphonate functional groups were adsorbed as the first layer on the
SC. Uncoordinated phosphonate groups oriented away from the SC surface and towards the solu-
tion were then used to coordinate Zr'V centers of ZrOCly. The second layer was then formed by
soaking in a solution containing a phosphonate-derivatized water oxidation catalyst (RuCatl),
thereby completing the synthesis of the assembly. A slower back electron transfer kinetics was
demonstrated by TAS experiments for TiO; film functionalized with the Rul-Zr**-RuCatl as-
sembly compared with TiO; film functionalized by co-adsorption.

Later on, Abbotto and co-workers reported a novel photosensitizer-catalyst dyad based on robust
and, at the same time, flexible host-guest non-covalent interactions through the use of ca-
lix[4]arene cavities. In particular, by covalently linking the calix[4]arenes moiety with an easy-to-
synthesize metal-free organic dye-sensitizer, they were able to immobilize a commonly used WOC
such as Ru(bda)(Pic); via formation of a host-guest supramolecular assembly, achieving a more

efficient photoinduced water splitting (Figure 4.2b).’

N
= S
\ ]
P \ CN
CgH1s o

B L LR LS

PO(OH;y)

Figure 4.2 Examples of chromophore—catalyst assemblies based on supramolecular non-covalent interaction.
a) “layer-by-layer” strategy; b) host-guest strategy; c) self-assembled bilayer strategy.

More recently, Concepcion and co-workers explored an alternative approach that utilizes self-as-
sembled bilayers (SAB) of the two components, formed by noncovalent interactions between long

alkyl chains decorating both the chromophore and catalyst. This strategy provides easy access to
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a variety of combinations of catalysts and chromophores with precise control of the chromophore—
catalyst ratio without complicated synthetic procedures (Figure 4.2¢).*
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Figure 4.3 Examples of covalently linked chromophore—catalyst assemblies: a) amide bridge; b) dialkoxybi-
phenyl bridge; c) and d) alkyl bridge.

Compared to supramolecular chromophore-catalyst assemblies, covalently linked assemblies (Fig-
ure 4.3) offer significant advantages such as a more chemically stable linkages between the chro-
mophore and catalyst and faster charge transfer kinetics between them, while suppressing back
electron transfer between the semiconductor and the catalyst. However, the intrinsic advantages
of this approach are often offset by the significant synthetic challenges posed by the preparation

of compounds characterized by high molecular complexity.
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Several examples of covalent linked dyads, exploring different types of bridge systems for linking
the two key elements, have been reported. Most of these assemblies rely on the use of metal-based
dyes and [Ru''(bda)]-type derivatives as water oxidation catalyst. Meanwhile, the use of organic
dyes has been less investigated.

Famous among metal-based covalent dyads are the amide-linked Ru2-RuCat2 assembly’ (Figure
4.3, a) and the ruthenium-based WOC-zinc porphyrin sensitizer (Ru-ZnP, Figure 4.3, b)°. The
former assembly combines a light-harvesting chromophore (Ru2) and water oxidation catalyst
(RuCat) linked by a synthetically flexible saturated bridge designed to enable long-lived charge-
separated states. When compared with the constituent monomers, the Ru2-RuCat2 assembly dis-
played, as expected, higher injection yields and slower back electron transfer rates.

In the Ru-ZnP dyad, the benchmark [Ru(bda)(pic)2] was linked to a zinc porphyrin through one
of its axial ligands, while the electronic conjugation between the dye and the catalyst was inter-
rupted with a methylene bridge to avoid, once again, back electron transfer reactions. Moreover,
the long alkoxyl chains present in the structure of the porphyrin-based dye generate a protective
layer preventing protons to approach the SC. The performance of the corresponding DSPEC was
demonstrated to be superior to those of the reference systems with co-adsorption of individual
Ru(bda) and ZnP as well as with ZnP solely, corroborating the advantage of the covalent linking
approach over the noncovalent one.

As already anticipated above, the use of organic dyes in catalytic dyads has been less explored. In
2020, Reisner and co-workers reported the first example of an organic dye-ruthenium catalyst dyad
consisting of a DPP dye and a [Ru''(bda)]-type complex, linked through an alkyl spacer chain
(Figure 4.3c).” Good results were obtained when the dyad was integrated in a TiO,-based pho-
toanode for light-driven water oxidation, with photocurrents reaching ca. 140 uA cm 2. This ex-
ample is particularly significant as it demonstrates the potential for using metal-free sensitizers in
the development of covalently linked catalyst dyads.

In the same year, Abbotto and co-workers® reported organic dye-ruthenium catalyst dyad consist-
ing of a Cbz-based dye, functionalized with pyridine linkers, and a [Ru(bda)]-type complex.
However in this example the catalytic system could not be individually prepared and isolated, but
its formation was rather completed directly on the electrode surface, starting from the correspond-
ing synthetic precursors. Despite this, optical, electrochemical, and XPS experiments confirmed

the formation of the dyad on the SC film.
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4.2 Design and synthesis of novel organic dye -catalyst dyads

With the aim of exploring different types of dye/catalyst photoanode-sensitization strategies, in
this part of work we focused our attention on the development of novel covalent dye-catalyst dyads
incorporating organic sensitizers. For this purpose, driven by the good photocurrent values ob-
tained in DS-PEC sensitized with compound 1a (Figure 4.4, top) of the quinoxaline-based series,
we decided to explore the possibility of achieving the desired catalytic assembly by strategically
modifying the structure of such dye as shown in Figure 4.4 (bottom).

As can be seen, the acceptor portion was not altered; therefore Ru-D1A1 can be immobilized on
a porous TiO» electrode via a cyanoacrylic acid anchoring group, which allows the localization of
the LUMO near the electrode surface, facilitating electron injection into the bulk of the TiO> sem-
iconductor.

On the other hand, the donor side of the molecule was adapted to incorporate the crucial pyridine
moiety, essential for coordinating the designed dye with the Ru(bda) unit, chosen also in this case
as the water oxidation catalyst (WOC). To introduce the terminal pyridine unit on the dye structure,
we planned to use one of the so-called “click” reactions, whose concept was defined in 2001 by
Kolb, Finn and Sharpless as a mean to bind two molecular building blocks together in a facile,
selective, and high-yielding reaction under mild, water-tolerant conditions with little or no by-

products.’

D1A1-Ru

Figure 4.4 Structure of dye la (top); Designed structure of the proposed dye-catalyst dyad DIAI-Ru.
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The most used “click” reaction that can fulfill these conditions is the Cul-catalyzed azide/alkyne
cycloaddition (CuAAC)'?, reported independently by the research groups of Fokin, Sharpless® and
Meldal'! in 2001. Indeed, the non-catalyzed azide/alkyne reaction has been known since 1893 as
Huisgen reaction, and produces a mixture of 1,4 and 1,5-disubstitution products12 whereas, the
CuAAC reaction of terminal alkynes is completely regioselective in the formation of the 1,4-di-
substituted triazoles. The reasons for its success are that this “click” reaction is very easy to carry
out, widely applicable and high yielding without producing by-products. Indeed, it is unaffected
by a variety of functional groups and can be achieved with many sources of catalysts and solvents,
including aqueous systems. For all these reasons in our design it was decided to use a triazole cycle

as bridge system of the molecular dyad Ru-D1A1.

4.2.1 Retrosynthetic analysis

The synthetic pathway for the target chromophore was designed based on insights gained for the
synthesis of the reference dye 1a (see chapter 3, paragraph 3.4.2).

Thus, to reduce chromophore D1A1 to its essential building blocks, a retrosynthetic approach in-
volving five key steps was envisioned (Scheme 4.1). The process begins with the removal of cy-
anoacetic acid (15), yielding aldehyde 38 (disconnection A). The next step (disconnection B) in-
volves the breaking of the 1,2,3-triazole bridge, resulting in the pyridine fragment 36 and interme-
diate 37.

From intermediate 37, a disconnection of the C—O bond (disconnection C) produces propargyl
bromide together with intermediate 32, which contains a free hydroxyl group. The subsequent step
involves the disconnection (D) of the hydroxyphenyl donor group leading to intermediate 8. From
this stage the retrosynthetic pathway resembles that seen for the reference dye 1a, involving: the
disconnection of benzaldehyde acceptor unit (disconnection E) and the following break of the C-
N bond of the quinoxaline central core (Disconnection F') leading diketone 5 and compound 4 (that

can be obtained as already described in chapter 3, paragraph 3.4.1).
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Scheme 4.1 Retrosynthetic approach for the synthesis of compounds DIA1. Colors represent the different
building blocks: donor (purple), ©-bridge (yellow), auxiliary acceptor (orange), acceptor (pink).

4.2.2 Synthesis of dye D1A1

Building on the above discussion, we begin the synthesis of the desired dye D1A1 starting from

the previously synthetized intermediate 8 (see chapter 3, paragraph 3.4.2). Here, to introduce the
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donor moiety, unlike what was done for the synthesis of dye 1a, we chose to follow the halogen-
ation pathway, followed by Suzuki-Miyaura cross-coupling, rather than employing a direct aryla-
tion protocol (Scheme 4.2). This decision was based on previous observations, where C-H activa-

tion reactions proved to be unsuccessful when 4-bromophenol was used as an aryl bromide.

Ph Ph Ph Ph
7\ 7\
N N NBS or NIS N N X
A S (1.2 eq)
< —
S CHCI3:AcOH 5:1

O 8 t, 4h
OHC

31a: X=Br, >95%

OHC
31b: X=1, >95%

OH
e
OH
25 (3.0 eq)

K,CO3 (10 eq.),
Pd cat. (x mol%),
Solvent, Reflux, 16h.

Scheme 4.2 Synthesis of intermediate 32.

To maximize the yield of intermediate 32, a short optimization of the Suzuki-Miyaura reaction
protocol was carried out, varying the nature of the catalyst, ligand, solvent and the halogen atom
on intermediates 31a,b (Table 4.1). The latter were first obtained in quantitative yield by reacting
compound 8 with either N-bromosuccinimide (NBS) or N-iodosuccinimide (NIS), in a mixture of

CHCI3:AcOH 5:1 at room temperature for 4h.

Table 1 Optimization of the reaction conditions for the preparation of intermediate 32*

31 “Pd”/Ligand

. b
Entry -X) (x mol %) Solvent T/t Yield (%)
Pd(PPh
1 Br 5. 0( mof;;‘) Toluene:H,0 2:1 Reflux/16 h <5 %
2 Br Pd(PPhs)s 1,4-Dioxane:H,0 2:1  Reflux/16 h <5%
(5.0 mol%)
Pd(PPh3)4 ] .
3 Br (5.0 mol%) THF: H0 2:1 Reflux/16 h 10%
Pd(PPh3), ] .
4 I (5.0 mol%) THF:H,0 2:1 Reflux/16 h 46%
Pd,(dba)s;/ SPhos
5 I THF:H,0 2:1 Reflux/16 h 1%
(2.5/5.0 mol%) 2 e 1%

“31a,b (0.079 mmol, 1.0 eq), 25 (0.237 mmol, 3.0 eq) K»COs (0.110 mmol, 10.0 eq); °
Isolated product yield after column chromatography.

The best result was obtained when iodide 31b was used as the substrate and the reaction was
conducted under the following conditions: Pdz>(dba)s (2.5 mol%), S-Phos (5 mol%), K-CO3 (10.0
eq.), in THF/H20 2:1 at reflux for 16 h. With this protocol, the desired product 32 could be ob-

tained with an excellent yield of 91%.
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As mentioned in paragraph 4.2.1, the approach we chose to incorporate the pyridine moiety (es-
sential for coordination with the Ru-bda unit), relies on a click reaction. This method necessitates
the prior synthesis of the two reaction partners, each equipped with the appropriate azide/alkyne
functional groups. Therefore, in our pathway to the dye D1A1, we continued with the synthesis of
intermediate 34, featuring a propargyl unit, and of the azido-methyl-pyridine unit 36 (Scheme 4.3,

first two rows).

KoCO3 (9.0 eq)
N,N-DMF, rt, 16 h
61%

H N *HBr N

' A | N

' NaNj (1.5 eq)

: | g — \F

; K,COj3 (2.0 eq)

E Br N,N-Dl\g;,o/rt, 16 h N,
i35 ° 36

36 (1.5 eq) N

CuS0O4H,0(10 mol%)
Sodium, L-ascorbate (5 mol%) =

THF/H,0, reflux, 16 h

534

Scheme 4.3 Attempted synthesis of dye DIAL.

The two fragments were obtained under similar conditions by reaction of the precursors 32 and 35
with propargyl bromide 33 and sodium azide, respectively. The reactions were accomplished by
mixing the reagents in N,N-DMF, heating at 90°C and stirring for 6 h. Under these conditions the
two desired products were obtained with a good yield of 61-72%.

Finally, compound 34 was subjected to CuAAC conditions in the presence of azide 36. Full con-
version of the starting materials was observed, but unfortunately the obtained product resulted
completely insoluble in a wide range of common organic solvents.

This outcome prevented us from advancing along the planned synthetic route, and forced us to
reconsider the chosen molecular design in order to resolve the solubility issues encountered with

compound 37.
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4.2.3 Adapted molecular design - dye D1A2

In view of the negative results discussed above, the original design of the dye was revised, leading
to the development of compound D1A2 (Figure 4.5).

As can be seen, we decided to reduce the molecular complexity by avoiding the inclusion of the
triazole bridge, with the aim to decrease the length of the system and improve solubility. Differ-
ently from dye D1A1, in D1A2 the pyridine unit is directly attached to the donor portion through
a simple alkyl bridge. In addition, we also envisioned that solubility could be enhanced by intro-
ducing long alkyl chains on the phenyl groups in position 2,3 of the central quinoxaline core,
helping to avoid the formation of aggregates. In this regard, we reasoned that one of the easiest
ways to attach such substituents to the aromatic rings would be through the use of alkynyl bridges,
since the required carbon-carbon bonds could then be simply formed by Sonogashira-type or re-
lated cross- coupling reactions. The presence of long alkyl chains in those positions could also
prove beneficial after dye adsorption on TiO», preventing aggregation phenomena and thus the

occurrence of intermolecular charge transfer processes upon light absorption by the sensitizer.

D1A2-Ru

Figure 4.5 Structure of dye D1AI (top); Designed structure of adapted dye-catalyst dyad DIA2-Ru.
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Once again we started our path for obtaining the desired catalytic dyad by attempting the synthesis
of dye D1A2. The retrosynthetic analysis and the following synthetic approach are described in

detail in the next paragraphs.

4.2.3.1 Retrosynthetic analysis

Knoevenagel
Condensation

35

Nucleophilic
substitution

Scheme 4.4 Retrosynthetic approach for the synthesis of compounds DI1A2. Colors represent the different
building blocks: donor (purple), m-bridge (yellow), auxiliary acceptor (orange), acceptor (pink).

As can be seen from Scheme 4.4, the retrosynthetic pathway resembles that seen for dye D1A1
with the main difference that after the removal of cyanoacetic acid (15) to leave aldehyde 44 (dis-
connection A), the following step involves the disconnection (B) of a C-O bond to leave the pyri-
dine fragment 35 and intermediate 43, having a free hydroxyl group.

From this stage the pathway follows that discussed previously leading to the starting material com-

pound 4.
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4.2.3.2 Synthetic pathway to dye D1A2 and molecular dyad Ru-D1A2

The synthetic strategy followed for the preparation of dye D1A2 is shown in Scheme 4.5.

CeHiz3—=—= (3.0 eq

Br, Br
O Q Pd(PPh3)4 (20 mol%

Cul (20 mol%) ; ;
J o) Toluene, rt, 16 h

38 78%

Y

CeH1s

R R R R
S Zn (10.0 eq) )/ \( ‘Q_/ )/ \(

NN AcOH N' N NN
s y 80°C, 1.5 h s ; 705 eq) \ s
—_— -
|y l then | | Pd(OAc), (5 mol%), | O 3
S S 5
39 (1.1 eq) P(2-MeOPh); (10 mol%),
4 80°C,6h 40 Cs,CO;5 (3 eq), “
83% Pivalic Acid (30 mol%), OHC

Toluene, 110°C, 24 h
45%

!
OH R R !
HO—@E{ — O N0
OH N N v

 25(30eq) B O S I ! NIS (1.2 eq)
Pda(bda)s (2.5 mol%), S \ CHCl3:AcOH 5:1
SPhos (5 mol%) O 42 i, 4h
K,COj (10 eq),
THF:H,0 12:4,  OHC 84%
90°C, 24 h

N
35 (5.0 eq) O

KoCO3 (9.0 eq) PCy,
N,N-DMF, 90°C, 6h

e H3CO OCH,
0
ZN O

S SPhos
HOOC._CN

15 (3.0 eq)

D1A2
Piperidine (cat)
THF, 80°C, 16h
85%

Scheme 4.5 Synthetic route for the synthesis of dye D1A2.

First, we focused on the preparation of diketone 39, essential for the incorporation of the two
alkynyl chains on the quinoxaline core, starting from the commercially available 4-4’-dibromo-
benzil 38. By subjecting the latter compound to a Sonogashira reaction with 1-octyne in the pres-
ence of Pd(PPhs)4, Cul as catalysts and NEt3 as base, at room temperature for 16 h, compound 39
could be obtained with a good yield of 78% on gram scale. It is important to highlight that when
this reaction was attempted with a lower catalyst loading (10 mol%), a significantly lower yield of
only 22% was obtained.

With the desired diketone in hand, we moved forward and performed the transformation of the
benzothiadiazole ring of compound 4 into the quinoxaline system by means of the standard two-
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step procedure already described in chapter 3 (paragraph 3.4.2), consisting of a reduction of the
starting material with elemental zinc, followed by trapping of the resulting diamine with diketone
39. Unlike what was seen for dye 1a, here the telescopic reduction-condensation reactions were
both performed in acetic acid. This procedure eliminated the need for a complicated work-up step
typically associated with the reduction reaction. Often, this step involves the precipitation of large
quantities of zinc salts, which are challenging to separate from the solution due to the formation
of a complex emulsion during the extraction phase. Instead, in this case the excess zinc was re-
moved by simple filtration from the reaction mixture, and then diketone 39 was directly added to
the same solution, simplifying the overall process. Under these conditions, intermediate 40 could
be obtained with a good yield of 83%. The insertion of the benzaldehyde acceptor portion was
achieved through a direct arylation reaction performed under the best conditions found for refer-
ence dye la (see chapter 3, paragraph 3.4.2, table 3.2). By reacting intermediate 40 with benzal-
dehyde 7 in the presence of PdA(OAc)2 (5 mol%), P(2-MeOPh); (10 mol%), Cs2CO3 (3.0 eq.) and
pivalic acid (30 mol%) in toluene at 110°C for 24 h, the desired product 41 could be obtained in
45% yield. The reaction was conducted with an excess of intermediate 40 to avoid the formation
of the undesired bis-arylation product. Importantly, most of the unreacted compound 40 (ca. 43%)
could be recovered after product purification by flash column chromatography.

The following iodination of the resulting intermediate 41 was performed by reaction with N-
iodosuccinimide (NIS) in a mixture of CHCI3:AcOH 5:1. Purification by flash column chroma-
tography gave the desired clean product 42 with a good yield of 84%. At this stage, the insertion
of the 4-hydroxyphenyl donor unit was conducted by subjecting iodide 42 to a Suzuki-Miyaura
reaction with boronic acid 25 under the following conditions: Pdz(dba)z (2.5 mol%), S-Phos (5
mol%), K»COs3 (10 eq) in a mixture of THF:H>O 12:1 at 80°C for 16 h. Despite several efforts of
purification via flash column chromatography, we were not able to isolate the desired clean prod-
uct 43, mostly due to its low solubility in common chromatographic solvents. Therefore, we de-
cided to directly use the crude reaction mixture and attempt the following nucleophilic substitution
reaction with 4-(bromomethyl)pyridine hydrobromide (35). This was accomplished by mixing the
reagents in N,N-DMF, heating at 90°C and stirring for 6 h. Thanks to the introduction of the pyri-
dine moiety, the solubility of compound 44 was slightly improved compared to previous interme-
diate 43, allowing its isolation in pure form by flash column chromatography with a moderate
yield of 31 % over 2 steps. It is important to highlight that the tested reaction conditions for the
conversion of compound 41 to 44, via intermediate 43, were not fully optimized. We anticipate
that especially the yield of the Suzuki-Miyaura step could be significantly improved by testing

different catalyst and/or Pd-ligands, as well as different reaction times and temperatures.
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As a final step of our synthesis, a Knoevenagel condensation of intermediate 44 with cyanoacetic
acid (15) in the presence of piperidine afforded dye D1A2 with a good yield of 85%. The com-
pound was purified by precipitation, and its composition and purity were confirmed by 'H-NMR,
3C-NMR and high-resolution mass spectrometry experiments.

With dye D1A2 in hand, we finally attempted the formation of the molecular dyad by reacting it
with ruthenium complex [Ru(bda)(pic)(dmso)], presenting a labile DMSO ligand, as shown in
Scheme 4.3. The complex was synthetized following a previously reported procedure,'? by react-
ing [Ru(bda)(dmso):] (see chapter 3, paragraph 3.4.4.1) with 4-picoline, in MeOH at 80°C for 16
h. Under these conditions, [Ru(bda)(pic)(dmso)] was obtained with a moderate yield of 24%.

h
5‘*\@;
RU i 16)
24%

P ,P

\
/e »
A
_{r\Q: _NT(0eq) (1.0 eq)
U‘O

or‘R

MeOH 80°C, 16h

[Ru(bda)(dmso),]

(16)

AN
[Ru(bda)(pic)(dmso)]

(45)

D1A (0.6 eq)

NEt; (cat.)
MeOH, 80°C, 16h

Scheme 4.3 Synthesis of the dye-catalyst Ru-DIA2 dyad.

Reaction of the obtained [Ru(bda)(pic)(dmso)] complex with dye D1A2 in MeOH under reflux
in the presence of catalytic amounts of triethylamine afforded the dye-catalyst assembly Ru-
D1A2. Unfortunately, due to its low solubility and partial oxidation under air, with consequent

formation of less soluble paramagnetic Ru'"

species, dyad Ru-D1A2 could not be characterized
by NMR spectroscopy. However, accurate mass spectrometry and spectroscopic characterization

(see below) allowed us to confirm the formation of the desired product.
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4.2.3.3 Spectroscopic and electrochemical characterization

Both synthetized dye D1A2 and dye-catalyst assembly Ru-D1A2 were fully characterized in di-

chloromethane solution. The main spectroscopic features are listed in Table 4.2.

We started our investigation by comparing the spectro-electrochemical properties of dye D1A2

with those of reference dye 1a (Figure 4.6) (see chapter 3, paragraph 3.4.3.1).
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Figure 4.6 a) UV-vis absorption spectra of dye 1a and dye DIA2 in DCM solution; b) Normalized emission

spectra of dye la and dye D1A2 in DCM solution.

800

As can be seen from the overlapped absorption spectra reported in Figure 4.6a, the optical response

of dye D1A2 is comparable to that of the reference dye 1a, highlighting that the structural modi-

fications made to adapt the molecular structure did not significantly alter its key spectroscopic

characteristics. The absorption spectrum of dye D1A2 shows an intense band at 497 nm (¢ = 2.80

x 10* M cm™), matching the region of highest irradiance of the solar spectrum, and a tailing

absorption up to 630 nm. The second band at 347 nm, attributed to local n-n* absorption, exhibits

a molar attenuation coefficient higher than that of dye 1a in the same range (¢ =4.84 x 10* M lcm!

compared to 3.14 x 10* M ' cm™), likely due to the additional presence of the alkynyl chains on

the quinoxaline core. Upon photoexcitation at 497 nm, the emission spectrum of dye D1A2 shows

a broad band centered at 643 nm, consistent with that of dye 1a (Figure 4.6b). From the intersection

of the normalized absorption and emission spectra, the corresponding Ey-o could be determined,

yielding a value of 2.18 eV.
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Figure 4.7 Cyclic voltammetry plots of dye DIA2 in DCM solution, both without and with ferrocene as an in-
ternal standard.

Table 4.2 Main spectroscopic and electrochemical properties of dyes 1a and DIA2, and dyad Ru-DI1A2 in

DCM solution.
¢ x 10* , Exx(V)  Eux(V)  Eo(V)
2505, am, Eoo
Dye M VS. VS. VS.
(nm) » (nm) (eV)? ,
cm ') Fc*/Fc NHE NHE*¢
492 2.39
la 647 2.17 +0.47 +1.19 —0.98
334 3.14
497 2.80
D1A2 643 2.18 +0.54 +1.26 -0.92
347 4.84
505 2.87
Ru- +0.04 +0.76
349 5.13 653 2.14 —0.96
D1A2 +0.46 +1.18
302 5.34

“ Estimated based on the intersection of the normalized absorption and emission spectra; ” Calculated by adding
+0.72 V to the potential measured vs. Fc*/Fc'#; ¢ Calculated from the E,, and Ey¢ values according to the formula:
E*ox = Lox — (EO-O/e)

The characterization in solution continued by measuring the ground-state oxidation potential of
D1A2 by means of cyclic voltammetry experiments, using 0.1 M TBAPF¢ in DCM as the support-
ing electrolyte and the ferrocenium/ferrocene redox couple as an internal standard. As can be seen
from Figure 4.7, dye D1A2 shows an irreversible oxidation wave with a potential of +1.26 V vs.
NHE (calculated at the half-peak potentials E®?)”. The excited state oxidation potential of the dye
was then assessed by subtracting the previously determined Ey.o value from the E,, resulting from

cyclic voltammetry, yielding a value of —0.92 V vs. NHE.
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Regarding the characterization of the catalytic assembly Ru-D1A2, due to the break in conjugation
between the dye and the catalyst, caused by the alkyl-bridge, only a marginal change in the D1A2
absorption spectrum is observed upon complexation with the Ru center (Figure 4.8a). Interest-
ingly, however, besides the two main absorption bands at 349 and 504 nm, attributable to dye
D1A2, the dyad also features an additional strong absorption band at 301 nm, which, as demon-
strated in several reports in literature, is characteristic of Ru(bda)-complexes.” Upon photoexcita-
tion at 504 nm, the emission spectrum of dyad Ru-D1A2 shows a broad band centered at 653 nm,

consistent with that of dye D1A2 (Figure 4.8b).

a) oo b)
—D1A2 1,04 ——D1A2
5x10° Ru-D1A2 Ru-D1A2
50,84
8
4x10% < >
— a 0»6 -
\E E
TO 3x104 £
2 B o4
w N
2x10% ®
) E
O 0,2
Z
1x10%
0,0
0 T T T T T T T T
300 400 500 600 700 550 600 650 700 750 80¢
Wavelength (nm) Wavelenght (nm)

Figure 4.8 a) UV-vis absorption spectra of dye DIA2 and dyad Ru-D1A2 in DCM solution; b) Normalized
emission spectra of dye D1A2 and dyad Ru-DI1A2 in DCM solution.
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Figure 4.9 Cyclic voltammetry plots of dye DIA2 and dyad Ru-DI1A2 in DCM solution.

The formation of a complex between dye D1A2 and the Ru-based catalyst was further confirmed

by means of cyclic voltammetry experiments using 0.1 M TBAPFs in DCM as the supporting
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electrolyte. As can be seen from the overlapped traces shown in Figure 4.9, besides the oxidation
wave at ca. +1.18 V vs. NHE, attributed to the D1A2 unit, Ru-D1A2 features a reversible oxidation
with an EZ5¢t potential calculated at ca. +0.76 V vs. NHE that can be assigned to the Ru"/Ru"
couple. '

Further confirmation of the formation of the desired molecular assembly was obtained by high-
resolution mass spectrometry. Indeed, the recorded spectrum shows a peak at m/z=1454.3812 in

agreement with that calculated [M+H]* fragment at m/z=1454.3822

4.3 Conclusions

In conclusion, in this part of work we focused our attention on the design, synthesis, and charac-
terization of an organic dye-ruthenium catalyst dyad, consisting of a quinoxaline-based dye con-
nected to a [Ru(bda)]-type complex, for application in PA-DS-PECs for water splitting.

After the unsuccessful synthesis of the designed D-A-n-A sensitizer D1A1 due to serious solubility
problems, we designed an adapted chromophore D1A2 with the aim to address the encountered
issues.

With our delight, D1A2 was successfully synthesized and fully characterized from a spectroscopic
and electrochemical point of view. The synthesis was based on a desymmetrisation via direct ary-
lation of the quinoxaline-thiophene central core 41 with bromobenzaldehyde, followed by a tele-
scopic Suzuki cross-coupling/nucleophilic substitution reaction sequence to insert the hydroxy-
phenyl donor moiety and link it with the alkyl-pyridine coordination unit, respectively.

Dye D1A2 showed a 1255, well-centered in the visible region (497 nm) with a good € value (2.80
x 10*M ' cm ™) and 297 at 643 nm. E,, was calculated to be at around +1.26 V vs. NHE, a value
more positive than the catalytic onset potential of the chosen Ru(bda)-WOC, suggesting an effec-
tive regeneration of the dye in the device. At the same time, E,,was calculated to be at —0.92 V
vs. NHE, which is more negative than the conduction band of TiO> (approx. —0.57 V vs. NHE)'®,
suggesting that electron injection from the excited state of the dye to the semiconductor CB would
be feasible for D1A2.

After evaluating the spectroscopic properties of dye D1A2, we attempted complexation of the dye
to the [Ru(bda)(pic)(dmso)] moiety by simple reaction in methanol of the two reaction partners.
Despite issues of low solubility and partial oxidation under air, with consequent formation of par-
amagnetic species that prevented characterization by NMR spectroscopy, the successful formation

of the desired catalytic dyad could be confirmed by spectro-electrochemical characterization in
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solution. First, UV-Vis absorption spectra showed a clear additional band center at 302 nm, as-
signed to the Ru-bda complex. ’ Furthermore, CV traces recorded in DCM highlighted the presence
of an additional oxidation wave in the +0.6-0.7 V (vs. NHE) region, compatible with that reported
in literature for the Ru'"/Ru" couple.

Driven by this exciting results, further spectroscopic and electrochemical characterization, as well

as experiments in DS-PEC system, are currently ongoing for compound Ru-D1A2.
4.4 Synthetic Procedures

For general synthetic remarks see chapter 3, paragraph 3.7.1

4-(5-(8-(5-Bromothiophen-2-yl)-2,3-diphenylquinoxalin-5-yl)thiophen-2-yl)benzaldehyde
(31a)

Ph Ph

S
) )<
57 er

Compound 8 (50 mg, 0.091 mmol, 1.0 eq.) was dissolved in a mixture of CH3;ClI/AcOH 5:1 (6
mL). Then N-bromosuccinimide (18 mg, 0.100 mmol, 1.2 eq.) was added at room temperature,
and the resulting solution was stirred for 4h. Then, water was added, and the mixture was extracted
with DCM (3 x 10 mL). The organic phases were combined and dried over anhydrous Na;SOs,
filtered and the solvent evaporated under reduced pressure. The crude product was purified by
flash column chromatography (SiO», gradient from petroleum ether/DCM 90:10 to petroleum
ether/DCM 70:30) to afford compound 31a (56 mg, 0.089 mmol, 97% yield) as an orange solid.

'"H NMR (400 MHz, CDCl5) ¢ 10.01 (s, 1H), 8.11 (d, J =8.1 Hz, 2H), 7.91 (d, J = 8.2 Hz, 2H),
7.86 (d, J=4.0 Hz, 1H), 7.81 (d, J = 8.2 Hz, 2H), 7.77 — 7.70 (m, 4H), 7.58 (d, J = 4.0 Hz, 1H),
7.51 (d, J = 4.0 Hz, 1H), 7.46 — 7.38 (m, 6H), 7.12 (d, J = 4.0 Hz, 1H). *C NMR (100 MHz,
CDCl3) 6 191.6, 152.2, 145.4, 140.6, 140.2, 139.7, 138.6, 138.3,137.2, 136.9, 135.1, 131.1, 130.9,
130.70, 130.66, 130.6, 129.4, 129.3, 128.5, 128.4, 127.8, 126.8, 125.8, 124.9, 117.5. Note: not all
carbon signals are visible in the > C-NMR spectrum due to fortuitous overlaps of aromatic peaks.

MS (ESI) m/z: [M+H]* calcd for C35H22BrN2OS» 630.6.; found: 630.1.
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4-(5-(8-(5-Iodothiophen-2-yl)-2,3-diphenylquinoxalin-5-yl)thiophen-2-yl)benzaldehyde
(31b)

Ph Ph

o? ~

Compound 8 (90 mg, 0.163 mmol, 1.0 eq.) was dissolved in a mixture of CH3CI/AcOH 5:1 (6
mL). Then N-iodosuccinimide (41 mg, 0.180 mmol, 1.2 eq.) was added at room temperature, and
the resulting solution was stirred for 4h. Then, water was added, and the mixture was extracted
with DCM (3 x 10 mL). The organic phases were combined and dried over anhydrous Na>SOs,
filtered and the solvent evaporated under reduced pressure. The crude product was purified by
flash column chromatography (SiO», gradient from petroleum ether/DCM 90:10 to petroleum
ether/DCM 70:30) to afford compound 31b (104 mg, 0.154 mmol, 94% yield) as an orange solid.
"H-NMR (400 MHz, CDCl3) § 9.96 (s, 1H), 8.14 — 8.04 (m, 2H), 7.96 — 7.89 (m, 2H), 7.85 — 7.77
(m, 8H), 7.73 (d, J = 4.3 Hz, 1H), 7.55 (d, J = 4.3 Hz, 1H), 7.49 — 7.41 (m, 5H), 7.34 — 7.29 (m,
1H). BC-NMR (100 MHz, CDCl3) 6 191.9, 148.9, 148.9, 144.9, 144.8, 142.2, 142.0, 141.7,
138.78, 138.76, 138.3, 138.2, 136.5, 131.6, 129.9, 129.84, 129.81, 129.3, 129.24, 129.22, 129.14,
129.12, 127.74, 127.71, 127.2, 127.1, 126.8, 126.0, 75.3. MS (ESI) m/z: [M+H]" calcd for
C35H22IN20S; 677.6.; found: 677.3.

4-(5-(8-(5-(4-Hydroxyphenyl)thiophen-2-yl)-2,3-diphenylquinoxalin-5-yl)thiophen-2-yl)ben-
zaldehyde (32)

Compound 31b (104 mg, 0.154 mmol, 1.0 eq.) and Pd2(dba); (4 mg, 0.024 mmol, 2.5 mol%),
SPhos (3 mg, 0.008 mmol, 5 mol%) and 4-hydroxyphenyl boronic acid (25, 64 mg, 0.461 mmol,
3.0 eq.) were added to a Schlenk tube and put under inert atmosphere by performing three vacuum-
nitrogen cycles. The solids were then dissolved in dry THF (10 mL) and K>COs (212 mg, 1.54
mmol, 10.0 eq.), previously solubilized in H2O (5 mL), was subsequently added. The reaction
mixture was then vigorously stirred under reflux for 16 h. The solution was cooled to room tem-
perature, diluted with DCM (20 mL) and washed with water (2 x 20 mL) and brine (20 mL). The
organic phase was dried over Na>SOq, filtered, and the solvent evaporated under reduced pressure.

The crude product was purified by flash column chromatography (SiO2, gradient from petroleum
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ether/EA 80:20 to petroleum ether/EA 50:50) to afford compound 32 (90 mg, 0.140 mmol, 91%
yield) as red solid.

"H-NMR (400 MHz, THF-d8) § 9.98 (s, 1H), 8.48 (s, 1H), 8.35 — 8.25 (m, 2H), 8.02 (d, J = 3.9
Hz, 1H), 7.97 (d, J = 3.9 Hz, 1H), 7.94 — 7.90 (m, 4H), 7.87 — 7.80 (m, 4H), 7.66 (d, J = 3.9 Hz,
1H), 7.61 —7.53 (m, 2H), 7.48 — 7.37 (m, 6H), 7.29 (d, J = 3.8 Hz, 1H), 6.80 (d, J = 8.4 Hz, 2H).
3C NMR (100 MHz, THF-d8) § 191.3, 158.9, 152.83, 152.78, 149.2, 146.2, 141.3, 141.1, 140.0,
138.2, 137.3, 136.7, 133.0, 131.7, 131.1, 130.1, 130.0, 129.12, 129.09, 129.0, 128.5, 127.8, 127.6,
127.3,127.1, 126.4, 125.8, 122.3, 116.8. Note: not all carbon signals are visible in the I3C-NMR
spectrum due to fortuitous overlaps of aromatic peaks. MS (ESI) m/z: [M+H]" calcd for
C41H27N202S7 643.8; found: 643.2.

4-(5-(2,3-Diphenyl-8-(5-(4-(prop-2-yn-1-yloxy)phenyl)thiophen-2-yl)quinoxalin-5-yl)thio-
phen-2-yl)benzaldehyde (34)

AN

Compound 32 (90 mg, 0.140 mmol, 1.0 eq) and K2CO3 (174 mg, 1.26 mmol, 9.0 eq.) were dis-
solved in N,N-DMF (6 mL). Propargyl bromide (33, 83 mg, 0.70 mmol, 5.0 eq.) was then added
and the reaction mixture was vigorously stirred at 90°C for 6 h. The solution was cooled to room
temperature, diluted with DCM (15 mL) and washed with water (2 x 20 mL) and brine (20 mL).
The organic phase was dried over Na>SOys, filtered, and the solvent evaporated under reduced
pressure. The crude product was purified by flash column chromatography (SiO, gradient from
petroleum ether/DCM 80:20 to petroleum ether/DCM 40:60) to afford compound 34 (45 mg, 0.047
mmol, 31% yield) as a red solid. "TH-NMR (400 MHz, THF-ds) 6 9.96 (s, 1H), 8.30 — 8.22 (m, 2H),
7.97 (d, J=4.0 Hz, 1H), 7.94 (d, J = 4.0 Hz, 1H), 7.91 — 7.88 (m, 4H), 7.82 — 7.78 (m, 4H), 7.67
—7.61 (m, 3H), 7.46 — 7.37 (m, 6H), 7.34 (d, J = 3.9 Hz, 1H), 7.03 (d, /= 8.7 Hz, 2H), 4.77 (d, J
=2.3 Hz, 2H), 3.02 (t, J = 2.4 Hz, 1H). 3C NMR (100 MHz, THF-d8) § 191.3, 158.8, 152.9, 152.8,
148.4, 146.3, 141.3, 141.0, 139.9, 138.1, 137.9, 136.7, 132.8, 131.7, 131.3, 131.1, 130.1, 130.0,
129.3, 129.13, 129.10, 128.8, 128.5, 127.6, 127.1, 126.4, 125.8, 122.9, 116.3, 79.8, 77.0, 56.6.
Note: not all carbon signals are visible in the >C-NMR spectrum due to fortuitous overlaps of

aromatic peaks. MS (ESI) m/z: [M+H]* calcd for C44H20N20,S, 681.8; found: 681.5.
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1,2-Bis(4-(oct-1-yn-1-yl)phenyl)ethane-1,2-dione (39)
CeH13 CeH13z

\ 4
O
d o
4,4'-Dibromobenzil (38, 1.00 g, 2.72 mmol, 1.0 eq.), Pd(PPh3)4 (0.628 g, 0.54 mmol, 20 mol%)
and Cul (0.104 g, 0.54 mmol, 20 mol%), were added to a Schlenk tube and put under inert atmos-
phere by performing three vacuum-nitrogen cycles. The solids were then dissolved in a mixture of
toluene and triethylamine 2/1 v/v (45 mL) and the solution was degassed by bubbling N> for 15
min. Then, 1-octyne (0.898 g, 8.15 mmol, 3.0 eq.) was added via syringe. After stirring at room
temperature for 24 h, water was added, and the mixture was extracted with DCM (3 x 25 mL). The
organic phases were combined and dried over anhydrous Na2SOy, filtered and the solvent evapo-
rated under reduced pressure. The crude product was purified by flash column chromatography
(S10., gradient from petroleum ether to petroleum ether/EA 95:5) to afford compound 39 (0.901
g, 2.11 mmol, 78% yield) as a light yellow solid. "TH-NMR (400 MHz, CDCls) § 7.66 (d, J = 8.5
Hz, 4H), 7.27 (d, J = 8.4 Hz, 4H), 2.21 (t, / = 7.1 Hz, 4H), 1.54 — 1.29 (m, 4H), 1.29 — 1.15 (m,
4H), 1.13 - 1.05 (m, 8H), 0.73 — 0.62 (m, 6H). >*C-NMR (100 MHz, CDCl3) § 193.6, 132.1, 131.5,
131.3, 129.8, 96.3, 80.2, 31.4, 28.7, 28.6, 22.7, 19.7, 14.2. MS (ESI) m/z: [M+H]" calcd for

C30H3s502 427.3; found: 427.5.

2,3-Bis(4-(oct-1-yn-1-yl)phenyl)-5,8-di(thiophen-2-yl)quinoxaline (40)

CeHis CeH1s
N\ 4
<
N/ \N
| S} 4

s
In a round bottom flask, 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (4, 300 mg, 1.0 mmol,
1.0 eq.) and zinc powder (653 mg, 9.99 mmol, 10 eq.) were suspended in glacial acetic acid (10
mL). The reaction mixture was vigorously stirred at 80°C for 1.5 h to obtain a complete conversion
of the starting material as assessed by TLC (eluent: petroleum ether/DCM 4:1 v/v). The mixture
was then cooled to room temperature and filtered to remove the excess of unreacted Zn. Without
any further purification, diketone 39 (469 mg, 1.10 mmol, 1.1 eq.) was added to the reaction mix-
ture, which was then vigorously stirred at 80°C for 6 h. After cooling down to room temperature,

the mixture was poured in water and extracted with diethyl ether (3 x 30 mL). The organic phases
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were combined and dried over anhydrous Na>SOy, filtered and the solvent evaporated under re-
duced pressure. The crude product was purified by flash column chromatography (SiO», gradient
from petroleum ether/DCM 90:10 to petroleum ether/ DCM 70:30) to afford compound 40 (547
mg, 0.83 mmol, 83% yield) as an orange solid. "TH-NMR (400 MHz, CDCl5) 6 8.14 (s, 2H), 7.85
(d, J=3.8 Hz, 2H), 7.66 (d, J = 7.8 Hz, 4H), 7.52 (d, J = 5.1 Hz, 2H), 7.41 (d, J = 8.4 Hz, 4H),
7.22 -7.14 (m, 2H), 2.43 (t, J = 7.0 Hz, 4H), 1.67 — 1.54 (m, 4H), 1.53 — 1.43 (m, 4H), 1.40 — 1.27
(m, 8H), 0.92 (t, J = 6.8 Hz, 6H).">*C-NMR (100 MHz, CDCl3) & 151.0, 138.6, 137.4, 137.1, 131.5,
131.2, 130.3, 129.0, 127.2, 126.6, 126.4, 124.9, 92.5, 80.3, 31.4, 28.7, 28.6, 22.6, 19.5, 14.1. MS
(ESI) m/z: [IM+H]" calcd for C44sH43N2S2 664.0; found: 664.2.

4-(5-(2,3-Bis(4-(oct-1-yn-1-yl)phenyl)-8-(thiophen-2-yl)quinoxalin-5-yl)thiophen-2-yl)ben-
zaldehyde (41)

CeHis CeH1z
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Compound 40 (547 mg, 0.82 mmol, 2.0 eq.), 4-bromobenzaldehyde (7, 76 mg, 0.41 mmol, 1.0
eq.), Cs2CO3 (404 mg, 1.24 mmol, 3.0 eq.), PA(OAc)2 (5 mg, 0.021 mmol, 5 mol%), P(2-MeOPh);
(15 mg, 0.041 mmol, 10 mol%) and pivalic acid (13 mg, 0.124 mmol, 30 mol%) were added to a
Schlenk tube and put under inert atmosphere by performing three vacuum-nitrogen cycles. The
solids were then dissolved in dry toluene (16 mL) and the reaction mixture was vigorously stirred
at 110°C for 24 h. The solution was cooled to room temperature, diluted with DCM (20 mL),
filtered over a pad of Celite®, and washed with water (2 x 30 mL) and brine (30 mL). The organic
phase was dried over Na;SOq, filtered, and the solvent evaporated under reduced pressure. The
crude product was purified by flash column chromatography (SiO2, gradient from petroleum ether/
DCM 80:20 to petroleum ether/DCM 50:50) to afford compound 41 (141 mg, 0.184 mmol, 45%
yield) as an orange solid. '"H-NMR (400 MHz, CDCl3) § 10.02 (s, 1H), 8.14-11 (m, 2H), 7.92 (d,
J =8.3 Hz, 2H), 7.89 — 7.77 (m, 4H), 7.72 — 7.59 (m, 4H), 7.56 — 7.49 (m, 2H), 7.47 — 7.37 (m,
4H), 7.22 —7.16 (m, 1H), 2.46-2.42 (m, 4H), 1.71 — 1.57 (m, 4H), 1.55 — 1.42 (m, 4H), 1.40 — 1.32
(m, 8H), 0.96 — 0.88 (m, 6H). ">*C-NMR (100 MHz, CDCls) 6 191.7, 151.4, 151.2, 145.3, 140.6,
140.2, 138.6, 137.5, 137.3, 137.2, 135.1, 131.9, 131.7, 131.6, 130.7, 130.6, 130.4, 129.4, 127.6,
127.2,126.9, 126.8, 126.8, 125.8, 125.3, 125.2, 124.9,92.9,92.7, 80.5, 80.4, 31.5, 28.9, 28.8, 22.7,
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19.7, 14.3. Note: not all carbon signals are visible in the >C-NMR spectrum due to fortuitous
overlaps of several peaks. MS (ESI) m/z: [M+H]* calcd for CsiH47N20S, 768.1; found: 768.4.

4-(5-(8-(5-Iodothiophen-2-yl)-2,3-bis(4-(oct-1-yn-1-yl)phenyl)quinoxalin-5-yl)thiophen-2-
yDbenzaldehyde (42)

CeHis CeH1z
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Compound 41 (141 mg, 0.18 mmol, 1.0 eq.) was dissolved in a mixture of CH3ClI/AcOH 5:1 (6
mL). Then N-iodosuccinimide (49 mg, 0.22 mmol, 1.2 eq.) was added at room temperature, and
the resulting solution was stirred for 4h. Then, water was added, and the mixture was extracted
with DCM (3 x 10 mL). The organic phases were combined and dried over anhydrous Na>SOs,
filtered and the solvent evaporated under reduced pressure. The crude product was purified by
flash column chromatography (SiO», gradient from petroleum ether/DCM 85:15 to petroleum
ether/ DCM 70:30) to afford compound 42 (138 mg, 0.16 mmol, 84% yield) as an orange solid. 'H
NMR (400 MHz, CDCl3) 6 9.94 (s, 1H), 7.76 (d, J = 7.9 Hz, 2H), 7.61 — 7.57 (m, 2H), 7.52 (d, J
= 8.0 Hz, 2H), 7.49 — 7.43 (m, 4H), 7.40 — 7.29 (m, 5H), 7.18 — 7.09 (m, 3H), 2.54 —2.39 (m, 4H),
1.74 — 1.60 (m, 4H), 1.57 — 1.44 (m, 4H), 1.42 — 1.30 (m, 8H), 1.06 — 0.85 (m, 6H)."3C NMR (100
MHz, CDCl3) 0 191.5, 150.8, 150.6, 145.1, 143.9, 140.1, 139.3, 137.1, 137.0, 136.5, 136.4, 136.0,
134.9, 131.6, 131.4, 130.5, 130.4, 130.3, 130.2, 126.9, 126.6, 126.0, 125.4, 125.3, 125.3, 124.3,
93.1, 92.9, 80.4, 80.3, 31.5, 28.9, 28.8, 22.8, 19.8, 19.7, 14.3. Note: not all carbon signals are
visible in the >C-NMR spectrum due to fortuitous overlaps of several peaks. MS (ESI) m/z:
[M+H]* calcd for CsiH46IN2OS2 894.0; found: 894.2.

4-(5-(2,3-Bis(4-(oct-1-yn-1-yl)phenyl)-8-(5-(4-(pyridin-4-ylmethoxy)phenyl)thiophen-2-
yl)quinoxalin-5-yl)thiophen-2-yl)benzaldehyde (44)

CeH13

Il
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Compound 42 (138 mg, 0.16 mmol, 1.0 eq.) and Pd(PPh3)s (9 mg, 0.008 mmol, 5 mol%) were
added to a Schlenk tube and put under inert atmosphere by performing three vacuum-nitrogen
cycles. The solids were then dissolved in dry THF (10 mL) and 4-hydroxyphenyl boronic acid (25,
64 mg, 0.46 mmol, 3.0 eq.) and K>CO3 (0.214 g, 1.55 mmol, 10.0 eq.), previously solubilized in a
mixture of THF/H,O 2:1 v/v (3 mL), was subsequently added. The reaction mixture was then
vigorously stirred at 90°C for 16 h. The solution was cooled to room temperature, diluted with
DCM (20 mL) and washed with water (2 x 20 mL) and brine (20 mL). The organic phase was
dried over Na>SOsq, filtered, and the solvent evaporated under reduced pressure.

Without any further purification, the crude mixture was dissolved in N,N-DMF (6 mL). 4-(Bro-
momethyl)pyridine hydrobromide (35, 0.194 g, 0.78 mmol, 5.0 eq.) and K>CO3 (0.192 g, 1.39
mmol, 9.0 eq) were then added and the reaction mixture was vigorously stirred at 90°C for 6 h.
The solution was cooled to room temperature, diluted with DCM (15 mL), filtered over a pad of
Celite®, and washed with water (2 x 20 mL) and brine (20 mL). The organic phase was dried over
Na»SOq, filtered, and the solvent evaporated under reduced pressure. The crude product was puri-
fied by flash column chromatography (SiO-, gradient from DCM/THF 95:5 to DCM /THF 70:30)
to afford compound 44 (45 mg, 0.047 mmol, 31% yield) as a red solid. '"H NMR (400 MHz,
CD:Clo/HFIP-d2 4:1) 6 9.62 (s, 1H), 8.46 — 8.41 (m, 2H), 7.69 (d, J = 7.4 Hz, 4H), 7.56 — 7.49 (m,
8H), 7.43 — 7.34 (m, 8H), 7.23 (d, J = 4.0 Hz, 1H), 7.08 — 7.00 (m, 1H), 6.88 (d, J = 8.3 Hz, 2H),
5.05 (s, 2H), 2.55 — 2.46 (m, 4H), 1.76 — 1.63 (m, 4H), 1.60 — 1.50 (m, 4H), 1.44 — 1.37 (m, 8H),
1.01 — 0.92 (m, 6H). *C-NMR (100 MHz, CD,Clo/HFIP-d; 4:1) § 194.4, 150.3, 149.6, 147.1,
141.2, 139.9, 137.2, 136.4, 133.6, 131.2, 130.9, 130.4, 128.1, 127.2, 126.4, 126.1, 125.6, 125.1,
125.0, 124.7, 122.8, 122.4, 121.6, 120.0, 117.2, 114.9, 110.5, 93.0, 92.8, 80.1, 80.0, 67.5, 31.3,
28.7, 28.6, 22.5, 19.3, 13.5. Note: not all carbon signals are visible in the BC-NMR spectrum
due to fortuitous overlaps of several peaks. HRMS (ESI) m/z: [M+H]" calcd for Cs3HssN302S:
950.3814; found 950.3786.

3-(4-(5-(2,3-Bis(4-(oct-1-yn-1-yl)phenyl)-8-(5-(4-(pyridin-4-ylmethoxy)phenyl)thiophen-2-
yl)quinoxalin-5-yl)thiophen-2-yl)phenyl)-2-cyanoacrylic acid (D1A2)

CeHis

N B I\ =
S
O \
o ;\1 Q \S/ O 0/\QN
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Compound 44 (45 mg, 0.047 mmol, 1.0 eq.) was added to a Schlenk tube, put under inert atmos-
phere by performing three vacuum-nitrogen cycles and dissolved in dry THF (8 mL). Cyanoacetic
acid (15, 40 mg, 0.47 mmol, 10.0 eq.) and a few drops of piperidine were then added and the
reaction mixture was stirred at 90°C for 16 h. After cooling down to room temperature, HCI (0.01
M) was added (10 mL) and the mixture was extracted with DCM (3 x 10 mL). The combined
organic phases were dried over anhydrous Na>SOs, filtered, and the solvent evaporated under re-
duced pressure. The crude mixture was washed several times with cold ethanol to afford compound
D1A2 as a red solid (41 mg, 0.040 mmol, 85 % yield). 'H-NMR (400 MHz, N.N-DMF-d;, 70°C)
0 8.47—8.32 (m, 3H), 8.17 (d, / = 8.2 Hz, 2H), 8.13 — 8.06 (m, 2H), 7.97 (d, J = 8.4 Hz, 2H), 7.91
—7.72 (m, 8H), 7.70 — 7.58 (m, 4H), 7.59 — 7.45 (m, 4H), 7.26 — 7.14 (m, 2H), 5.31 (s, 2H), 2.52
(t, J=7.0Hz, 4H), 1.72 — 1.61 (m, 4H), 1.58 — 1.49 (m, 4H), 1.43 — 1.34 (m, 8H), 1.02 - 0.91 (m,
6H).!*C NMR (100 MHz, N,N-DMF-d>) & 158.5, 153.6, 151.6, 149.6, 138.1, 137.0, 132.2, 131.6,
131.1, 128.8, 128.6, 127.1, 125.9, 125.2, 122.8, 122.5, 116.4, 115.9, 92.9, 80.7, 68.3, 31.5, 28.9,
28.8,22.7,19.3, 13.9. Note: not all carbon signals are visible in the I3C-NMR spectrum due to low
solubility. HRMS (ESI) m/z: [M+H]" calcd for CesHs6N4O3S2 1017.3872; found 1017.3877.

[Ru(bda)(pic)(dmso)](45)

N
o%:N\ Il:u\‘ﬂ—o/ )
bg
N
[Ru(bda)(DMSO0):] (241 mg, 0.483 mmol, 1.5 eq.) was placed into a Schlenk tube, put under inert
atmosphere by performing three vacuum-nitrogen cycles, and suspended in dry methanol (20 mL).
The mixture was degassed by bubbling N> for 15 min. Then 4-picoline (30 mg, 0.322 mmol, 1.0
eq.) was added via a gas-tight syringe. The reaction mixture was vigorously stirred at 80°C for 16
h. After cooling down to room temperature, the mixture was filtered to remove the unconverted
starting material and the solvent evaporated under reduced pressure. The crude product was puri-
fied by flash column chromatography (SiO2, gradient from DCM/MeOH 95:5 to DCM/MeOH
80:20) to afford compound [Ru(bda)(pic)dmso)] (40 mg, 0.078 mmol, 24% yield) as a brown
solid. '"H-NMR (400 MHz, CD3OD) 6 8.61 — 8.55 (m, 2H), 8.12 — 8.08 (m, 4H), 7.75 (d, J = 6.1
Hz, 2H), 7.17 (d, J = 6.4 Hz, 2H), 2.91 (s, 6H), 2.43 (s, 3H). Spectroscopic data are in agreement

with those reported in the literature.'?
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Synthesis of Ru-D1A2

CeH1a CeH1a

[Ru(bda)(pic)(dmso)] (12 mg, 0.024 mmol, 1.6 eq) was added to a Schlenk tube, put under inert

atmosphere by performing three vacuum-nitrogen cycles, and dissolved in dry methanol (10 mL).

The mixture was degassed by bubbling N> for 15 min and heated at 60°C. Then a solution of dye
D1A2 (15 mg, 0.015 mmol, 1.0 eq) in N,N-DMF (2 mL), previously prepared in another Schlenk

tube under inert atmosphere and pre-heated at 60°C, was added via a gas-tight syringe. Then, a

couple of drops of triethylamine were added and the reaction mixture was stirred under reflux

overnight. After cooling down to room temperature the solvent was evaporated and the resulting

crude was washed with several portions of DCM, methanol and Et,0O to afford the desired product
Ru-D1A2 as dark purple solid. HRMS (ESI) m/z: [M+H]" calcd for CssH70N707RuS> 1454.3822;
found 1454.3812.
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Novel photochemical strategy for functional
group migration on aromatic rings

158



159



INTRODUCTION

5.1 Introduction

As anticipated in chapter 2, the present chapter of this dissertation describes the research project
conducted during a six-month research stay in the laboratories of Prof. Dr. Daniele Leonori at
RWTH Aachen University (Germany). The project focused on developing novel synthetic meth-
odologies driven by Ultraviolet (UV) and visible light irradiation. Specifically, the research aimed
to establish new photochemical techniques for N-functional group migration on aromatic rings,
allowing conversion of arylazides into anilines with a regioisomeric substitution pattern. Before
delving into the details of the synthetic work, a brief general introduction to synthetic photochem-

ical approaches is provided below.

5.1.1 Photochemical reactions: a powerful tool in organic synthesis

Since the advent of modern chemistry, scientists have been fascinated by the use of light as an
energy source to drive chemical reactions.! By absorbing light, molecules reach an electronically
excited state. At these states, the distribution of electrons in the molecules is significantly different
when compared to the ground state.? Their chemical properties, and particularly their reactivity,
also change, and the reaction spectrum of various families of compounds is considerably broad-
ened. In many cases, incorporating photochemical steps into synthetic pathways dramatically re-
duces the complexity and length of the process. This approach often enables the transformation of
simple substrates into complex, polycyclic, or highly functionalized structures. Moreover, photo-
chemical reactions allow access to entirely new families of products, often unattainable through
ground-state chemistry. These innovations open exciting opportunities for discovering biologi-
cally active compounds and developing novel chemical libraries.

Photochemical substrate activation often occurs without additional reagents, which diminishes for-
mation of byproducts. Due to this fact, photochemical reactions appear particularly interesting in
the context of green chemistry. Some of these reactions can be carried out with visible light or
sunlight as a renewable energy source. These possibilities, as already mentioned in Chapter 1, were
considered by Giacomo Ciamician almost a century ago in a limpid article entitled “The photo-
chemistry of the future”.® Since then, photochemistry has evolved into a mature research field,
with its golden era occurring in the second half of the twentieth century.*> During this period, a
deep mechanistic understanding of photochemical processes, mainly driven by UV-light irradia-
tion, emerged. This exploration led to the development of a wide range of remarkable reactions,

facilitating the synthesis of intricate three-dimensional (3D) architectures.® However, the field was
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primarily shaped by a small number of specialized research groups, who often relied on custom-
built or modified equipment to carry out their experiments.

For these reasons, synthetic photochemistry entered a period of stagnation at the turn of the new
century. It wasn't until about 15 years ago, with the development of visible-light photocatalysis,
that the field experienced a remarkable resurgence. This breakthrough has since then transformed
photochemistry into one of the most vibrant and rapidly advancing areas of research in chemistry

today.”®

5.1.1.1 UV/near-UV-light photochemistry

UV light-mediated photochemistry is often perceived as an old-fashioned approach, because the
use of such light source is generally associated with harsh conditions, low selectivity and complex
reaction set-ups, including the need for specific glassware (quartz cuvettes), cooling systems and
apparatuses such as Xe or Hg lamps.! However, today, running a photochemical reaction under
UV light can be as easy as setting up a classical organic reaction in standard laboratory conditions.®
Remarkable technological advancements’ have enabled the effective replacement of broad-emis-
sion light sources with monochromatic, high-intensity light-emitting diodes (LEDs). In particular,
energy-efficient UV-A LEDs (A > 315 nm) are now widely available on the market. Ongoing ef-
forts to enhance the performance of UV-B (280 <A <315 nm) and UV-C (100 < A < 280 nm)
LEDs are expected to make these available for photochemical applications in the near future as

well.

In the last decade, several reports have demonstrated the impressive potential of UV light in or-
ganic synthesis. As an example, the Melchiorre group reported that UV light-driven hydrogen-
bonding catalysis as well as covalent iminium-ion catalysis can be efficiently used to perform an
enantioselective [4 + 2] cycloaddition (Scheme 5.1) or a Michael addition (Scheme 5.2), respec-
tively.!0-1!

Regarding the first example, as illustrated in the proposed mechanism, the excitation of 2-alkyl
benzophenones (I) with a 366 nm light source generates transient hydroxy-o-quinodimethanes (II)
(Scheme 5.1). These enols exhibit unique reactivity, acting as dienes in [4+42] cycloaddition reac-
tions with electron-deficient alkenes (III), leading to the formation of benzannulated carbocyclic
products (IV). Although the light-induced generation of hydroxy-o-quinodimethanes from 2-alkyl

benzophenones was first established in 1961'%, dictating the absolute configuration of the corre-

sponding [4+2] cycloaddition has remained for many years a challenging task. By employing the
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chiral organocatalyst V, Melchiorre and co-workers could perform controlled activation the dieno-
phile III and trap the transient photoenol II stereoselectively.
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Scheme 5.1 Enantioselective UV-light driven [4+2] cycloaddition.

Later on, the same group documented that the reactivity of photoenol II is not restricted to cy-
cloaddition mechanism, but can be extended to conjugate addition reactions. More specifically,
they found that a chiral iminium ion intermediate VI, formed upon condensation of a secondary
amine catalyst VII and a,B-unsaturated aldehydes VIII, can stereoselectively intercept II and lead
to the exclusive formation of the Michael addition product IX. Also in this case very high stere-

ocontrol was observed (up to >20:1 d.r. and >98% e.e.).
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Scheme 5.2 Enantioselective UV-light driven Michael addition.

More recently, the group of Dell’ Amico showed that it is also possible to perform these reactions
efficiently and with high selectivity under flow conditions.'*!'* In this context, it is important to

note that UV-light processes can be easily translated to flow set-ups.'?
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5.1.1.2 Photochemical skeletal editing of heteroaromatics

As mentioned in the previous paragraph, the introduction of monochromatic, highly emissive
LEDs has revolutionized the field of photochemistry, providing chemists with the optimal light
sources to selectively excite the desired molecules or intermediates, and therefore investigate un-
explored reactivities. This breakthrough turned out to be a powerful tool for the development of
the so-called ‘molecular editing’” methodologies.

Molecular editing is defined as the precise insertion, deletion, or exchange of atoms in highly
functionalized compounds'®. This broad definition includes many types of chemical transfor-
mations across different regions of chemical space. !’ However, most current molecular editing
methods focus on modifying functional groups on peripheral sites of the molecule (e.g. C-H func-
tionalization), leaving the core molecular structure largely unchanged. However, the ability to
modify the core of a molecule by interconverting between (hetero)aromatic substructures would
be potentially extremely valuable due to their ubiquity in biologically active compounds.'®2° This
type of transformations falls within the broader — and only recently defined — field of molecular
editing and includes established concepts such as ‘transannulation’,?'having been historically re-
ferred to as ‘heterocycle interconversions’.?>?* In a 2022 review, Sarpong, Levin, and co-workers
introduced another new term by defining ‘skeletal editing’ as the subset of ‘molecular editing’ that
concerns the precise modification of molecular skeletons, mainly ring systems.?* Such transfor-
mations promise to facilitate the rapid diversification of complex molecular architectures while
avoiding cost- and labor-intensive de novo synthesis. As such, they have the potential to accelerate
both drug discovery and total synthesis.?

In the last few years, numerous photo-driven skeletal editing methodologies have been developed
by various research groups. Notably, significant contributions to this field have been made by the
research teams of Levin and Leonori.

In 2022, Levin and coworkers reported the transformation of quinoline N-oxides X and related
azaarenes into 3,1-benzoxazepine intermediates (XI) that, upon acid hydrolysis, provide the cor-
responding N-acylindole products XII (Scheme 5.3). Such a photochemical carbon-deletion pro-
cess had already been observed for quinoline N-oxides, but the use of unselective light sources
generally provided complex reaction mixtures, with the desired N-acylindoles present only as the
minor products. The Levin group recognized that these side products originated mainly from fur-
ther photoexcitation of the 3,1-benzoxazepine intermediates XI. Thus, the use of a 390-nm LED
allowed selective irradiation of the quinoline N-oxide, providing access to densely functionalized

indole and azaindole scaffolds. The reaction was applied to a number of highly functionalized
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molecules, such as the leukotriene receptor antagonist montelukast and was shown to tolerate dif-

ferent heterocyclic substrates including 1,8- naphthyridines and quinoxalines.
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Scheme 5.3 Proposed mechanistic pathway for the conversion of quinoline N-oxides into N-acylindoles via
3, 1-benzoxazepine intermediates.

Building on similar chemistry, the group of Levin later reported another skeletal editing method-
ology, namely the carbon-to-nitrogen single-atom transmutation of quinoline N-oxides XI yielding

quinazolines XIV (Scheme 5.4).2°
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Scheme 5.4 Proposed mechanistic pathway for the conversion of quinoline N-oxides into quinazolines via 3,1-
benzoxazepine intermediates.

As can be seen from Scheme 5.4, in this case the photo-generated 3,1-benzoxazepine intermediates
(XI) undergoes oxidative cleavage via ozonolysis yielding intermediate XIII bearing two electro-
philic carbonyl groups. Upon addition of the ammonia nucleophile (in the form of ammonium
carbamate) the carboxylate subunit contained in the imidic function can be displaced as a leaving

group, leading to the desired final products.

As anticipated above, other important contributions to light-driven skeletal editing methodologies
have been made by the Leonori group, who explored processes relying on singlet nitrene chemis-
try.?”! The photo-decomposition of aryl azides or nitroarenes (A, Scheme 5.5) into high-energy
singlet nitrenes species (B, Scheme 5.5) was first demonstrated by the pioneering studies of

Sundberg *? and Platz*® with the use of high-energy Hg lamps (A=250 nm). The blueprint followed
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by the group of Leonori for aryl nitrene generation from nitroaromatics was instead based on the
use of lower energy (near UV/visible-light) photoexcitation. Specifically purple light (A=390 nm)
was used for aryl azides and blue light (A=427 nm) for nitroarenes.

As shown in the proposed mechanism reported in Scheme 5.5, the photogenerated nitrene under-
goes a dearomative cascade starting with the intramolecular cyclization from the iminyl radical-
type resonance to form azirine C.>* Then, a facile 6n-electrocyclic ring opening transforms the all-
carbon benzenoid system into the seven-membered ring ketimine D.** At this point, Leonori and
co-workers showed how the strain-amplified electrophilic character of this species enables facile
reaction with soft nucleophiles like aryl amines, alcohols or thiophenols, producing 1H-azepine
E.3% However, since this species has anti-aromatic character, it is known to immediately isomerize

to the thermodynamically stable 3H-azepine F.*’

Proposed mechanism
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(i) azide photodecomposition, (ii) nitrene insertion, (iii) 6 electrocyclization, (iv) nucleophilic addition,
(v) isomerization, (vi) hydrogenation, (vii) 4n electrocyclization, (viii) N-acylation, (ix) 6z electrocyclization, (viii) aromatization.

Scheme 5.5 Proposed mechanistic pathway for the conversion of aryl azides into saturated azepanes, bicyclic
pyrrolidines, and ortho-anilines via singlet nitrene chemistry.

The 3H-azepine intermediate can be further derivatized to access a number of different final prod-
ucts. Indeed, direct hydrogenation of 3H-azepine leads to the corresponding polysubstituted aze-

pane product G.?’ Alternatively, a second low-energy photoexcitation (A=427 nm) can trigger a
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disrotatory 4m electrocyclization producing the bicyclic product H.*® Interestingly, the addition of
an electrophilic trapping agent, such as trifluoroacetic anhydride (TFAA), can take place at the
azepine N-atom, thus giving, after enolization, the anti-aromatic intermediate I that cannot isomer-
ize. This strong thermodynamic perturbation ought to trigger a second 67 electrocyclic reaction,
this time in a closing direction, to give the N-TFA aziridine J. The push-pull nature of this system
results in a facile aromatization to the ortho-aniline K, where the newly introduced functionality
(Nu in Scheme 5.5) is linked to the initial nitro/azide-bearing carbon, whereas the nitrogen func-
tionality has been shifted to the neighbouring ortho position, reduced, and amidated.?® Therefore,
such photochemical approach allows access to anilines whose heteroatom disposition across the
aromatic ring challenges the rules of electrophilic aromatic substitution (SgAr). Moreover, this
example opens the doors to the possible development of new photochemical methodologies aimed
at modifying the substitution patterns of benzene rings leading to the corresponding regioisomers,

without the need of de novo synthesis.

The exploration of some of these new synthetic avenues has been the focus of the research work
carried out in Prof. Dr. Daniele Leonori’s group at RWTH Aachen University and will be discussed
in greater detail in the following sections. First, a brief analysis of the state-of-the-art of functional

group migration strategies on aromatic rings is given in the next paragraph.

5.1.2 Functional group migration on aromatic rings: state-of-the-art

Substitution reactions on (hetero) aromatic substrates are some of the most important reactions in
organic chemistry.*® However, some substitution patterns can be more difficult to forge than others
based on the different propensity of the positions on the (hetero)arene ring to engage in electro-
philic, nucleophilic, or radical-based substitution. In these cases, aromatic rearrangement reactions
can help access ring positions that are difficult to functionalize otherwise.

Although there are many well-known aromatic rearrangements such as the Smiles, Claisen, and
Bamberger rearrangements, these transformations leave behind a functional group at the carbon
atom that was originally substituted in the starting material (Scheme 5.6). A rarer type of aromatic
rearrangements involves translocation of a functional group, in which the carbon atom bearing the
functional group in the starting material loses the group entirely, and the same group is brought
back to another carbon atom on the aromatic ring. One example of this type of aromatic translo-
cations is transalkylation, which is a disproportionation of an alkyl group under Friedel-Crafts
alkylation conditions, also known as a carbon-substituent rearrangement (Scheme 5.6).**™*! This

reaction can translocate an alkyl substituent to another position on the same aromatic ring or onto
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another aromatic ring, allowing for several compounds, including isomers, to form a single prod-

uct; therefore, it is used mainly in the petrochemical industry. However, this reaction requires

extremely harsh conditions and generates an unpredictable mixture of products.
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Scheme 5.6 Examples of functional group migration strategies.

An intriguing process, applied in the synthesis of fine chemicals, is the so-called “halogen dance”

reaction of haloarenes. This base-catalysed transformation was discovered in 1959 when, upon

reaction of sodium amide with polyhalobenzenes in liquid ammonia, 1,2,4-tribromobenzene was

converted to its 1,3,5-isomer.*? Later, the group of Bunnett identified more satisfactory isomeriza-

tion catalysts, but could not avoid the formation of arynes and dismutation events, leading to a

large number of unwanted products.*** In spite of such issues, by showing that the isomerization

of available compounds containing heavy halogens into less accessible ones was feasible, this

study attracted the interest of chemists. In the developments that have resulted, halogen ‘dance’

has been related to two essential reactions involving organometallic compounds, namely halo-

gen/lithium exchange***® and deprotonative lithiation.*’*® Indeed, the lithio intermediate (XV’,

Scheme 5.6) has to be first generated by base-mediated arene metalation before halogen migration.

The method is restricted to compounds bearing heavy halogens (Br, I).
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More recent breakthroughs by Yamaguchi and Lumb have demonstrated innovative approaches to
achieving directionality in "group ring-walk" strategies. Yamaguchi's Pd-catalyzed ortho-isomer-
ization of ester groups exploits the thermodynamic equilibrium of n?-aryne-palladium complexes
XVI’ (Scheme 5.6) during carbonylation and elimination steps.*” Meanwhile, Lumb's method for
oxygen migration in phenolic systems employs a specially designed sulfonyl hydrazide reagent to

selectively generate diazonium intermediates XVII’(Scheme 5.6).%

5.2 Novel synthetic methodologies for Nitrogen Ring Walking

5.2.1 Aim of the work

Nitrogenated benzene rings represent one of the most prevalent structural motifs in bioactive mol-
ecules such as pharmaceuticals, agrochemicals and natural compounds.®' The nature of substitu-
ents and substitution patterns relative to the nitrogen functionality profoundly influences the ring
electronic and steric properties. This interplay imparts key physicochemical properties, including
variations in reactivity (e.g., inductive and mesomeric effects), acidity (Hammett coefficient), ox-
idative potential, triplet-state energy, and overall molecular geometry.>? Collectively, these factors

profoundly influence the interactions of bioactive molecules with biological targets.'®
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Scheme 5.7 Possible strategies for nitrogen atom ortho insertion (top) and SgAr substitution pattern for com-
mercially available nitrogen-containing molecules (bottom).

Substitution patterns arising from the chemical manipulation of sp?> C—H bonds of feedstock
arenes, with the exception of a few examples of directed C—H functionalization, are predominantly
governed by the intrinsic reactivity of the substrate. Functionalization of feedstock L (Scheme 5.7,

top) at a large scale predominantly relies on traditional nitration-reduction sequences,> while the
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fine chemicals sector has increasingly adopted modern methodologies, such as radical C—H ami-
nation>* and cross-coupling reactions involving pre-functionalized substrates.>

This trend is evident by an analyzing the substitution patterns of commercially available nitrogen-
ated benzene derivatives, which is predominantly dictated by electrophilic aromatic substitution
(SgAr). Specifically, ortho-, para-, and ortho-para-substituted derivatives account for 65% of the
observed chemical space, whereas meta-substituted compounds constitute only 6% (Scheme 5.7,
bottom). This disparity highlighted the need for synthetic strategies capable of reconfiguring sub-
stitution patterns from SgAr arrangements M (Scheme 5.7) to “contra- SEAr” substitution patterns
N (Scheme 5.7).

Thereby, we investigated a new photo-mediated "nitrogen ring-walk" strategy that enables selec-
tive late-stage reconfiguration of substitution patterns in benzene derivatives and avoids the need

of a de novo synthesis. Details about the design, optimization and substrate scope are given below.

5.2.2 Design plan

The “nitrogen ring walk™ strategy was designed based on the insights gained from the earliest
study conducted in the Leonori group on the synthesis of ortho-C(sp?)-H functionalized anilines
(Scheme 5.8, top), briefly anticipated in the previous paragraph.

In that work, UV-light photoexcitation (390 nm) was employed to trigger the decomposition of
aryl azides into singlet nitrenes, which can then undergo a dearomative-rearomative sequence.
This allows the incorporation of different nucleophiles, such as alcohols, amines, thiols and thio-
phenols, into a seven-membered ring azepine intermediate via temporary disruption of aromaticity,
followed by electrophile-induced rearomatization. As already mentioned, a key event in the mech-
anistic sequence 1s the migration of the nitrogen atom across the aromatic framework, with the
nucleophile being selectively trapped at the para- position of the original aryl azide.

Leveraging this framework, we envisioned the possibility to develop a synthetic strategy that al-
lows the direct transformation of nitrogen-containing benzene derivatives into the corresponding
reduced regioisomer. However, to achieve this goal, we first had to overcome the key limitation
of the previously described methodology: the nucleophile used in the rearrangement remains
bound to the ring in the final product, preventing the formation of a simple nitrogen translocation
product. By keeping in mind our goal, we therefore identified two principal criteria for an ideal
nucleophile reagent: (1) it must serve as a competent nucleophile during the addition step, and (2)
it must enable facile cleavage once the aromatization is complete. Among the possible nucleo-

philes, thiophenol derivatives align seamlessly with our design, exploiting their dual functionality
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as effective nucleophiles in dearomative steps while ensuring high conversions during the re-
aromatization step.

A significant challenge in this approach, however, lies in the efficient cleavage of the carbon—
sulfur bond. Our strategy, summarized in Scheme 5.8 (bottom), addresses this requirement through
the formation of sulfonium derivatives O. Indeed, these compounds have been reported in litera-
ture® to undergo photo-mediated cleavage under UV/visible-light irradiation, yielding the desired

rearranged anilines P.
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Scheme 5.8 Conversion of aryl azides into regioisomeric anilines via singlet nitrene chemistry (top); Synthetic
strategy design for the nitrogen ring walking reaction (bottom).

As anticipated, the success of this synthetic design hinges on the precise structural and electronic

features of the thiophenols, which must effectively support three distinct steps: (1) formation of

ortho-aminothiophenols (K3), (2) generation of the sulfonium intermediate (O), and (3) efficient
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photocleavage to anilines (P). In optimizing these steps, both electronic and steric parameters of
the thiophenol structure played pivotal roles. Additionally, selecting the appropriate reagent capa-
ble of performing efficiently across all three transformations proved critical for the overall success
of this strategy.

By keeping in mind the previous discussions, eight potential thiophenol reagents (46a-h), shown

in Scheme 5.9, were selected and investigated.

Selected thiophenols

oo o
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46h

Scheme 5.9 Selected thiophenols.

5.2.3 Reaction development

5.2.3.1 Step 1: Formation of the ortho-aminothiophenols 49a-h

The investigation was initiated by screening the various thiophenol reagents for the formation of
the ortho-aminophenol products. First, however, commercially unavailable thiophenols 46d-h
were prepared following the reported synthetic pathway shown in Scheme 5.10.

Briefly, thiols 46d-h were obtained in two steps, starting with the Pd-catalyzed coupling of the
appropriate substrate 47a-c with 3-mercaptopropionate 48 to form protected thiols 49a-c in good
yields (68-98%). Subsequent Suzuki-Miyaura coupling of the obtained intermediates with the suit-
able boronic acids 50a,b, followed by direct deprotection under basic conditions, provided the
desired products 46d-h with moderate (18-22%) to good yields (70-75%), depending on the spe-

cific substrate (see Experimental Section).
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Scheme 5.10 General synthetic pathway for the synthesis of thiophenols 46d-h.

With the desired thiophenols in hand, we then attempted the transformation of 4-fert-butylazide
51a, chosen as the model substrate, into the corresponding ortho-aminothiophenol derivative, ex-
ploiting the same conditions of the previously reported protocol.?’ However, we found that rapid

decomposition of thiolate derivatives occurred when the electron-rich biaryl thiophenols 46¢,d,f,h

were employed, resulting in a complete lack of conversion during the initial steps.
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Scheme 5.11 Optimization of azepine 49ah.

For this reason, using aryl azide 51a and thiophenol 46h as model substrates, a systematic optimi-

zation of the reaction parameters was carried out for the formation of the first key intermediate,

azepine 52ah (Scheme 5.11).

base (x eq)

Solvent (0.05 M), rt, 16 h

—GV —
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Table 5.1 Optimization of azepine 52ah formation reaction: screening of different solvents and bases.

*Entry Solvent Base Yield (%)°
1 1,4-Dioxane NaOrBu 0
2 Ethyl Acetate NaOrBu 0
3 1,2-Dichloroethane NaOrBu 0
4 Acetonitrile NaOrBu 0
5 THF NaOrBu 0
6 1,4-Dioxane NaOH 0
7 1,4-Dioxane K5POy4 0
8 1,4-Dioxane DABCO 0
9 1,4-Dioxane K>CO; 0
10 1,4-Dioxane NaOAc 0

11 1,4-Dioxane DMAP 35
12 1,4-Dioxane DBU 0
13 1,4-Dioxane NEt3 0
14 1,4-Dioxane 1-methylimidazole 28
15 1,4-Dioxane DIPEA 0
16 1,4-Dioxane Pyridine 0
17 1,4-Dioxane 4-methylmorpholine 12

* Conditions: 51a (0.1 mmol, 1.0 equiv.), 46h (2.2 equiv.) and base
(2.0 equiv.) in degassed solvent [0.05 M] were irradiated with purple
LED. " NMR yields

As can be seen in Table 5.1, when compounds S1a and 46h were irradiated in the presence of

NaOrBu as base, in 1,4-dioxane (best conditions found in the previously reported protocol?’) no

desired product was detected (entry 1). The same outcome was observed also when different sol-

vents were employed instead of 1,4-dioxane. Therefore, our optimization process continued with

the screening of a wide range of inorganic and organic bases. Notably, only the use of DMAP, 1-

methylimidazole and 4-methylmorpholine led to the formation of the desired product, with DMAP

giving the best result (35% determined by quantitative NMR, entry 11). With the aim of increasing

the yield of azepine 52ah, we then continued our investigation by screening different solvents,

stoichiometry ratios and reaction times. The obtained results are summarized in Table 5.2.

Table 5.2 Optimization of the reaction conditions for the formation of azepine 52ah: screening of different sol-

vents and stoichiometry ratios.

Entry Slrz:t?:h Solvent DMAP (x eq.) ‘({; l)(ai
1 1:2.2 1,4-Dioxane 2 35
2 1:2.2 1,4-Dioxane 4 35
3 1:2.2 1,4-Dioxane 1 37
4 1:2.2 1,4-Dioxane 0.02 22
5 1:2.2 DMF 1 0
6 1:2.2 DCE 1 10
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7 1:2.2 DCM 1 19
8 1:2.2 MeCN 1 5
9 1:2.2 Toluene 1 28
10 1:2.2 Et,O 1 34
11 1:2.2 THF 1 5
12 1:2.2 EtOAc 1 0
13 1:2.2 PhCF; 1 33
14 1:2.2 MeOH 1 0
15 1:2.2 HFIP 1 0
16 1:2.2 MTBE 1 10
17 1:2.2 DME 1 0
18 1:1.2 Acetone 1 10
19 1:1.2 1,4-Dioxane 1 57
20 1:2.4 1,4-Dioxane 1 38
21 1.2:1 1,4-Dioxane 1 53
22 2.4:1 1,4-Dioxane 1 70
*NMR yields

The best reaction conditions turned out to be the following: 51a (2.4 eq.), 46h (1.0 eq.), DMAP
(1.0 eq.) at room temperature in 1,4-Dioxane under 390 nm light irradiation. Under these condi-

tions the desired product 52ah could be obtained in 70% yield.

_ — —
AN hv \./.\S/Ar1 X O hv \l/ “H
| | |
H _ -

aryl azide TFA
£Bu 46h (1.0 eq) £Bu
DMAP (1.0 eq) t-Bu IAr TFAA (4.0 eq) O
- _
- =S - _Ar _
N3 1,4-Dioxane, rt, 16 h XN 1,4-Dioxane, rt, 2 h S Ar=
hv =390 nm HN
70% >95% THA
51a
(2.4 eq) 52ah 53ah MeO OMe
46h (1.0 eq)
DMAP (1.0 eq)
1,4-Dioxane, rt, 16 h
hv =390 nm

then TFAA (4.0 eq)
rt,2h

75%

Scheme 5.12 Comparison between step-wise and one-pot telescopic approach for the synthesis of compound
53ah.

With compound 52ah in hand, we proceeded to investigate the synthesis of the corresponding
ortho-aminothiophenol 53ah (Scheme 5.12). By reacting compound 52ah with TFAA in 1,4-di-

oxane at room temperature for 2h, compound 53ah could indeed be obtained with a quantitative
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yield. Encouraged by this result, we pursued the synthesis of compound 53ah using a one-pot
telescopic approach. In this method, TFAA was added directly to the reaction mixture containing
intermediate 52ah, bypassing any prior purification of the intermediate. In this case the desired
product could be obtained with 75% yield, in agreement with the results obtained with the step-

wise method.

N3 !
H HN(
; TFA
aryl azide
46a-h (1.0 eq)
DMAP (1.0 eq) £Bu
£Bu 1,4-Dioxane, t, 16 h
hv =390 nm - _Ar
N > S
8 then TFAA (4.0 eq) NH
i, 2h TFA”
51a 53aa-ah
(2.4 eq)
l OMe l CF3 l OMe l CF3
HS HS HS HS
o o Oo" Q J ¢ J
HS HS HS OMe OMe MeO OMe MeO OMe
46a 46b 46¢ 46d 46e 46f 46g
5aa-ah 65% 48% 67% 58% 48% 52% 43%

Scheme 5.13 Synthesis of ortho-aminothiophenols 53aa-ag.

With the optimized conditions established, our study continued by comparing the reactivity of
azide 51a with commercially available thiophenols 46a-c and of the series of synthetized biaryl
thiophenols 46d-h (Scheme 5.13). Para-methoxy-substituted thiophenols 46¢, 46d, and 46f deliv-
ered the corresponding ortho-aminothiophenols S3ac, S3ad and 53af with the best yields, mainly
due to their higher nucleophilicity arising from the presence of electron-donating methoxy groups.
Surprisingly, electron-neutral thiophenol 46a performed comparably well, yielding the corre-
sponding compound 53aa with a good yield of 65%. On the other hand, using trifluoromethyl-
substituted thiophenols 46b, 46e and 46g caused only slight reductions in yield for the formation
of ortho-aminothiophenols 53ab, 53ae and 53ag. By comparing all data, it can be concluded that,
among all tested thiophenols, the best result was yielded by compound 46h.
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5.2.3.2 Synthesis of aniline derivatives : step 2 and 3

Moving to the next step, namely the synthesis of the sulfonium ion derivatives, the two classes of
thiophenols mentioned above required different approaches to carry out this reaction. For amino-
thiophenols 53aa—ac a simple methylation using MeOTf was carried out. In contrast, in the case
of biaryl aminothiophenols 53ad-ah, we investigated sulfonium salt formation by means of an
intramolecular cyclization pathway, using NCS as chlorinating reagent and Bi(OTf)3 as Lewis
acid. The proposed mechanism for such transformation is reported in Scheme 5.14.%” As can be
seen, protonation of NCS triggers electrophilic attack of chlorine on the thioether group to give an
intermediate chlorosulfonium salt, which subsequently rearranges through an intramolecular SgAr

reaction to yield the target dibenzothiophene sulfonium salt.

N
MeOZ)

Meo (xou_> Meacj . 'iR —M:OS—R

Scheme 5.14 Proposed mechanism for the intramolecular thiophenol cyclization.”’

When subjected to methylation protocol, compound 53ac was quantitatively converted to sul-
fonium derivative 54ac (Scheme 5.15), while 53aa and 53ab did not react at all. Unfortunately,
sulfonium salt 54ac resulted insoluble in most organic solvents, which prevented its use for the
remainder of the synthetic sequence. Focusing on biaryl aminothiophenols 53ad-ah, the substitu-
ents present on their structure profoundly influenced both reactivity and stability in the formation
of the corresponding sulfonium salts S4ad-ah. Substituents at the 4-position of aminothiophenols
S53ad,ae had minimal impact on sulfonium yields (68%-69%). Notably, an additional methoxy
group at position 11 was deleterious for aminothiophenols 53af,ag, but enhanced conversion in
the case of 53ah. Under cyclization conditions, ortho-aminothiophenols 53ae and 53ag underwent
competing chlorination, resulting in inseparable mixtures of polyhalogenated compounds.

All desired sulfonium salt products could be isolated by simple precipitation from the reaction
mixture and could be employed directly in the subsequent photocleavage step without any further

purification.
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2@ e 0@

| SN” Ne- A
H Step 2 TFA’NH r
aryl azide
I\I/Ie
tBu S, OTf
MeOTf (1.5 eq), + A
DCM (0.05 M), rt, 8h
- I}IH -
#Bu Ses 4 TFA
\CE Art 54aa-ac t-Bu H
" — Cs,CO5 (1.000) \@[
TFA A2 MeOH : Acetone 1:1 (v/v) NH
53aa-ah B ér oTf hv =390 nm, rt, 12 h TFA
NCS (1.0 eq) - ol
.0 eq),
Bi(OTfs (1.5 eq) TFA
1,4-Dioxane:CH3;CN 1:1 (0.033 M), 54ad-ah
rt, 6h
CF; OMe
Ar'= \(@ \(©/ \(©/
54aa-ac 0% 0% >99%
55a <5%
! OMe l CF; l OMe l CF3 l
" \(=:0 {O i@ \(/=:O i@
OMe OMe MeO OMe MeO OMe MeO OMe
54ad-ah 69% 68% 49% 26% 78%
55a 12% 39% 13% 5% 98%

Scheme 5.15 Synthesis of sulfonium derivatives 54ac-ah and subsequent homolytic cleavage to aniline 55a.

Homolytic cleavage of sulfonium derivatives is well-documented in the literature. Notably, in
2022, Zhang and co-workers demonstrated the efficient deuteration of aryl sulfonium substrates.>
This was achieved in high yield by reacting the substrates with Cs2CO3 in a 1:1 (v/v) solvent
mixture of CD30D and acetone-ds under 390 nm LED irradiation for 12 hours. Inspired by this
work, we tried to perform the photocleavage of compounds S4ac-ah by using a similar protocol.

The proposed mechanism for this transformation is shown in Scheme 5.16.

Me
OMe OMe
+ \Q FZCHOH — \Q
TFA’ hv= 390 nm TrA~N
TrA " TFAN

54ah 55a

Scheme 5.16 Proposed mechanism for the cleavage of aryl sulfonium salt.
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Under the chosen conditions sulfonium derivative 54ac yielded the desired product 55a only in
traces. 3-Methoxy-substituted sulfonium salts S4ad and S4af proved poorly soluble in the chosen
solvent mixture, thereby yielding product S5a in low yields. Similarly, trifluoromethylated com-
pounds 54ae,ag provided suboptimal yields of the desired product, whereas S4ah emerged as the
optimal candidate, achieving quantitative conversion to the aniline product (Scheme 5.15).

Overall, thiophenol 46h and its derivatives 52,53,54ah demonstrated superior performances in all
steps of the overall synthetic sequence from aryl azide S1a to aniline 5S5a. 48h was therefore se-

lected as the reagent of choice for the exploration of the full scope of the synthetic route.

5.2.4 Substrate scope

After having established the optimized conditions for the entire synthetic sequence, we moved to
the substrate scope evaluation (carried out in collaboration with Giovanni Lenardon) by employing
para-substituted aryl azides S51b-y, readily accessible from the corresponding para-anilines, to
synthesize meta-anilines that would be otherwise challenging to prepare. It is important to note
that both the overall yield and the yields of individual intermediates (in brackets) are shown in
Scheme 5.17. As can be seen para-alkyl substituents are well tolerated, delivering the products
55b-d in decent yields (33%-41%) over three steps. Even dibenzylic substrate S1e could be con-
verted to 55e without additional complications, providing a similar yield of the product. Electron-
withdrawing substituents such as the trifluoromethyl group of 51f are also compatible, as testified
by the obtainment of product 55f in 47% yield, while diverse benzylic functionalities, including
cyano, trifluoromethyl, and protected oxygen groups, were tolerated, albeit the corresponding
products 55g-i were formed only in moderate yields (21-29%). Remarkably, substrates presenting
free alcohol functions, as aryl azide 51j, perform well, with no observed side reactions during the
initial step, showcasing the protocol’s chemoselectivity for thiol nucleophiles. Synthetically sen-
sitive groups, such as Bpin (51k) and alkenes (511), which enable potential downstream function-
alization, are also tolerated, yielding anilines S5k and 551 in 51% and 42% yield, respectively. It
is important to highlight that for substrate 51k we have not been able to isolate the corresponding
ortho-aminothiophenol derivative S3kh formed with thiophenol 46h, due to partial hydrolyzation
on column chromatography. Therefore for this substrate we slightly modified our procedure by
performing step 2 directly on the crude mixture resulting from step 1. The corresponding sul-
fonium salt 54kh was then simply isolated by precipitation from diethyl ether and subjected to the
last photocleavage step.

Furthermore, para-phenyl substited azide S1m is also a viable substrate, affording aniline 55m in

31% yield. Mono-substituted phenyl residues, both with EDG (51n) and EWG (S10,p) groups, in
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4-position were found to enhance reactivity, producing 55n-p in 47%, 48%, and 57% yield, re-
spectively. Azides bearing symmetrically dimeta-substituted 4-phenyl substituents 51q and S1r
provided the corresponding aniline derivatives 55q,r in 53% and 32% yields, respectively. The
introduction of an additional para-phenyl substituent in 51s enables the synthesis of a rare tetrasub-
stituted aniline 5Ss, achieved in 29% yield, which highlights the method capacity to overcome
steric constraints often limiting traditional cross-coupling approaches.

For unsymmetrical meta-substituted azides S1t-v, mixtures of ortho and para products arise due
to the incipient nitrene capacity to cyclize at two distinct ortho positions (see Scheme 5.17). Strong
electron-donating groups, such as methoxy groups in compound 51u, favor formation of the ortho
product, providing regioisomeric anilines S5u and 55u' in a 1:9 ratio, with a total yield of 59%. In
contrast, weaker donors like fert-butyl, in compound 51t, and bicyclic 6-azido-tetrahydronaphtha-
lene 51v produce nearly equimolar mixtures of isomers, with total yields of 36% and 52%, respec-
tively.

The scope of the methodology was expanded to include azide derivatives of bioactive compounds,
enabling late-stage exploration of substitution patterns. Use of Butamben, a local anesthetic,
demonstrated ester functionality compatibility, producing meta-Butamben 55w in 42% yield. Sim-
ilarly, the azide derived from anticancer agent aminoglutethimide underwent efficient para-to-
meta isomerization to form 55x in 55% yield. Estrone-derived azides yielded both possible ortho
isomerized products 55y and 55y’ in excellent 56% yield with a 1:1 regioisomeric ratio; it is worth
noting that regioisomer 55y’ had remained synthetically inaccessible to date, which highlights the

transformative potential in medicinal chemistry of the developed nitrogen walk protocol.
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Scheme 5.17 Scope of nitrogen ring walk.
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5.2.5 Synthesis of ortho-sbstituted anilines

Although in the previous paragraph we aimed for the cleavage of the sulfonium salt in order to
obtain the desired rearranged anilines, it is important to notice that such intermediates have
emerged in the last years as powerful synthetic handles for diverse functionalization processes,
including cross-coupling reactions and redox chemistry.>®°! Traditionally, these structures are ei-
ther pre-installed on functionalized starting materials or introduced directly via C—H activation
with remarkable para-selectivity.®>

With the protocol described above we expand this paradigm by enabling the installation of sul-
fonium salts with complete regiocontrol at the ipso position relative to the nitrogen atom, yielding
ortho-substituted sulfonium derivatives inaccessible via traditional methods. This strategy allows
direct access to a broad array of ortho-aniline derivatives, extending the scope of previous meth-
odology. (Scheme 5.18). For example photo-redox-mediated decomposition of S4gh afforded or-
tho-fluoroaniline S6a and ortho-chloroaniline 56b in 76% and 69% yield, respectively. Remarka-
bly, the light-mediated protocol unlocked the direct exchange of the sulfonium group for a BPin
moiety in 75% yield. This approach delivered S6c¢, a organometallic reagent of exceptional utility,
serving as a versatile intermediate for cross-coupling reactions. Furthermore, the utility of sul-

fonium salts in transition-metal catalysis was demonstrated through Suzuki—Miyaura cross-cou-

pling, delivering ortho-arylated aniline 56d in 69% yield.

Me .- F Ir(dF (CF3)ppy)2(dtbyp)PFs (1 mol%) IF(dF(CF3)ppy)a(dtbyp)PFs (1%)  Mex o, ~C!
| | Cu(MeCN)4PFg (1.5 eq) Cu(MeCN)4PFg (1.5 eq) | |
Z SNH CuF (2.5 eq) CuCl (2.5 eq) ‘ =z “NH
[} -« ’
Me TFA Acetone, hv 440 nm Acetone, hv 440 nm Me 'I'FA
56a, 76% 56b, 69%

o

CF
Me .- BPin OH 8
| T B,Pin, (3.0 eq) FsC B, Me N
= H,0 (15 eq.), N,N-DMF OH 3.0eq)

\rI«H -« > | /|.
~
Me TFA then Pinacol +Et3N (5.0 eq) Pd(OAc), (10 mol %), dppp (10 mol%), ']‘H
o hv 440 nm Cs,CO3 (2.0 eq), Me TFA
S6c, 75% THF, 1t, 12 h
56d, 69%

Scheme 5.18 Possible diversification of substrate 54qh.
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5.3 Conclusions

In conclusion, we have developed a novel synthetic strategy for nitrogen ring migration, enabling
the transformation of readily accessible para-aminated building blocks into more challenging
meta-aminated derivatives. This approach utilizes well-established singlet nitrene chemistry to
capture biaryl thiophenol nucleophiles within seven-membered azepine ring systems. The result-
ing intermediate can undergo an efficient in situ rearrangement to yield the corresponding ortho-
aminothiophenol through a simple treatment with TFAA. Subsequent intramolecular cyclization
of the resulting biaryl thioethers afforded functionalized sulfonium salts under mild conditions.
Finally, photo-induced cleavage facilitated the formation of the desired ortho-isomerized anilines.
This protocol has proven efficient for late-stage reconfiguration of substitution patterns in bioac-
tive molecules, facilitating chemical space exploration without the requirement for de novo total
synthesis. Additionally, sulfonium intermediates have been harnessed for the synthesis of diverse
ortho-substituted anilines, overcoming limitations of traditional methods and expanding the scope

of accessible molecular architectures.
5.4 Materials and methods
5.4.1 General Synthetic remarks

All required fine chemicals were used directly without purification unless stated otherwise. All air
and moisture sensitive reactions were carried out under nitrogen atmosphere using standard
Schlenk manifold techniques. All solvents were bought from Acros as 99.8% purity and degassed
by Nz bubbling. 'H, '*C and 'F NMR spectra were recorded on Bruker Avance Neo 600 MHz,
Varian VNMRS 600 MHz, Bruker NanoBay Avance III HD NMR 500 MHz or on Varian VNMRS
400 MHz instruments, at various field strengths as indicated and were referenced to the residual
peak solvent (for 'H and '3C) or by the instrument internally after locking and shimming to the
deuterated solvent (for '°F). '"H NMR coupling constants (J) are reported in Hertz (Hz) and refer
to apparent multiplicities and not true coupling constants. Data is reported as follows: chemical
shift (9), integration, multiplicity (s = singlet, br s = broad singlet, d = doublet, t = triplet, q =
quartet, qi = quintet, sx = sextet, sp = septet, m = multiplet, dd = doublet of doublets, etc.), proton
assignment (determined by 2D NMR experiments: COSY, HSQC and HMBC) where possible.
High-resolution mass spectra were obtained using a JEOL JMS-700 spectrometer, a Fissions VG

Trio 2000 quadrupole mass spectrometer, Thermo Scientific LTQ Orbitrap XL spectrometer or
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Finnigan MAT 95. Spectra were obtained using electron impact ionization (EI) or positive elec-
trospray (ESI) techniques. Analytical TLC: aluminum backed plates pre-coated (0.25 mm) with
Merck Silica Gel 60 F254. Compounds were visualized by exposure to UV light or by dipping the
plates in ninhydrin or permanganate (KMnOQ4) stain followed by heating. Flash column chroma-
tography was performed using Merck Silica Gel 60 (40-63 pm). All mixed solvent eluents are
reported as v/v solutions. The LEDs used are Kessil PR 160 with irradiation wavelengths of 427

and 390 nm. All the reactions were conducted in CEM 9 mL glass microwave tubes.

5.4.2 Synthetic procedures

5.4.2.1 Synthesis of thiol substrates

General Procedure 1

I Et3N (2.0 eq.) S/\)J\O/\/\/\Me
) Pd,(dba), (1.5 mol%)

Br /\)J\ Xantphos (3 mol%) Br Et

HS oY T e >

Et Toluene, (0.4 M),

R4

reflux, 16 h

47a-c 1 eq. 4811 eq. 49a-c
Under N> atmosphere, to a Schlenk tube were added the suitable 2-bromo-1-iodobenzene 47a-c,
1.0 eq.), Pd2(dba); (1.5 mol%), Xantphos (3.0 mol%) and 2-ethylhexyl 3-mercaptopropanoate (48,
1.1 eq.). The vessel was evacuated and backfilled with argon (x 3). Toluene (the required volume
to obtain a 0.4 M solution of the substrate) was added, followed by Et;N (2.0 eq.). The resulting
mixture was degassed with argon for 5 min. and then heated to reflux for 16 h. The reaction was
then allowed to cool down to room temperature. The mixture was filtered over a pad of Celite®
and concentrated in vacuo. The resulting yellow oil was purified by flash column chromatography

to afford the title compound as a colorless viscous oil.

2-ethylhexyl 3-((2-bromo-4-methoxyphenyl)thio)propanoate (49a)

Following GP1, 2-bromo-1-iodo-4-methoxybenzene (49a, 3.0 g, 9.6 mmol, 1.0 eq.) gave the title
compound as colorless viscous oil after flash column chromatography (Pentane/EtOAc 9:1 to 7:3)

(2.6 g, 6.5 mmol, 68%).
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"H NMR (CDCl3, 600 MHz) & 7.39 (d, J=8.6 Hz,1H), 7.17 (d, J/=2.8 Hz, 1H), 6.82 (dd, J=8.7, 2.8
Hz,1H), 4.04 — 3.96 (m, 2H), 3.79 (s, 3H), 3.10 (t, J=7.3 Hz, 2H), 2.58 (t, J=7.3 Hz, 2H), 1.60 —
1.50 (m, 1H), 1.40— 1.18 (m, 8H), 0.93 — 0.81 (m, 6H); '*C NMR (CDCl;, 151 MHz) ¢ 172.0,
159.7, 134.5, 128.5, 126.4, 119.0, 114.3, 67.3, 55.8, 38.8, 34.4, 30.5, 30.1, 29.0, 23.9, 23.1, 14.2,
11.1.

2-ethylhexyl 3-((2-bromo-4-(trifluoromethyl)phenyl)thio)propanoate (49b)

Me o)J\/\s

Me

CF3

Following GP1, 2-bromo-1-iodo-4-methoxybenzene (49b, 3.4 g, 9.6 mmol, 1.0 eq.) gave the title
compound as colorless viscous oil after flash column chromatography (Pentane/EtOAc 9:1 to 7:3)
(4.2 g, 9.5 mmol, 98%).

'H NMR (CDCls, 600 MHz) § 7.78 (1H, s), 7.53 (1H, d, J=8.3 Hz), 7.29 (1H, d, J=8.5 Hz), 4.04
(2H, d, J=5.5 Hz), 3.26 (2H, t, J/=7.4 Hz), 2.73 (2H, t, J=7.5 Hz), 1.65 — 1.47 (1H, m), 1.42 — 1.21
(8H, m), 0.89 (6H, t, J=7.5 Hz); >*C NMR (CDCl;, 151 MHz) § 171.5, 143.1, 130.0 (q, J = 4.1
Hz), 128.5 (q, J = 33.2 Hz), 126.4, 124.7 (q, J = 3.9 Hz), 122.5 (q, / = 17.3 Hz), 67.7, 38.9, 33.5,
30.5,29.1, 27.6, 23.9, 23.1, 14.2, 11.1; ’F NMR (CDCls, 564 MHz) § -62.51.

2-ethylhexyl 3-((2-bromophenyl)thio)propanoate (49¢)

o)
o)l\/\s
Me ©/BI'

Following GP1, 1-bromo-2-iodobenzene (49¢, 10 g, 35.4 mmol, 1.0 eq) gave the title compound

Me'

after flash column chromatography (Pentane/EtOAc 9:1 to 7:3) as colorless viscous oil (12.1 g,
32.4 mmol, 92%).

"H NMR (CDCl3, 600 MHz) § 7.56 — 7.53 (1H, m), 7.31 — 7.23 (2H, m), 7.07 — 7.00 (1H, m), 4.05
-3.97(2H, m), 3.19 (2H, t,J =7.5 Hz), 2.66 (2H, t, J = 7.5 Hz), 1.60 — 1.51 (1H, m), 1.34 (2H, p,
J=7.5Hz), 1.31 — 1.22 (6H, m), 0.87 (6H, t, ] = 7.4 Hz); *C NMR (CDCl3, 151 MHz) § 171.6,
136.8, 133.1, 128.7, 127.8, 127.0, 124.2, 67.3, 38.6, 33.8, 30.3, 28.8, 28.0, 23.7, 22.9, 14.0, 10.9..

184



MATERIALS AND METHODS

General Procedure 2

K,COj3 (4.0 eq.) Rz\s
/@\ PEPPSI™-IPr (1.5 mol°/)
Toluene:H,0 1:1

(0.2 M), reflux, 16 h

R3 Rs

NaOEt (20 wt% in EtOH, 4.0 eq.) O
OMe

> OMe
Toluene O
(0.5 M), 70°C, 16 h

49a-c 1.0 eq. 50a,b 1.3 eq. 46d-h

Under N> atmosphere, to a Schlenk tube were added 49a-c (1.0 eq.) and toluene (the required
amount to obtain a 0.4 M solution), followed by a solution of potassium carbonate (4.0 eq.) in
water (0.4 M) and the suitable boronic acid 50a,b (1.3 eq.). The reaction vessel was degassed with
argon under vigorous stirring. PEPPSI™- [Pr catalyst (1.5 mol%) was added and, after additional
degassing, the resulting mixture was heated to reflux for 16 h. The reaction was allowed to cool
down to room temperature. The mixture was filtered over a pad of Celite®. The organic phase was
washed with saturated aq. potassium carbonate (2 x 50 mL), dried over magnesium sulfate and
concentrated in vacuo. Without any further purification, the crude was solubilized in toluene (0.5
M) and NaOEt (21 wt% in denatured EtOH, 4.0 eq.) was added. The resulting mixture was heated
at 70° C for 16 h. After cooling down to room temperature, the reaction mixture was diluted with
EtOAc and then acidified to pH 4 using 1 M aq. HCI. After separation, the organic phase was
washed with brine, dried over anhydrous magnesium sulfate, filtered and concentrated in vacuo.
The crude was purified by flash column chromatography to afford the title compound as a colorless
viscous oil, which was dried under high vacuum overnight prior to use for further reactions. The
final thiophenols can be purified also by acid/base extraction using 2 M aqueous NaOH and Et2O

as the organic phase.

3',5-dimethoxy-[1,1'-biphenyl]-2-thiol (46d)

OMe
Following GP2, 2-ethylhexyl 3-((2-bromo-4-methoxyphenyl)thio)propanoate (49a, 1.3 g, 3.2
mmol, 1 eq.) and (3-methoxyphenyl)boronic acid (50a, 636 mg, 4.2 mmol, 1.3 eq.) gave the title
compound after column chromatography (Pentane to Pentane/EtOAc 8:2) as a colorless viscous
oil (660 mg, 2.7 mmol, 83% over two steps).

"H NMR (CDCl3, 600 MHz) § 7.39 —7.33 (1H, m), 7.30 (1H, d, J = 8.5 Hz), 6.98 (1H, dt, J = 7.6,
1.3 Hz), 6.96 — 6.91 (2H, m), 6.84 — 6.83 (1H, m), 6.82 — 6.80 (1H, m), 3.85 (3H, s), 3.80 (3H, s),
3.27 (1H, s); *C NMR (CDCl3, 151 MHz) 5 159.6, 158.1, 142.5, 142.4, 131.4, 129.6, 121.6, 120.6,
116.0, 114.7, 114.2, 113.5, 55.6, 55.4.
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3'-methoxy-5-(trifluoromethyl)-[1,1'-biphenyl]-2-thiol (46e)

CFy

Following GP2, 2-ethylhexyl 3-((2-bromo-4-(trifluoromethyl)phenyl)thio)propanoate (49b, 2.1 g,
4.8 mmol, 1 eq.) and (3-methoxyphenyl)boronic acid (50a, 942 mg, 6.2 mmol, 1.3 eq.) gave the
title compound after column chromatography (Pentane to Pentane/EtOAc 8:2) as a colorless vis-
cous oil (260 mg, 1 mmol, 21% over two steps).

"H NMR (CDCl3, 600 MHz) § 7.48 (1H, s), 7.44 (1H, s), 7.39 (1H, t, J=7.9 Hz), 7.00 — 6.96 (2H,
m), 6.93 (2H, t, J=2.1 Hz), 3.86 (3H, 5), 3.62 (1H, s); ">*C NMR (CDCls, 151 MHz) & 159.9, 140.9,
140.4, 136.7, 130.0, 129.2, 127.7 (q, J = 32.7 Hz), 127.1 (q, J = 3.8 Hz), 124.6 (q, J = 3.7 Hz),
124.2 (q, J=271.8 Hz), 121.4, 114.6, 114.1, 55.5; "’F NMR (CDCl;, 564 MHz) & -62.4.

3',5,5'-trimethoxy-[1,1'-biphenyl]-2-thiol (46f)

OMe

OMe

Following GP2, 2-ethylhexyl 3-((2-bromo-4-methoxyphenyl)thio)propanoate (49a, 1.3 g, 3.2
mmol, 1 eq.) and (3,5-dimethoxyphenyl)boronic acid (50b, 762 mg, 4.2 mmol, 1.3 eq.) gave the
title compound after column chromatography (Pentane to Pentane/EtOAc 8:2) as a colorless vis-
cous oil (160 mg, 0.6 mmol, 18% over two steps).

'"H NMR (CDCl3, 600 MHz) § 7.46 (1H, d, J=8.6 Hz), 6.81 — 6.76 (2H, m), 6.44 (1H, t, J=2.2 Hz),
6.41 (2H, d, J=2.3 Hz), 3.80 (3H, s), 3.78 (6H, s); 3*C NMR (CDCls, 151 MHz) § 160.4, 159.2,
144.7,142.3, 132.9, 126.4, 115.4, 114.3, 107.9, 99.9, 55.6, 55.5.

3',5'-dimethoxy-5-(trifluoromethyl)-[1,1'-biphenyl]-2-thiol (46g)

OMe

CF,

Following GP2, 2-ethylhexyl 3-((2-bromo-4-(trifluoromethyl)phenyl)thio)propanoate (49b, 2.1 g,
4.8 mmol, 1 eq.) and (3,5-dimethoxyphenyl)boronic acid (50b, 1.1 g, 6.2 mmol, 1.3 eq.) gave the
title compound after column chromatography (Pentane to Pentane/EtOAc 8:2) as a colorless vis-

cous oil (160 mg, 0.6 mmol, 18% over two steps).
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'H NMR (CDCls, 600 MHz) § 7.47 (1H, s), 7.43 (1H, s), 6.51 (3H, s), 3.67 (1H, s); 13C NMR
(CDCLs, 151 MHz) § 161.2, 141.4, 140.4, 136.7, 129.2, 127.7 (q, J = 32.6 Hz), 127.0 (q, J = 4.1
Hz), 124.7 (g, J = 3.8 Hz), 124.2 (q, J = 273.3 Hz), 107.1, 100.5, 55.6; '"°F NMR (CDCls, 564
MH?z) & -62.40.

3',5'-dimethoxy-[1,1'-biphenyl]-2-thiol (46h)

OMe

O OMe

Following GP2, 2-ethylhexyl 3-((2-bromo-4-methoxyphenyl)thio)propanoate (49¢, 12.1 g, 32.4
mmol, 1 eq) and (3,5-dimethoxyphenyl)boronic acid (50b, 7.73 g, 15.0 mmol, 1.3 eq) gave the
title compound after column chromatography (Pentane to Pentane/EtOAc 8:2) as a colorless vis-
cous oil (3.5 g, 14.1 mmol, 70%).

'"H NMR (CDCl3, 600 MHz) § 7.34 (1H, d, J = 6.6 Hz), 7.29 — 7.12 (4H, m), 6.53 (3H, s), 6.49
(1H, s), 3.82 (6H, s), 3.49 (1H, s); '3C NMR (CDCls, 151 MHz) § 160.9, 142.9, 140.4, 131.0,
130.3, 129.4, 128.1, 125.5, 107.3, 100.0, 55.5

5.4.2.2 Synthesis of azide substrates

General procedure 3

t-BuONO (1.3 equiv.),
R@\ TMSN; (1.3 equiv.) R
NH N

2 CH3CN (0.05 M)
0°C-rt, 2 h

3
51a-y

Under N atmosphere, to a Schlenk tube was added the suitable aniline substrate (1.3 eq.), which
was dissolved in CH3CN (0.05 M). After warming up to rt, -BuONO (1.3 equiv.) was added,
followed by TMSN3 (1.3 equiv.), added dropwise. The solution was then allowed to warm to r.t.
and stirring continued for 2 h. At this point, azide formation was confirmed by TLC analysis. The
solvent was removed in vacuo, and the crude product was purified by flash column chromatog-

raphy to afford the desired compound.

1-azido-4-(tert-butyl)benzene (51a)

t-Bu\©\
N

Following GP3, 4-(tert-butyl)aniline (2.0 g, 13.4 mmol, 1 eq.) gave 51a (63%) as an oil. '"H NMR
(CDCl3, 600 MHz) 6 7.3 (1H, t, /=7.9 Hz), 7.2 (1H, d, J/=10.7 Hz), 7.0 (1H, t, J=2.1 Hz), 6.9 (1H,

3
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d, J=11.2 Hz), 1.3 (9H, s); '>*C NMR (CDCls, 151 MHz) & 153.3, 139.6, 129.4, 122.1, 116.2, 116.0,

34.8, 31.2. Spectroscopic data are in agreement with those reported in the literature.®

1-azido-4-methylbenzene (51b)

L
N

Following GP3, p-toluidine (2.0 g, 18.7mmol, 1 eq.) gave 51b (63%) as an oil. 'H NMR (CDCl;,
600 MHz) 6 7.21 (2H, d, J=5.3 Hz), 6.90 (2H, d, J=8.1 Hz), 2.35 (3H, s); '*C NMR (CDCl;, 151
MHz) 6 137.2, 134.6, 130.3, 118.8, 20.8. Spectroscopic data are in agreement with those reported

3

in the literature.%

1-azido-4-ethylbenzene (S1c)

L
N

Following GP3, 4-ethylaniline (2.0 g, 16.5 mmol, 1 eq.) gave 51¢ (63%) as an oil. 'H NMR
(CDCls, 600 MHz) 6 7.22 (2H, d, J/=8.4 Hz), 7.04 (2H, d, J=8.5 Hz), 2.61 (2H, q, J=7.6 Hz), 1.24
(4H, t, J=7.6 Hz); >*C NMR (CDCl;, 151 MHz) § 141.1, 137.3, 129.2, 118.9, 28.3, 15.6. Spectro-

3

scopic data are in agreement with those reported in the literature.

1-azido-4-isopropylbenzene (51d)

i-Pr< :
N

Following GP3, 4-isopropylaniline (2.0 g, 14.8 mmol, 1 eq.) gave 51d (63%) as an oil. 'H NMR
(CDCl3, 600 MHz) 6 7.21 (2H, d, J=8.4 Hz), 6.96 (2H, d, J=8.5 Hz), 2.90 (1H, hept, J=6.9 Hz),
1.24 (6H, d, J=7.0 Hz); *C NMR (CDCls, 151 MHz) & 145.74, 137.36, 127.74, 118.91, 33.58,

3

23.99. Spectroscopic data are in agreement with those reported in the literature.¢’

1-azido-4-benzylbenzene (51e)

"L
N

Following GP3, 4-benzylaniline (2.0 g, 10.9 mmol, 1 eq.) gave 51e (63%) as an oil. 'H NMR
(CDCl3, 600 MHz) 6 7.30 (2H, t, J=7.6 Hz), 7.22 (1H, t, J=7.4 Hz), 7.18 (5H, d, J=8.0 Hz), 6.96
(2H, d, J=8.3 Hz), 3.97 (2H, s); *C NMR (CDCls, 151 MHz) § 140.8, 138.0, 137.9, 130.3, 128.8,
128.6, 126.2, 119.1, 41.3. Spectroscopic data are in agreement with those reported in the litera-

3

ture.%®
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1-azido-4-(trifluoromethyl)benzene (51f)

L
N3

Following GP3, 4-(trifluoromethyl)aniline (2.0 g, 12.4 mmol, 1 eq.) gave 51f (63%) as an oil. 'H
NMR (CDCls, 600 MHz) § 7.61 (2H, d, J=8.4 Hz), 7.11 (2H, d, J=8.3 Hz); '>*C NMR (CDCls, 151
MHz) 6 6 143.7, 127.0 (q, J/=31.7 Hz), 127.0 (q, J=3.7 Hz), 123.9 (d, J/=271.9 Hz), 119.2 Spectro-

scopic data are in agreement with those reported in the literature. %

1-(4-azidophenyl)cyclopentane-1-carbonitrile (51g)
B

N

Following GP3, 1-(4-aminophenyl)cyclopentane-1-carbonitrile (1.0 g, 5.4 mmol, 1 eq.) gave 51g
(63%) as an oil. '"H NMR (CDCls, 600 MHz) § 7.43 (2H, d, J=8.6 Hz), 7.03 (2H, d, J=8.7 Hz),

2.53 —2.40 (2H, m), 2.11 — 2.00 (4H, m), 1.98 — 1.86 (2H, m); '*C NMR (CDCl;, 151 MHz) §
139.7, 136.5, 127.5, 124.1, 119.4, 47.3, 40.4, 24.1. Spectroscopic data are in agreement with those

3

reported in the literature.”

1-azido-4-(methoxymethyl)benzene (51h)

N

Following GP3, 4-(methoxymethyl)aniline (2.0 g, 14.6 mmol, 1 eq.) gave 51h (63%) as an oil. 'H
NMR (CDCl3, 600 MHz) 6 7.32 (2H, d, J=8.5 Hz), 7.01 (2H, d, J=8.4 Hz), 4.42 (2H, s), 3.38 (3H,
s); 3C NMR (CDCl3, 151 MHz) & 139.5, 135.1, 129.4, 119.1, 74.2, 58.2.

3

1-azido-4-(2-(benzyloxy)-1,1,1,3,3,3-hexafluoropropan-2-yl)benzene (51i)

Fe]
BnO>|\©\
N
Following GP3, 2-(4-azidophenyl)-1,1,1,3,3,3-hexafluoropropan-2-ol (1.0 g, 3.5 mmol, 1 eq.)
gave 51i (63%) as an oil. '"H NMR (CDCl3, 600 MHz) § 7.61 (2H, d, J=8.5 Hz), 7.42 — 7.32 (5H,

m), 7.14 — 7.10 (2H, m), 4.63 (2H, s); '*C NMR (CDCls, 151 MHz) § 142.6, 136.2, 129.9, 128.8,
128.4, 127.3, 124.6, 122.5 (q, J=291.2 Hz), 119.5, 68.2, 64.8; '°F NMR (CDCls, 564 MHz) § -

3

70.83. Spectroscopic data are in agreement with those reported in the literature.”
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(4-azidophenyl)diphenylmethanol (51j)

H

Ph 0

F’“*Q
N

Following GP3, (4-bromophenyl)diphenylmethanol (2 g, 5.9 mmol, 1 eq.) gave 51j (63%) as an
oil. '"H NMR (CDCls, 600 MHz) & 7.34 — 7.24 (12H, m), 6.97 (2H, d, J = 8.6 Hz), 2.78 (1H, s);
3C NMR (CDCl3, 151 MHz) § 146.7, 143.8, 139.1, 129.6, 128.2, 127.9, 127.6, 118.6, 81.9.

3

2-(4-azidophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (51k)

.,

Following GP3, 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (2 g, 9.13 mmol, 1 eq.)
gave 51k (63%) as an oil. '"H NMR (CDCl3, 600 MHz) § 8.89 (1H, s), 8.44 (1H, d, J/=2.1 Hz), 7.52
(1H, d, J/=8.2 Hz), 7.41 (2H, d, J=8.1 Hz), 7.25 (1H, dd, J=8.2, 2.1 Hz), 7.05 (2H, d, J=8.0 Hz),
1.30 (9H, s); '*C NMR (CDCl3, 151 MHz) § 156.2, 154.6 (q, J=37.7 Hz), 140.4, 137.3, 136.8,
129.5, 128.7 (q, J=32.8 Hz), 126.7, 126.2 (q, J=3.8 Hz), 124.0, 123.8 (q, J/=271.8 Hz), 118.8,
116.7, 115.5 (d, J=288.8 Hz), 35.4, 31.1; ’F NMR (CDCl3, 564 MHz) § -62.7, -76.. Spectroscopic

Me Me

Me)gLO
Me !
O’B

data are in agreement with those reported in the literature.”!

4'-azido-2,3,4,5-tetrahydro-1,1'-biphenyl (511)

el

Following GP3, 2',3',4',5'-tetrahydro-[1,1'-biphenyl]-4-amine (2.0 g, 11.5 mmol, 1 eq.) gave 51l
(63%) as an oil. 'H NMR (CDCls, 600 MHz)  8.89 (1H, s), 8.44 (1H, d, J=2.1 Hz), 7.52 (1H, d,
J=8.2 Hz), 7.41 (2H, d, J=8.1 Hz), 7.25 (1H, dd, J=8.2, 2.1 Hz), 7.05 (2H, d, J=8.0 Hz), 1.30 (9H,
s); *C NMR (CDCl3, 151 MHz) 6 156.2, 154.6 (q, J=37.7 Hz), 140.4, 137.3, 136.8, 129.5, 128.7
(q, J/=32.8 Hz), 126.7, 126.2 (q, J/=3.8 Hz), 124.0, 123.8 (q, /=271.8 Hz), 118.8, 116.7, 115.5 (d,
J=288.8 Hz), 35.4, 31.1; 'F NMR (CDCl;, 564 MHz) § -62.7, -76. Spectroscopic data are in

agreement with those reported in the literature.”

4-azido-1,1'-biphenyl (51m)

Re!
N

3
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Following GP3, [1,1'-biphenyl]-4-amine (2 g, 11.8 mmol, 1 eq.) gave 51m (63%) as an oil. 'H
NMR (CDClI3, 600 MHz) 6 .61 —7.53 (4H, m), 7.45 (2H, t, J=7.6 Hz), 7.35 (1H, t, J=6.8 Hz), 7.11
(2H, d, J=8.0 Hz); '*C NMR (CDCl3, 151 MHz) § 140.1, 139.1, 138.0, 128.9, 128.4, 127.4, 126.9,

119.4. Spectroscopic data are in agreement with those reported in the literature. %

4-azido-4'-methoxy-1,1'-biphenyl (51n)

Meo“go
N3

Following GP3, 4'-methoxy-[1,1'-biphenyl]-4-amine (2.0 g, 10.0 mmol, 1 eq.) gave 51n (63%) as
an oil. '"H NMR (CDCls, 600 MHz) § 7.55 (2H, d, J=8.5 Hz), 7.50 (2H, d, J=8.7 Hz), 7.10 (2H, d,
J=8.5 Hz), 7.01 (2H, d, J=8.7 Hz), 3.94 (3H, s); '3*C NMR (CDCls, 151 MHz) § 159.2, 138.5,
137.7,132.7, 128.0, 127.9, 119.4, 114.3, 55.4; 'F NMR (CDCl3, 564 MHz) § -62.7, -76. Spectro-

scopic data are in agreement with those reported in the literature.”

Following GP3, 4'-iodo-[1,1'-biphenyl]-4-amine (2.0 mg, 6.8 mmol, 1 eq.) gave 510 (63%) as an
oil. 'H NMR (CDCls, 600 MHz) § 7.76 (2H, d, J=8.5 Hz), 7.54 (2H, d, J=8.6 Hz), 7.29 (2H, d,
J=8.5 Hz), 7.10 (2H, d, J=8.5 Hz); '3*C NMR (CDCls, 151 MHz) & 139.8, 138.1, 136.9, 128.8,
128.4,119.7, 93.2.

4-azido-4'-iodo-1,1'-biphenyl (510)

4'-azido-3-fluoro-1,1'-biphenyl (51p)

F

N3

Following GP3, 3'-fluoro-[1,1'-biphenyl]-4-amine (2.0 g, 10.7 mmol, 1 eq.) gave S1p (63%) as an
oil. "H NMR (CDCls, 600 MHz) § 7.56 (2H, d, J=8.6 Hz), 7.43 — 7.36 (1H, m), 7.35 — 7.31 (1H,
m), 7.29 —7.21 (1H, m), 7.11 (2H, d, J=8.5 Hz), 7.04 (1H, td, J=8.4, 1.5 Hz); '*C NMR (CDCls,
151 MHz) ¢ 163.2 (d, J/=245.8 Hz), 142.4 (d, J=7.5 Hz), 139.8, 136.6 (d, J=2.3 Hz), 130.3 (d,
J=8.5 Hz), 128.4, 122.4 (d, J=2.6 Hz), 114.1 (d, J=21.0 Hz), 113.7 (d, J=22.1 Hz); "F NMR
(CDCl3, 564 MHz) 6 -112.98. Spectroscopic data are in agreement with those reported in the lit-

erature.”?
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1-azido-3,5-dimethylbenzene (51q)

Me

Me” i N3

Following GP3, 3,5-dimethylaniline (2.0 g, 16.5 mmol, 1 eq.) gave 51q (63%) as an oil. 'H NMR
(CDCl3, 600 MHz) § 6.78 (1H, s), 6.65 (2H, s), 2.30 (6H, s); '*C NMR (CDCls, 151 MHz) § 140.0,
140.0, 127.1, 117.1, 21.6. Spectroscopic data are in agreement with those reported in the litera-

ture.”*

1-azido-3,5-dimethoxybenzene (51r)

OMe

MeO Ns
Following GP3, 3,5-dimethoxyaniline (2.0 g, 13.1 mmol, 1 eq.) gave 51r (63%) as an oil. '"HNMR
(CDCls, 600 MHz) 6 7.3 (1H, t, J/=8.1 Hz), 6.7 (1H, dd, J=8.3, 2.4, Hz), 6.6 (1H, ddd, J=8.0, 2.1,
0.9 Hz), 6.6 (1H, t, J=2.3 Hz), 3.8 (3H, s); ?*C NMR (CDCls, 151 MHz) § 156.2, 154.6 (q, J=37.7
Hz), 140.4, 137.3, 136.8, 129.5, 128.7 (q, J/=32.8 Hz), 126.7, 126.2 (q, J/=3.8 Hz), 124.0, 123.8 (q,
J=271.8 Hz), 118.8, 116.7, 115.5 (d, J=288.8 Hz), 35.4, 31.1; ’F NMR (CDCl;, 564 MHz) § -

62.7, -76.. Spectroscopic data are in agreement with those reported in the literature.”*

4-azido-2,6-dimethyl-1,1'-biphenyl (51s)

5
Me N
Following GP3, 2,6-dimethyl-[1,1'-biphenyl]-4-amine (2.0 g, 10.1 mmol, 1 eq.) gave 51s (63%)
as an oil. "H NMR (CDCls, 600 MHz) & 7.43 (2H, t, J=7.5 Hz), 7.35 (1H, t, J=7.5 Hz), 7.12 (2H,

d, J=6.8 Hz), 6.79 (2H, s), 2.02 (6H, s); *C NMR (CDCl3, 151 MHz) § 140.2, 138.8, 138.3, 138.0,
129.2, 128.5, 126.8, 117.7, 20.9. Spectroscopic data are in agreement with those reported in the

3

literature.”

1-azido-3-(tert-butyl)benzene (51t)

t-Bu : N

Following GP3 3-(tert-butyl)aniline (2.0 g, 13.4 mmol, 1 eq.) gave 51t (63%) as an oil. 'H NMR
(CDCI3, 600 MHz) 6 8.89 (1H, s), 8.44 (1H, d, J=2.1 Hz), 7.52 (1H, d, J=8.2 Hz), 7.41 (2H, d,
J=8.1 Hz), 7.25 (1H, dd, J=8.2, 2.1 Hz), 7.05 (2H, d, J=8.0 Hz), 1.30 (9H, s); *C NMR (CDCls,
151 MHz) 8 156.2, 154.6 (q, J/=37.7 Hz), 140.4, 137.3, 136.8, 129.5, 128.7 (q, J=32.8 Hz), 126.7,

3

192



MATERIALS AND METHODS

126.2 (q, J=3.8 Hz), 124.0, 123.8 (q, J/=271.8 Hz), 118.8, 116.7, 115.5 (d, J/=288.8 Hz), 35.4, 31.1;
FNMR (CDCls, 564 MHz) § -62.7, -76.. Spectroscopic data are in agreement with those reported

in the literature.”

1-azido-3-methoxybenzene (51u)

OMe

Ng
Following GP3, 3-methoxyaniline (2.0 , 16.2 mmol, 1 eq.) gave 51u (63%) as an oil. '"H NMR
(CDCl3, 600 MHz) 6 7.25 (1H, t, J=8.1 Hz), 6.69 (1H, dd, J=8.3, 2.4 Hz), 6.65 (1H, dd, J=8.0, 2.1
Hz), 6.55 (1H, t, J=2.3 Hz), 3.80 (3H, s); *C NMR (CDCl3, 151 MHz) § 160.78, 141.26, 130.43,
111.27, 110.67, 104.91, 55.35. Spectroscopic data are in agreement with those reported in the

literature.”

6-azido-1,2,3,4-tetrahydronaphthalene (51v)

2,

Following GP3, 5,6,7,8-tetrahydronaphthalen-2-amine (2.0 g, 13.6 mmol, 1 eq.) gave S1ac (63%)
as an oil. '"H NMR (CDCl3, 600 MHz) & .04 (1H, d, J=8.1 Hz), 6.76 (1H, d, J=8.2 Hz), 6.74 (1H,
s), 2.82 — 2.65 (4H, m), 1.85 — 1.70 (4H, m); '3C NMR (CDCls, 151 MHz) § 138.79, 136.91,
134.01, 130.37, 119.17, 116.31, 29.42, 28.85, 23.12, 22.92. Spectroscopic data are in agreement

3

with those reported in the literature.”®

Butyl 4-azidobenzoate (51w)

o

Me/\/\o)‘\©\
N

Following GP3, butyl 4-aminobenzoate (2.0 g, 10.3 mmol, 1 eq.) gave 51w (63%) as an oil. 'H
NMR (CDCl3, 600 MHz) & 8.02 (2H, d, J=8.7 Hz), 7.05 (2H, d, J=8.7 Hz), 4.31 (2H, t, J=6.6 Hz),
1.81 — 1.67 (2H, m), 1.53 — 1.39 (2H, m), 0.97 (3H, t, J=7.4 Hz); '*C NMR (CDCls, 151 MHz) §
165.8, 144.6, 131.3, 127.1, 118.8, 64.9, 30.7, 19.3, 13.7. Spectroscopic data are in agreement with

3

those reported in the literature.’®
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3-(4-azidophenyl)-3-ethylpiperidine-2,6-dione (51x)

O, N O
Y
N

Following GP3, 3-(4-aminophenyl)-3-ethylpiperidine-2,6-dione (2.0 g, 8.6 mmol, 1 eq.) gave
51x(63%) as an oil. "H NMR (CDCls, 600 MHz) § 8.00 (1H, s), 7.28 (2H, d, J = 1.1 Hz), 7.03 (2H,
d, J=8.8 Hz), 2.62 (1H, dt, J = 18.2, 3.7 Hz), 2.46 — 2.31 (2H, m), 2.23 (1H, td, / = 14.1, 4.3 Hz),
2.11 — 1.84 (3H, m), 0.86 (3H, t, J = 7.4 Hz); *C NMR (CDCls, 151 MHz) § 156.2, 154.6 (q,
J=37.7 Hz), 140.4, 137.3, 136.8, 129.5, 128.7 (q, J/=32.8 Hz), 126.7, 126.2 (q, J=3.8 Hz), 124.0,
123.8 (q, J=271.8 Hz), 118.8, 116.7, 115.5 (d, J=288.8 Hz), 35.4, 31.1; ’"F NMR (CDCls, 564

3

MHz) § -62.7, -76. Spectroscopic data are in agreement with those reported in the literature.”’

(8S,9R,13R,14R)-3-azido-13-methyl-6,7,8,9,11,12,13,14,15,16-decahydro-17H-cyclo-
penta[a]phenanthren-17-one (51y)

Following GP3, (8S,9R,13R,14R)-3-amino-13-methyl-6,7,8,9,11,12,13,14,15,16-decahydro-
17H-cyclopenta[a]phenanthren-17-one (2.0 g, 7.4 mmol, 1 eq.) gave 51y (63%) as an oil. '"H NMR
(CDClI3, 600 MHz) o 8.89 (1H, s), 8.44 (1H, d, J=2.1 Hz), 7.52 (1H, d, J=8.2 Hz), 7.41 (2H, d,
J=8.1 Hz), 7.25 (1H, dd, J=8.2, 2.1 Hz), 7.05 (2H, d, J=8.0 Hz), 1.30 (9H, s); '*C NMR (CDCls,
151 MHz) & 156.2, 154.6 (q, J/=37.7 Hz), 140.4, 137.3, 136.8, 129.5, 128.7 (q, J/=32.8 Hz), 126.7,
126.2 (q, J=3.8 Hz), 124.0, 123.8 (q, /=271.8 Hz), 118.8, 116.7, 115.5 (d, J/=288.8 Hz), 35.4, 31.1;
FNMR (CDCl3, 564 MHz) § -62.7, -76.. Spectroscopic data are in agreement with those reported

in the literature.”

5.4.2.3 Synthesis of ortho-thioaminophenols

General Procedure 4

HS-Ar (46a-h, 1.0 eq)
DMAP (1.0 eq)

1,4-Dioxane, rt, 16 h R
R hv = 390 nm o A
Na then TFAA (4.0 eq) _NH
r,2h TFA
51a-y 53aa-yh

(2.4 eq)
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An oven-dried tube equipped with a stirring bar was charged with DMAP (1.0 eq.) and the suitable
thiophenol (46a-h, 1.0 eq.). Then, the tube was capped under air with a Supelco aluminum crimp
seal containing a septum (PTFE/butyl), and anhydrous 1,4-dioxane (0.05 M), and the appropriate
aryl azide (2.4 equiv.) were added sequentially via syringe. Under vigorous ventilation with a fan,
the mixture was stirred (900 rpm) and irradiated with a purple LED (Kessil PR160L-390 nm) for
16 h at room temperature. Then, trifluoroacetic anhydride (4.0 eq.) was added and the mixture was
stirred for another 2 h. All volatiles were evaporated in vacuo, and the residue was purified by
flash column chromatography on silica gel to give the desired product. Note: arylazides in solid

form were added into the reaction vessel before sealing.

N-(5-(tert-butyl)-2-((4-(trifluoromethyl)phenyl)thio)phenyl)-2,2,2-trifluoroacetamide (53aa)

NHTFA

Following GP4, 1-azido-4-(tert-butyl)benzene (44.9 mg, 0.24 mmol, 2.4 eq.) gave 53aa (65%) as
an oil."H NMR (600 MHz, CD3CN) 6 9.12 (1H, br s), 7.95 (1H, d, J = 2.2 Hz), 7.49 (1H, d, J =
8.3 Hz), 7.39 (1H, dd, J = 8.3, 2.2 Hz), 7.33-7.29 (2H, m), 7.27-7.23 (1H, m), 7.22-7.19 (2H, m),
1.33 (9H, s); *C NMR (151 MHz, CD;CN) § 154.8, 136.6, 136.1, 135.9, 130.5, 130.2, 128.1,
126.0, 125.2, 122.7, 35.6, 31.6, 31.3; ’"F NMR (376 MHz, CD3CN) 6 —76.62. Spectroscopic data

are in agreement with those reported in the literature. %°

N-(5-(tert-butyl)-2-((4-(trifluoromethyl)phenyl)thio)phenyl)-2,2,2-trifluoroacetamide (53b)

+Bu /©/CF3
; ~s

NHTFA

Following GP4, 11-azido-4-(tert-butyl)benzene (44.9 mg, 0.24 mmol, 2.4 eq.) gave 53ab (48%)
as an oil. '"H NMR (CDCls, 600 MHz) § 8.89 (1H, s), 8.44 (1H, d, J=2.1 Hz), 7.52 (1H, d, J=8.2
Hz), 7.41 (2H, d, J=8.1 Hz), 7.25 (1H, dd, J=8.2, 2.1 Hz), 7.05 (2H, d, J=8.0 Hz), 1.30 (9H, s);
13C NMR (CDCl3, 151 MHz) § 156.2, 154.6 (q, J=37.7 Hz), 140.4, 137.3, 136.8, 129.5, 128.7 (q,
J=32.8 Hz), 126.7, 126.2 (q, J=3.8 Hz), 124.0, 123.8 (q, J=271.8 Hz), 118.8, 116.7, 115.5 (d,
J=288.8 Hz), 35.4, 31.1; ’F NMR (CDCls, 564 MHz) § -62.7, -76.

N-(5-(tert-butyl)-2-((4-methoxyphenyl)thio)phenyl)-2,2,2-trifluoroacetamide (53aac)

t-Bu /©/0Me
; S

NHTFA
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Following GP4, 1-azido-4-(tert-butyl)benzene (44.9 mg, 0.24 mmol, 2.4 eq.) gave 53ac (67%) as
an oil. 'H NMR (CDCls, 600 MHz) § 9.14 (1H, s), 8.42 (1H, d, J=2.1 Hz), 7.54 (1H, d, J=8.2 Hz),
7.23 (1H, dd, J=8.2, 2.1 Hz), 7.17 (2H, d, J=8.8 Hz), 6.82 (2H, d, J=8.8 Hz), 3.77 (3H, s), 1.34
(9H, s); *C NMR (CDCls, 151 MHz) & 159.3, 154.5 (q, J=39.2 Hz),154.4, 136.3, 135.3, 131.2,
124.9, 123.5, 120.9, 118.4, 115.6 (q, J=294.4 Hz), 115.1, 55.4, 35.1, 31.1; "°F NMR (CDCls, 564
MHz) § -76.0.

N-(5-(tert-butyl)-2-((3',5-dimethoxy-[1,1'-biphenyl]-2-yl)thio)phenyl)-2,2,2-trifluoroa-
cetamide (53ad)

t-Bu< ; i OMe
S
NHTFA l

Following GP4, 1-azido-4-(tert-butyl)benzene (44.9 mg, 0.24 mmol, 2.4 eq.) gave 53ad (58%) as
an oil. '"H NMR (CDCls, 600 MHz) § 8.68 (1H, s), 8.28 (1H, d, J=2.1 Hz), 7.30 (1H, t, J=7.9 Hz),
7.27 (1H, s), 7.14 (1H, dd, J=8.2, 2.1 Hz), 7.10 (1H, d, J=8.6 Hz), 6.91 (1H, dd, J=8.3, 3.6 Hz),
6.87 (1H, d, J=8.9 Hz), 6.85 — 6.78 (2H, m), 6.75 — 6.70 (1H, m), 3.79 (3H, s), 3.78 (3H, s), 1.32
(9H, s); C NMR (CDCls, 151 MHz) § 159.3, 159.1, 154.4 (q, J=37.4 Hz), 153.7, 144.5, 141.5,
135.9, 135.0, 131.9, 129.2, 123.9, 123.4, 121.3, 121.3, 118.1, 116.4, 115.5 (g, J)286.9 Hz), 114.6,
114.1, 113.2, 55.4, 55.2, 35.0, 31.1; '’F NMR (CDCls, 564 MHz) § -75.91.

OMe

N-(5-(tert-butyl)-2-((3'-methoxy-5-(trifluoromethyl)-[1,1'-biphenyl]-2-yl)thio)phenyl)-2,2,2-

trifluoroacetamide(53ae)

t-Bu i CFs
; S
NHTFA l
OMe

Following GP4, 1-azido-4-(tert-butyl)benzene (44.9 mg, 0.24 mmol, 2.4 eq.) gave 53ae (49%) as
an oil. '"H NMR (CDCls, 600 MHz) § 8.76 (1H, s), 8.46 (1H, s), 7.52 (1H, s), 7.50 (1H, d, J=8.2
Hz), 7.41 (2H, t, J=8.2 Hz), 7.30 (1H, dd, J=8.2, 1.1 Hz), 7.00 (2H, t, /=8.0 Hz), 6.92 (1H, s), 6.83
(1H, d, J=8.4 Hz), 3.87 (3H, s), 1.37 (9H, s); *C NMR (CDCls, 151 MHz) & 159.8, 156.0. 154.6
(q, J/=37.6 Hz), 141.2, 140.0, 139.3, 137.2, 136.9, 129.9, 128.6 (q, J=32.8 Hz), 127.2 (q, J=3.5
Hz), 126.8, 125.1 (q, J=3.3 Hz), 124.1, 123.8 (q, J/=271.8 Hz), 121.4, 118.9, 117.5, 115.4 (q,
J=288.4 Hz), 114.7, 114.2, 55.4, 35.5, 31.12; ’F NMR (CDCls, 564 MHz) § -62.55, -76.11.
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N-(5-(tert-butyl)-2-((3',5,5'-trimethoxy-[1,1'-biphenyl]-2-yl)thio)phenyl)-2,2,2-trifluoroa-
cetamide(53af)

S

NHTFA i

MeO OMe

t—Bu\Q\ i OMe

Following GP4, 1-azido-4-(tert-butyl)benzene (44.9 mg, 0.24 mmol, 2.4 eq.) gave S3af (52%) as
an oil. "H NMR (CDCl3, 600 MHz) § 8.70 (1H, s), 8.28 (1H, d, J=2.1 Hz), 7.28 (1H, d, J=8.2 Hz),
7.14 (1H, dd, J=8.2, 2.1 Hz), 7.08 (1H, d, J=8.6 Hz), 6.83 (1H, d, J = 2.8 Hz), 6.80 (1H, dd, J =
8.6, 2.9 Hz), 6.46 (1H, t, J=2.3 Hz), 6.36 (2H, d, J=2.3 Hz), 3.79 (3H, s), 3.77 (6H, s), 1.31 (9H,
s); 'C NMR (CDCls, 151 MHz) § 160.6, 159.2, 154.6 (q, J=37.3 Hz), 153.8, 144.6, 142.2, 136.1,
135.2, 131.9, 123.9, 123.5, 121.4, 118.3, 116.4, 115.5 (q, J=289.9 Hz), 114.3, 107.2, 99.8, 55.6,
55.4,31.2,29.9. ’FNMR (CDCls, 564 MHz) & -75.99.

N-(5-(tert-butyl)-2-((3',5'-dimethoxy-5-(trifluoromethyl)-[1,1'-biphenyl]-2-yl)thio)phenyl)-
2,2,2-trifluoroacetamide (53ag)

t—BU\Q\ ! CF3

MeO O OMe
Following GP4, 1-azido-4-(tert-butyl)benzene (44.9 mg, 0.24 mmol, 2.4 eq.) gave 53ag (43%) as
an oil. 'H NMR (CDCls, 600 MHz) § 8.77 (1H, s), 8.45 (1H, d, J=2.1 Hz), 7.52 (1H, s), 7.50 (1H,
d, J=8.1 Hz), 7.41 (1H, dd, J=8.5, 2.1 Hz), 7.29 (1H, dd, J=8.2, 2.1 Hz), 6.82 (1H, d, J/=8.4 Hz),
6.55 (1H, t, J=2.3 Hz), 6.51 (2H, d, J=2.3 Hz), 3.84 (6H, s), 1.37 (9H, s); '3C NMR (CDCl;, 151
MHz) 6 161.0, 156.0, 154.6 (q, J = 37.4 Hz), 141.4, 140.5, 139.2, 137.1, 136.9, 128.6 (q, J = 33.0
Hz), 127.0(q, J=3.4 Hz), 126.8, 125.2 (q, J=3.4 Hz), 124.1, 123.9 (q, J=271.8 Hz), 118.9, 117.5,

115.5 (q, J=289.1 Hz), 107.2, 100.6, 55.6, 35.5, 31.2; ’F NMR (CDCl3, 564 MHz) § -62.55, -
76.11.

N-(5-(tert-butyl)-2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)phenyl)-2,2,2-trifluoroa-

cetamide (53ah)
t-Bu O
Qg
NHTFA O

MeO OMe
Following GP4, 1-azido-4-(tert-butyl)benzene (42 mg, 0.24 mmol, 2.4 eq.) gave 53ah (75%) as
an oil. "H NMR (CDCls, 600 MHz) & 8.82 (1H, s), 8.42 (1H, s), 7.47 (1H, d, J= 8.1 Hz), 7.29 (1H,
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t,J=7.8Hz), 7.26 (2H, t, J=7.7 Hz), 7.22 (1H, t, J = 7.6 Hz), 6.89 (1H, d, / = 9.0 Hz), 6.53 (1H,
s), 6.51 (2H, s), 3.84 (6H, s), 1.38 (9H, s); "*C NMR (CDCl3, 151 MHz) § 160.7, 154.9, 154.6 (q,
J =37.4Hz), 142.0, 141.8, 136.8, 136.4, 133.7, 130.5, 128.5, 127.7, 126.7, 123.7, 119.3, 118.5,
115.7 (g, J = 289.0 Hz), 107.3, 100.0, 55.5, 35.3, 31.2; '’F NMR (CDCl3, 564 MHz) § -76.08.

N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-5-methylphenyl)-2,2,2-trifluoroacetamide

(53bh)
MG\Q\S O
NHTFA
J

MeO OMe

Following GP4, 1-azido-4-methylbenzene (31.9 mg, 0.24 mmol, 2.4 eq.) gave S3bh (44%) as an
oil. 'H NMR (CDCl3, 600 MHz) & 8.80 (1H, s), 8.16 (1H, s), 7.42 (1H, d, J=7.9 Hz), 7.27 (1H, dd,
J=1.5,1.7Hz), 7.23 (1H, t, J=7.5 Hz), 7.17 (1H, td, J=7.6, 1.7 Hz), 7.03 (1H, d, J/=7.8 Hz), 6.82
(1H, dd, J=7.9, 1.2 Hz), 6.51 (1H, t, J/=2.3 Hz), 6.48 (2H, d, J=2.2 Hz), 3.82 (6H, s), 2.41 (3H, s);
13C NMR (CDCls, 151 MHz) § 160.6, 154.4 (q, J=37.3 Hz), 141.8, 141.6, 141.5, 136.8, 136.6,
133.8, 130.3, 128.4, 127.3, 127.2, 126.5, 121.7, 119.1, 115.5 (q, J=289.2 Hz), 107.2, 99.9, 55.3,
21.7; ’F NMR (CDCl3, 564 MHz) & -76.0.

N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-5-ethylphenyl)-2,2,2-trifluoroacetamide

(53ch)
poue
NHTFA
g

MeO OMe

Following GP4, 1-azido-4-ethylbenzene (35 mg, 0.24 mmol, 2.4 eq.) gave 53ch (52%) as an oil.
"H NMR (CDCl3, 600 MHz) & 8.84 (1H, s), 8.22 (1H, s), 7.47 (1H, d, J = 7.9 Hz), 7.32 — 7.23 (2H,
m), 7.21 (1H, td, J = 7.5, 1.9 Hz), 7.09 (1H, d, J = 7.9 Hz), 6.87 (1H, d, J = 7.7 Hz), 6.56 — 6.51
(1H, m), 6.51 (2H, s), 3.85 (6H, s), 2.73 (2H, q, J = 7.6 Hz), 1.30 (3H, t, J = 7.5 Hz); 3*C NMR
(CDCls, 151 MHz) 6 160.8, 154.6 (d, /= 37.4 Hz), 148.0, 142.0, 141.7, 137.0, 136.8, 133.9, 130.5,
128.5, 127.5, 126.7, 126.2, 120.7, 119.4, 115.7 (d, J = 289.0 Hz), 107.4, 100.0, 55.5, 29.1, 15.3;
YF NMR (CDCls, 564 MHz) § -76.05.
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N-(2-((3",5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-5-ethylphenyl)-2,2,2-trifluoroacetamide

(53dh)
NHTFA
g

MeO OMe

Following GP4, 1-azido-4-isopropylbenzene (39 mg, 0.24 mmol, 2.4 eq.) gave 53dh (42%) as an
oil. '"H NMR (CDCls, 600 MHz)  8.81 (1H, s), 8.22 (1H, s), 7.44 (1H, d, J = 7.9 Hz), 7.30 — 7.21
(2H, m), 7.18 (1H, td, J = 7.5, 1.9 Hz), 7.07 (1H, dd, J = 8.0, 1.9 Hz), 6.87 — 6.83 (1H, m), 6.50
(1H, d, J=2.1 Hz), 6.48 (2H, d, J =2.2 Hz), 3.81 (6H, s), 2.95 (1H, p, J = 6.9 Hz), 1.28 (6H, d, J
= 6.9 Hz); >C NMR (CDCl3, 151 MHz) § 160.8, 154.5 (q, J = 37.4 Hz), 152.6, 142.0, 141.7, 137.0,
136.8, 133.8, 130.5, 128.5, 127.6, 126.7, 124.7, 115.7 (q, J = 289.0 Hz), 107.3, 100.0, 55.5, 34.4,
23.8; F NMR (CDCl3, 564 MHz) § -76.07.

N-(5-benzyl-2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)phenyl)-2,2,2-trifluoroacetamide

(53eh)
Ph/\©\s O
NHTFA
J

MeO OMe

Following GP4, 1-azido-4-benzylbenzene (50 mg, 0.24 mmol, 2.4 eq.) gave 53eh(48%) as an oil.
"H NMR (CDCls, 600 MHz) § 8.78 (1H, s), 8.23 (1H, s), 7.42 (1H, d, J = 8.0 Hz), 7.32 (2H, t, J =
7.6 Hz), 7.28 —7.24 (2H, m), 7.22 (3H, t, J= 6.6 Hz), 7.18 (1H, td, J=7.6, 1.7 Hz), 7.00 (1H, dd,
J=28.0,1.9 Hz), 6.85 (1H, dd, / =7.9, 1.3 Hz), 6.50 (1H, t, J = 2.3 Hz), 6.46 (2H, d, J = 2.3 Hz),
4.01 (2H, s), 3.80 (6H, s); *C NMR (CDCls, 151 MHz) § 160.8, 154.6 (q, J = 37.4 Hz), 144.8,
142.0, 141.9, 140.0, 137.1, 136.9, 133.6, 130.5, 129.1, 128.8, 128.6, 127.8, 127.0, 126.8, 126.7,
121.6, 120.2, 115.6 (q, J = 289.0 Hz), 107.3, 100.0, 55.5, 42.1; 'F NMR (CDCl3, 564 MHz) § -
76.05.

N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-5-(trifluoromethyl)phenyl)-2,2,2 trifluoro-

acetamide (53fh)
FsC
.
NHTFA O

MeO OMe
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Following GP4, 1-azido-4-(trifluoromethyl)benzene (44.9 mg, 0.24 mmol, 2.4 eq.) gave 53th
(63%) as an oil. 'H NMR (CDCls, 600 MHz) § 8.69 (1H, s), 8.50 (1H, d, J=1.9 Hz), 7.48 (1H, d,
J=8.1),7.39 - 7.32 (2H, m), 7.31 — 7.27 (2H, m), 7.19 (1H, dd, J=7.9, 1.3 Hz), 6.44 (1H, t, J=2.3
Hz), 6.31 (2H, d, J=2.3 Hz), 3.75 (6H, s); >*C NMR (CDCls, 151 MHz) & 160.8, 154.7 (q, J=37.9
Hz), 143.5, 141.9, 136.6, 135.8, 132.0 (q, J/=37.7 Hz), 131.9, 131.1, 130.6, 128.8, 128.4, 125.5,
123.4 (q, J=273.0 Hz), 122.7 (q, J=3.7 Hz), 117.9 (q, J=4.0 Hz), 115.4 (q, J=289.0 Hz), 107.2,
99.6, 55.4; ’F NMR (CDCl3, 564 MHz) § -63.03, -76.01.

N-(5-(1-cyanocyclopentyl)-2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)phenyl)-2,2,2-tri-
fluoroacetamide (53gh)

CN

S I
NHTFA i

MeO OMe

Following GP4, 1-(4-azidophenyl)cyclopentane-1-carbonitrile (50.9 mg, 0.24 mmol, 2.4 eq.) gave
53gh (42%) as an solid. 'H NMR (CDCls, 600 MHz) & 8.75 (1H, s), 8.35 (1H, d, J=2.1 Hz), 7.47
(1H, d, J=8.1 Hz), 7.35 (1H, dd, J=8.2, 2.1 Hz), 7.29 — 7.27 (2H, d), 7.25 — 7.21 (1H, m), 6.99
(1H, d, J/=7.8 Hfz), 6.47 (1H, t, J=2.2 Hz), 6.40 (2H, d, J/=2.2 Hz), 3.79 (6H, s), 2.50 (2H, m), 2.13
—2.01 (4H, m), 1.97 (2H, m); *C NMR (CDCls, 151 MHz) § 160.8, 154.8 (q, J=37.6 Hz), 142.9,
142.5,141.9, 137.2, 136.6, 132.8, 130.8, 128.9, 128.7, 127.5, 124.6, 123.8, 123.0, 118.2, 115.5 (q,
J=288.6 Hz), 107.3, 99.8, 55.5, 47.9, 40.7, 24.4 . ’F NMR (CDCl3, 564 MHz) § -76.1.

N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-5-(methoxymethyl)phenyl)-2,2,2-trifluoro-
acetamide (53hh)

NHTFA !

MeO OMe
Following GP4, 1-azido-4-(methoxymethyl)benzene (39.2 mg, 0.24 mmol, 2.4 eq.) gave 53hh
(40%) as an oil. '"H NMR (CDCls, 600 MHz) & 8.79 (1H, s), 8.28 (1H, d, J=1.9 Hz), 7.56 — 6.81
(6H, m), 6.48 (3H, dd, J=18.2, 2.3 Hz), 4.48 (2H, s), 3.81 (6H, s), 3.44 (3H, s); 3*C NMR (CDCls,
151 MHz) 6 160.8, 154.6 (q, J/=37.6 Hz), 141.9, 141.9, 141.9, 137.0, 136.8, 133.5, 130.5, 128.6,
127.9, 126.9, 125.3, 121.8, 120.1, 115.6 (q, J=288.9 Hz), 107.3, 100.0, 74.0, 58.7, 55.5. ’"F NMR
(CDCl3, 564 MHz) & -76.04.
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N-(5-(2-(benzyloxy)-1,1,1,3,3,3-hexafluoropropan-2-yl)-2-((3',5'-dimethoxy-[1,1'-biphenyl]-
2-yl)thio)phenyl)-2,2,2-trifluoroacetamide (53ih)

0B
FoCg o

ac*@\s O
NHTFA
MeO O OMe
Following GP4, 1-azido-4-(2-(benzyloxy)-1,1,1,3,3,3-hexafluoropropan-2-yl)benzene (90 mg,
0.24 mmol, 2.4 eq.) gave 53ih (53%) as an oil. '"H NMR (CDCls, 600 MHz) & 8.59 (1H, s), 8.54
(1H, s), 7.44 (2H, m), 7.42 —7.39 (3H, mf), 7.38 — 7.33 (3H, m), 7.32 —7.27 (3H, m), 6.37 (1H, t,
J=2.3 Hz), 6.34 (2H, d, J/=2.3 Hz), 4.65 (2H, 5), 3.71 (6H, s); '*C NMR (CDCl3, 151 MHz) § 160.6,
154.6 (q, J=37.6 Hz), 142.7, 142.3, 141.8, 137.1, 136.5, 132.7, 130.6, 128.8, 128.5, 127.3, 124.4,

123.7, 122.9, 118.1, 115.4 (q, J=288.6 Hz), 107.1, 104.9, 99.6, 82.8. 55.3, 47.7, 40.6, 24.3. '°F
NMR (CDCl3, 564 MHz) 6 -70.52, -75.97.

N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-5-(hydroxydiphenylmethyl)phenyl)-2,2,2-
trifluoroacetamide (53jh)

OH
Ph

0L0
X

MeO OMe
Following GP4, (4-azidophenyl)diphenylmethanol (72 mg, 0.24 mmol, 2.4 eq.) gave (53jh) (72%)
as an oil. '"H NMR (CDCls, 600 MHz) § 8.67 (1H, s), 8.27 (1H, d, J = 2.0 Hz), 7.38 (1H, d, J = 8.2
Hz), 7.36 - 7.32 (4H, m), 7.31 — 7.26 (8H, m), 7.25 - 7.21 (1H, m), 7.11 (1H, dd, J = 8.2, 2.0 Hz),
7.04 (1H,d, J=7.7 Hz), 6.47 (1H, t, J = 2.3 Hz), 6.42 (2H, d, J = 2.3 Hz), 3.79 (6H, s), 2.97 (1H,
s); *C NMR (CDCls, 151 MHz) § 160.7, 154.5 (q, J = 37.1 Hz), 149.8, 146.2, 142.5, 142.0, 136.3,
135.6, 133.1, 130.7, 129.1, 128.6, 128.3, 127.9, 127.8, 127.4, 126.1, 122.4, 120.8, 115.6 (q, J =
289.1 Hz), 107.4, 99.8, 81.8, 55.5; 'F NMR (CDCls, 564 MHz) § -76.02.

N-(4-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-2',3',4',5'-tetrahydro-[1,1'-biphenyl]-3-yl)-
2,2,2-trifluoroacetamide (53lh)

Sue
o X

MeO OMe
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Following GP4, 4'-azido-2,3,4,5-tetrahydro-1,1'-biphenyl (47.8 mg, 0.24 mmol, 2.4 eq.) gave 53lh
(65%) as an oil. 'H NMR (CDCls, 600 MHz) & 8.76 (1H, s), 8.35 (1H, d, J=1.9 Hz), 7.43 (1H, d,
J=8.3 Hz), 7.28 — 7.20 (3H, m), 7.17 (1H, td, J=7.6, 1.7 Hz), 6.86 (1H, dd, J=7.9, 1.3 Hz), 6.49
(1H, t, J=2.3 Hz), 6.46 (2H, d, J=2.2 Hz), 6.26 (1H, dt, J=4.1, 2.4 Hz), 3.80 (6H, d, J=1.3 Hz),
2.41 (2H, td, J=6.2, 3.8 Hz), 2.30 — 2.19 (2H, m), 1.84 — 1.73 (2H, m), 1.72 — 1.62 (2H, m); 1*C
NMR (CDClI3, 151 MHz) 6 160.61, 154.31, 145.37, 141.84, 141.63, 136.80, 136.38, 135.34,
133.71, 130.32, 128.38, 127.55, 127.33, 126.59, 122.78, 120.06, 117.50, 107.17, 99.86, 55.33,
27.10, 25.93, 22.86, 21.94; ’F NMR (CDCl;3, 564 MHz) & -76.08.

N-(4-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-[1,1'-biphenyl]-3-yl)-2,2,2-trifluoroacetam-
ide (53mh)

Kiiren
MeO O OMe
Following GP4, 4-azido-2,6-dimethyl-1,1'-biphenyl (46.8 mg, 0.24 mmol, 2.4 eq.) gave 5S3mh
(43%) as an oil. 'H NMR (CDCls, 600 MHz) § 8.81 (1H, s), 8.56 (1H, d, J=2.0 Hz), 7.63 (2H, d,
J=7.2),7.55 (1H, d, J=8.1 Hz), 7.49 — 7.44 (2H, m), 7.44 —7.35 (2H, m), 7.30—-7.26 (2H, m), 7.23
(1H, ddd, J=7.8, 6.9, 2.0 Hz), 7.00 (1H, dd, J=7.9, 1.2 Hz), 6.50 (1H, t, J/=2.3 Hz), 6.45 (2H, d,
J=2.3 Hz), 3.79 (6H, s); >*C NMR (CDCls, 151 MHz) & 160.8, 154.7 (q, J = 37.5 Hz), 143.8, 142.2,
142.0, 139.5, 137.3, 136.9, 133.5, 130.6, 129.1, 128.6, 128.4, 128.4, 127.3, 127.1, 125.0, 121.8,
119.7, 115.7 (q, J = 288.9 Hz), 107.3, 99.9, 55.5; ’F NMR (CDCls, 564 MHz) § -76.01.

QL0

N-(4-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-4'-methoxy-[1,1'-biphenyl]-3-yl)-2,2,2-tri-

fluoroacetamide (53nh)

Yoo

S
NHTFA
MeO O OMe

Following GP4, 4-azido-4'-methoxy-1,1'-biphenyl (54 mg, 0.24 mmol, 2.4 eq.) gave 53nh (60%)
as an oil. 'TH NMR (CDCl3, 600 MHz) § 8.81 (1H, s), 8.53 (1H, d, /=2.0 Hz), 7.57 (2H, d, J = 8.7
Hz), 7.53 (1H, d, J = 8.1 Hz), 7.38 (1H, dd, /= 8.1, 2.0 Hz), 7.28 (1H, dd, J = 7.5, 1.9 Hz), 7.27 —
7.24 (1H, m), 7.21 (1H, td, J = 7.5, 1.9 Hz), 7.00 — 6.93 (3H, m), 6.50 (1H, t, J = 2.3 Hz), 6.46
(2H, d, J = 2.3 Hz), 3.86 (3H, 5), 3.79 (6H, s); *C NMR (CDCls, 151 MHz)  160.8, 160.0, 154.7
(q,/=37.5Hz), 143.5, 142.0, 142.0, 137.3, 137.0, 133.7, 131.9, 130.6, 128.6, 128.4, 128.1, 127.0,
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124.5, 120.8, 119.1, 115.7 (g, J = 288.8 Hz), 114.5, 107.3, 100.0, 55.5, 55.5; '°F NMR (CDCl,
564 MHz) § -76.02.
N-(4-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-4'-iodo-[1,1'-biphenyl]-3-yl)-2,2,2-tri-

29

NHTFA

fluoroacetamide (530h)

MeO OMe

Following GP4, 4'-azido-3-fluoro-1,1'-biphenyl (77.4 mg, 0.24 mmol, 2.4 eq.) gave S3o0h (79%)
as an oil. "H NMR (CDCls, 600 MHz) & 8.78 (1H, s), 8.50 (1H, d, J=2.0 Hz), 7.78 (2H, d, J=8.5
Hz), 7.53 (1H, d, J=8.1 Hz), 7.38 — 7.32 (3H, m), 7.27 (3H, d, J=16.0 Hz), 7.23 (1H, ddd, J=7.9,
6.3,2.7 Hz), 7.04 — 6.98 (1H, m), 6.48 (1H, t, J/=2.3 Hz), 6.43 (2H, d, J=2.3 Hz), 3.77 (6H, s); 1°C
NMR (CDCls, 151 MHz) 6 160.8, 142.5, 142.3, 142.0, 139.0, 138.2, 138.2, 137.3, 136.9, 133.3,
130.7, 129.1, 128.6, 127.3, 124.7, 122.6, 119.4, 107.3, 99.9, 94.4, 55.5; '°F NMR (CDCls, 564
MHz) & -76.02.

N-(4-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-3'-fluoro-[1,1'-biphenyl]-3-yl)-2,2,2-tri-

‘\,

NHTFA

fluoroacetamide (53ph)

MeO OMe

Following GP4, 4'-azido-3-fluoro-1,1'-biphenyl (51.1 mg, 0.24 mmol, 2.4 eq.) gave S3ph (76%)
as an oil. '"H NMR (CDCls, 600 MHz) § 8.79 (1H, s), 8.53 (1H, d, J=2.0 Hz), 7.54 (1H, d, J=8.1
Hz), 7.46 — 7.36 (3H, m), 7.34 — 7.18 (4H, m), 7.08 (1H, ddt, J=9.0, 6.8, 2.3 Hz), 7.03 (1H, d,
J=7.8 Hz), 6.49 (1H, t, J=2.3 Hz), 6.43 (2H, d, J=2.3 Hz), 3.78 (6H, s); 3*C NMR (CDCl;, 151
MHz) 6 160.8, 142.4 (q, J = 54.4 Hz), 142.0, 141.8 (d, J = 7.8 Hz), 137.3, 136.8, 133.3, 130.7,
130.6 (d, J = 8.5 Hz), 128.7, 128.6, 127.3, 124.9, 123.0, 123.0, 122.8, 119.7, 115.2 (d, J = 21.2
Hz), 114.3 (d, J = 22.4 Hz), 107.3, 99.9, 55.5; ’F NMR (CDCl3, 564 MHz) & -73.61, -112.60.
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N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-4,6-dimethylphenyl)-2,2,2-trifluoroa-
cetamide (53qh)

Me

Me NHTFi O
MeO O OMe
Following GP4, 1-azido-3,5-dimethylbenzene (35.9 mg, 0.24 mmol, 2.4 eq.) gave 53qh (80%) as
an oil. '"H NMR (CDCls, 600 MHz) § 7.51 (1H, s), 7.29 — 7.24 (2H, m), 7.23 — 7.19 (1H, m), 7.11
(1H, dd, J=7.7, 1.0 Hz), 7.07 (1H, d, J=1.9 Hz), 7.03 (1H, d, J=2.0 Hz), 6.46 (1H, t, J=2.3 Hz),
6.39 (2H, d, J=2.3 Hz), 3.77 (6H, s), 2.26 (3H, s), 2.15 (3H, s); '*C NMR (CDCls, 151 MHz) §
160.4, 154.8 (q, J=37.0 Hz), 142.5, 142.4, 138.5, 136.0, 133.7, 133.3, 132.3, 130.8, 130.5, 130.4,

129.7, 128.4, 127.1, 115.7 (g, J=288.9 Hz), 107.1, 99.7, 55.3, 20.8, 18.5; '°F NMR (CDCls, 564
MHz) § -75.50.

N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-4,6-dimethoxyphenyl)-2,2,2-trifluoroa-
cetamide (53rh)

OMe

o NHTFi O
MeO O OMe
Following GP4, 1-azido-3,5-dimethoxybenzene (43 mg, 0.24 mmol, 2.4 eq.) gave 53rh (80%) as
an oil. "H NMR (CDCls, 600 MHz) § 7.36 — 7.27 (5H, m), 7.17 (1H, s), 6.42 (1H, s), 6.39 (2H, s),
3.79 (3H, s), 3.76 (6H, s), 3.69 (3H, s); '3*C NMR (CDCls, 151 MHz) § 160.4, 160.2, 155.8, 155.3

(q, J=36.2 Hz), 143.6, 142.5, 135.3, 133.4, 131.8, 130.6, 128.5, 127.8, 116.3, 116.0 (q, J/=288.9
Hz), 109.4, 107.3, 99.8, 99.2, 56.2, 55.7, 55.4; '’FNMR (CDCl3, 564 MHz) § -75.38.

N-(4-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-2,6-dimethyl-[1,1'-biphenyl]-3-yl)-2,2,2-

trifluoroacetamide (53sh)

Me

Phj<>\ O

Me S
NHTFA
MeO O OMe
Following GP4, 4-azido-2,6-dimethyl-1,1'-biphenyl (53.5 mg, 0.24 mmol, 2.4 eq.) gave 53sh
(59%) as an oil. '"H NMR (CDCl3, 600 MHz) § 7.58 (1H, s), 7.44 (2H, t, J=7.6 Hz), 7.36 (1H, t,
J=7.3 Hz), 7.32 - 7.25 (4H, m), 7.13 (1H, d, J=7.3 Hz), 7.12 (2H, s), 6.44 (1H, d, J=2.3 Hz), 6.42
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(2H, d, J=2.3 Hz), 3.78 (6H, sf), 1.93 (3H, s), 1.80 (3H, s); '*C NMR (CDCl3, 151 MHz) § 160.5,
155.2(q,J=37.1 Hz), 143.6, 142.8, 142.7, 140.0, 137.1, 134.6, 133.9, 133.6, 131.2, 130.7, 130.5,
129.9, 129.0, 128.8, 128.5, 127.4, 127.3, 116.0 (q, J = 288.8 Hz), 107.4, 99.5, 55.5, 20.9, 16.8; "°F
NMR (CDCl3, 564 MHz) 6 -75.46.

N-(4-(tert-butyl)-2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)phenyl)-2,2,2-trifluoroa-
cetamide (53th)

t-Bu

s¥e
=

MeO OMe

Following GP4, 1-azido-3-(tert-butyl)benzene (42 mg, 0.24 mmol, 2.4 eq.) gave 53th (29%) as an
oil. '"H NMR (CDCls, 600 MHz) § 8.70 (1H, s), 8.21 (1H, d, J = 8.7 Hz), 7.55 (1H, d, J = 2.3 Hz),
7.48 (1H, dd, J = 8.6, 2.3 Hz), 7.29 (1H, dd, J =7.5, 1.6 Hz), 7.24 (1H, td, J = 7.4, 1.3 Hz), 7.19
(1H, td, J = 7.6, 1.7 Hz), 6.82 (1H, dd, J = 7.9, 1.3 Hz), 6.50 (3H, s), 3.82 (6H, s), 1.30 (9H, s);
3C NMR (CDCl3, 151 MHz) 6 160.8, 154.5 (q, J = 37.4 Hz), 149.9, 142.0, 141.6, 134.4, 133.7,
133.7,130.5, 128.6, 128.0, 127.4, 126.7, 122.2, 121.0, 115.7 (q, J = 289.0 Hz), 107.3, 100.1, 55.5,
34.8, 31.3; ’F NMR (CDCl3, 564 MHz) §.

N-(2-(tert-butyl)-6-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)phenyl)-2,2,2-trifluoroa-
cetamide (53th’)
t-Bu S O

NHTFA
MeO O OMe

Following GP4, 1-azido-3-(tert-butyl)benzene (42 mg, 0.24 mmol, 2.4 eq.) gave 53th’ (27%) as
an oil. '"H NMR (CDCls, 600 MHz) & 7.54 (1H, dd, J = 7.6, 1.5 Hz), 7.36 (1H, td, J = 7.5, 1.6 Hz),
7.32 (1H,td, J=7.5, 1.7 Hz), 7.22 (3H, s), 7.12 (1H, t, J=7.9 Hz), 7.06 (1H, dd, J = 7.8, 1.4 Hz),
6.37 (1H, t, J = 2.3 Hz), 6.29 (2H, d, J = 2.2 Hz), 3.70 (6H, s), 1.31 (9H, s); '*C NMR (CDCls,
151 MHz) 8 160.0, 156.6 (q, J = 36.9 Hz), 148.3, 144.8, 143.0, 138.7, 134.1, 133.9, 131.4, 131.4,
130.9, 129.1, 128.4 (q, J = 5.1 Hz), 126.1, 116.1 (d, J = 289.1 Hz), 107.3, 99.8, 55.4, 35.6, 30.9,
29.9; F NMR (CDCls, 564 MHz) § -75.64.

205



MATERIALS AND METHODS

N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-6-methoxyphenyl)-2,2,2-trifluoroacetam-

ide (53uh)
s
MeO O OMe

Following GP4, 1-azido-3-methoxybenzene (36 mg, 0.24 mmol, 2.4 eq.) gave 53uh (53%) as an
oil. '"H NMR (CDCl3, 600 MHz) §; '3C NMR (CDCl3, 151 MHz) & 8.52 (1H, s), 8.16 (1H, d, J =
9.0 Hz), 7.29 (1H, dd, J = 7.5, 1.9 Hz), 7.28 — 7.25 (1H, m), 7.21 (1H, td, J = 7.5, 1.9 Hz), 7.03
(1H, d, J = 2.9 Hz), 6.99 — 6.94 (2H, m), 6.49 (1H, t, J/ = 2.3 Hz), 6.45 (2H, d, J = 2.2 Hz), 3.81
(6H, s), 3.78 (3H, s); '’F NMR (CDCl3, 564 MHz) § 160.7, 157.4, 154.3 (q, J = 37.2 Hz), 142.2,
142.0, 133.2, 130.6, 129.9, 128.6, 128.4, 127.1, 124.8, 122.7, 121.3, 115.9, 115.8 (q, J = 288.9
Hz), 107.3, 100.0, 55.7, 55.5.

N-(3-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-5,6,7,8-tetrahydronaphthalen-2-yl)-2,2,2-

trifluoroacetamide (53vh)

S I
NHTFA l

MeO OMe

Following GP4, 5-azido-1,2,3,4-tetrahydronaphthalene (41.5 mg, 0.24 mmol, 2.4 eq.) gave S3wh
(37%) as an oil. '"H NMR (CDCls, 600 MHz) & 8.73 (1H, s), 8.03 (1H, s), 7.40 — 7.14 (4H, m),
6.87 (1H, dd, J=7.7, 1.5 Hz), 6.52 (1H, d, J=2.1 Hz), 6.51 (2H, d, J=2.2 Hz), 3.84 (6H, s), 2.83
(2H, t, J=3.5 Hz), 2.72 (2H, d, J=5.2 Hz), 1.82 (4H, p, J=3.2 Hz); >*C NMR (CDCl3, 151 MHz) §
160.7, 154.4 (q, J=37.2 Hz), 142.0, 141.6, 140.8, 137.4, 135.9, 134.3, 130.4, 128.5, 128.2, 127.9,
126.6, 121.7, 119.0, 115.7 (q, J = 289.1 Hz), 107.3, 100.1, 55.5, 29.7, 28.9, 22.9, 22.9; °F NMR
(CDCl3, 564 MHz) 6 -75.50.
N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-5,6,7,8-tetrahydronaphthalen-1-yl)-2,2,2-

S I
NHTFA i

MeO' OMe

trifluoroacetamide (53vh’)

Following GP4, 6-azido-1,2,3,4-tetrahydronaphthalene (41.5 mg, 0.24 mmol, 2.4 eq.) gave 53wc¢’
(40%) as an oil. 'H NMR (CDCls, 600 MHz) § 7.40 (1H, s), 7.24 — 7.10 (3H, m), 7.07 (2H, d,
J=7.0 Hz), 6.93 (1H, d, J=8.0 Hz), 6.36 (1H, d, J=2.3 Hz), 6.29 (2H, d, J=2.3 Hz), 3.68 (6H, s),
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2.70 (2H, t, J=6.1 Hz), 2.42 (2H, t, J=6.0 Hz), 1.69 (4H, q, J=7.2 Hz); *C NMR (CDCls, 151
MHz) 6 160.5, 155.1 (q, J = 37.0 Hz), 142.7, 142.7, 139.7, 135.8, 134.4, 133.4, 132.1, 130.5,
130.0, 129.9, 128.4, 128.2, 127.1, 115.9 (q, J =288.9 Hz), 107.2, 99.7, 55.4, 29.7, 25.5, 22.5, 22.4;
F NMR (CDCl3, 564 MHz) § -75.97.

Butyl-4-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-3-(2,2,2-trifluoroacetamido)benzoate
(53wh)

S

NHTFA i

MeO OMe

Me/v\o*@ <

Following GP4, butyl 4-azidobenzoate (52.6 mg, 0.24 mmol, 2.4 eq.) gave S3wh (58%) as an oil.
'"H NMR (CDCl3, 600 MHz) § 8.79 (1H, d, J=1.8 Hz), 8.58 (1H, s), 7.81 (1H, dd, J=8.1, 1.8 Hz),
7.46 (1H, d, J=8.1 Hz), 7.37 — 7.28 (2H, m), 7.28 — 7.21 (2H, m), 7.11 (1H, dd, J=7.8, 1.2 Hz),
6.45 (1H, t, J/=2.3 Hz), 6.35 (2H, d, J=2.3 Hz), 4.34 (2H, t, J=6.7 Hz), 3.76 (6H, s), 3.70 (2H, s),
1.83 — 1.63 (2H, m), 1.54 — 1.44 (2H, m), 0.98 (3H, t, J/=7.4 Hz); *C NMR (CDCls, 151 MHz) §
165.5, 160.7, 154.7 (q, J = 37.8 Hz), 143.2, 141.9, 136.1, 135.3, 132.2, 130.9, 130.2, 130.0, 128.7,
128.0, 127.2, 122.1, 115.6 (q, J = 289.0 Hz), 107.3, 99.7, 67.2, 65.5, 55.4, 30.8, 19.3, 13.9; '°F
NMR (CDCl3, 564 MHz) & -75.97.

N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-5-(3-ethyl-2,6-dioxopiperidin-3-yl)phenyl)-
2,2,2-trifluoroacetamide(53x)

NHTFA i

MeO OMe
Following GP4, 3-(4-azidophenyl)-3-ethylpiperidine-2,6-dione (62 mg, 0.24 mmol, 2.4 eq.) gave
49af (69%) as an oil. 'H NMR (CDCls, 600 MHz) & 8.73 (1H, s), 8.30 (1H, d, J=2.2 Hz), 7.84
(1H, s), 7.43 (1H, d, J/=8.2 Hz), 7.32 —7.26 (2H, m), 7.26 —7.21 (1H, m), 7.09 (1H, dd, J=8.2, 2.1
Hz), 7.01 (1H, d, J=8.7 Hz), 6.46 (1H, t, J=2.3 Hz), 6.39 (2H, d, J=2.2 Hz), 3.79 (6H, s), 2.71 —
2.62 (1H, m), 2.49 —2.41 (1H, m), 2.40 — 2.33 (1H, m), 2.26 (1H, td, J=14.0, 4.4 Hz), 2.13 - 2.04
(1H, m), 1.98 — 1.88 (1H, m), 0.89 (3H, t, J=7.4 Hz); ®*C NMR (CDCl3, 151 MHz) § 174.5, 172.0,
160.8, 154.9 (q, J/=37.8 Hz), 142.7, 142.0, 141.9, 137.2, 136.6, 132.6, 130.8, 129.3, 128.7, 127.9,
127.6, 124.7, 123.1, 115.5 (q, J=37.8 Hz), 107.4, 99.7, 55.5, 51.4, 32.9, 29.3, 27.1, 9.2; ’"F NMR
(CDCl3, 564 MHz) & -76.05.
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N-((8R,9S,13S,14S)-3-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-13-methyl-17-oxo-
7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta[a]phenanthren-2-yl)-2,2,2-trifluoroa-
cetamide (53yh’)

NHTFA i

MeO OMe

Following GP4, (8R,9S,13S,14S)-3-azido-13-methyl-6,7,8,9,11,12,13,14,15,16-decahydro-17H-
cyclopenta[a]phenanthren-17-one (71 mg, 0.24 mmol, 2.4 eq.) gave 53wh’ (28%) as an oil. 'H
NMR (CDCl3, 600 MHz) & 8.68 (1H, s), 8.25 (1H, s), 7.29 — 7.23 (1H, m), 7.23 (1H, d, J=5.7 Hz),
7.18 (1H, t, J=7.1 Hz), 6.87 (1H, d, J=7.9 Hz), 6.49 (1H, s), 6.47 (2H, s), 3.82 (6H, s), 2.86 (2H,
d, J=7.5 Hz), 2.52 (1H, dd, J=19.0, 8.8 Hz), 2.44 (1H, dd, J=13.5, 3.6 Hz), 2.32 (1H, td, J=11.8,
11.2,3.9 Hz), 2.22 - 2.11 (1H, m), 2.10 - 2.01 (2H, m), 1.99 (1H, d, J=12.9 Hz), 1.69 — 1.40 (7H,
m), 0.93 (3H, s); *C NMR (CDCls, 151 MHz) § 220.6, 160.7, 143.2, 142.0, 141.7, 137.0, 135.3,
134.7, 133.8, 130.5, 128.5, 127.6, 126.7, 119.7, 118.5, 107.3, 100.0, 55.5, 50.6, 48.1, 44.8, 37.9,
36.0, 31.6, 28.9, 26.3, 25.7, 21.7, 14.0; ’F NMR (CDCls, 564 MHz) § -76.06.

5.4.2.4 Synthesis of sulfonium salts

2,4-dimethoxy-5-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(2,2,2trifluoroacetam-
ido)phenyl) -SH-dibenzo[b,d]thiophen-5-ium trifluoromethanesulfonate (54kh)

?
o-B

[y

TFAHN

O OMe

MeO
An oven-dried tube equipped with a stirring bar was charged with 2-(4-azidophenyl)-4,4,5,5-tet-
ramethyl-1,3,2-dioxaborolane (59 mg, 0.24 mmol, 2.4 eq.) DMAP (12 mg, 0.10 mmol, 1.0 eq.)
and thiophenol 46h (25 mg, 0.10 mmol, 1.0 eq.). After the tube was capped under air with a
Supelco aluminum crimp seal containing a septum (PTFE/butyl), anhydrous 1,4-dioxane (0.05 M)
was added via syringe. Under vigorous ventilation with a fan, the mixture was stirred (900 rpm)
and irradiated with a purple LED (Kessil PR160L-390 nm) for 16 h at room temperature. Then,
trifluoroacetic anhydride (85 mg, 0.40 mmol, 4.0 eq.) was added and the mixture was stirred for
another 2 h. All volatiles were evaporated in vacuo and the obtained crude was used without any

further purification
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Subsequently, an oven-dried tube equipped with a stirring bar was charged with NCS (13 mg, 0.10
mmol, 1.0 eq.) and Bi(OTf)3 (98 mg, 0.15 mmol, 1.5 eq.). The tube was then capped under air with
a Supelco aluminum crimp seal with septum (PTFE/butyl), evacuated and backfilled with argon
three times. After the addition of anhydrous MeCN (0.066 M), the mixture was vigorously stirred
while a solution of the previously obtained crude in dry 1,4-dioxane (0.066 M) was added via
syringe. The reaction was then stirred at 1300 rpm for 6h at room temperature. Upon consumption
of the starting material (TLC analysis), the solvent was evaporated and the residue redissolved in
MeOH/CHCl;. The suspension was filtered through Celite® and the filtrate evaporated under vac-
uum. The residue was dissolved in the minimum amount of CHCl3, and the product was precipi-
tated by addition of Et20 as an off-white solid. The solid was recollected by filtration and further
washed with Et,0 affording compound 54kh (59%) as white solid ''H NMR (CDCls,, 600 MHz)
0 11.41 (1H, s), 8.53 (1H, d, J = 8.1 Hz), 8.18 (1H, d, J = 7.8 Hz), 8.08 (1H, s), 7.88 (1H, t, J =
7.7 Hz), 7.66 (1H, t, J = 8.0 Hz), 7.59 (1H, d, J = 8.2 Hz), 7.24 (1H, s), 6.53 — 6.45 (2H, m), 3.99
(3H, s), 3.84 (3H, s), 1.28 (12H, s); “*C NMR (CDCl,, 151 MHz) 6 167.7, 158.5, 158.1 (q, J = 39.2
Hz), 141.3, 139.9, 137.5, 135.8, 135.7, 134.5, 132.2, 131.3, 129.8, 126.1, 125.2, 124.3, 120.5 (q,
J=319.7Hz), 1159 (q, J = 287.4 Hz), 108.2, 101.2, 100.1, 84.9, 57.1, 56.6, 29.7, 24.8; *F NMR
(CDCl, 564 MHz) 6 -72.71, -76.18.

5.4.2.5 Synthesis of aniline derivatives

General Procedure 5

NCS (1 eq.)

R Bi(OTf); (1 eq.) R OTf Cs,CO5 (1 eq.) R
- 1,4-dioxane/MeCN 1:1 AT MeOHI/Acetone 1:1 H
NHTFA (0.033 M), t, 16h NHTFA A (0.05M),rt, 16h, 390nm NHTEA
53ah-yh 1.0 eq. 54ah,yh 1.0 eq. 55a-y

a. An oven-dried tube equipped with a stirring bar was charged with NCS (1.0 eq.) and
Bi(OTf)3 (1.0 eq.). The tube was then capped under air with a Supelco aluminum crimp
seal with septum (PTFE/butyl), evacuated and backfilled with argon three times. After the
addition of anhydrous MeCN (0.066 M), the mixture was vigorously stirred while a solu-
tion of 53ah-yh in dry 1,4-dioxane (0.066 M) was added via syringe. The reaction was then
stirred at 1300 rpm for 6 h at room temperature. Upon consumption of the starting material
(TLC analysis), the solvent was evaporated and the residue redissolved in MeOH/CHCls.
The suspension was filtered through Celite® and the filtrate evaporated under vacuum. The

residue was dissolved in the minimum amount of CHCl3, and the product was precipitated
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by addition of Et20 as an off-white solid. The solid was recollected by filtration and further
washed with Et;0.

. 54ah-yh (1.0 eq.) was weighed in an oven-dried tube equipped with a stirring bar. Cs2CO3

(1.0 eq.) was added and the tube was then capped under air with a Supelco aluminum crimp
seal with septum (PTFE/butyl), evacuated and backfilled with argon three times. Anhy-
drous MeOH (0.1 M) and anhydrous acetone (0.1 M) were added via syringe. The mixture
was then purged with Argon for 5 min. Subsequently, it was stirred (600 rpm) and irradi-
ated with purple LEDs (Kessil PR160L-390 nm) for 12 h at room temperature (fan venti-
lation). Ethylene carbonate (250 uL, 0.1 M in CDCl3) was added and the solution stirred
for 1 min., then 0.3 mL of the solution was placed in an NMR tube, diluted with CDCl3
(0.4 mL) and analyzed by "H NMR spectroscopy to determine the NMR yield.

5-(3,5-dimethyl-2-(2,2,2-trifluoroacetamido)phenyl)-1,3-dimethoxy-5SH-dibenzo[b,d]thi-
ophen-5-ium trifluoromethanesulfonate (54qh)

Me

OTf
Me S

TFAHN

O OMe

MeO

Following GPS5a N-(2-((4,6-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-4,6-dimethylphenyl)-2,2,2-tri-
fluoroacetamide (50.0 mg, 0.11 mmol, 1.0 eq.) gave 54gh (81%) as an oil. 'H NMR (CDCl3, 600
MHz) 6 8.43 (1H, d, J=7.4 Hz), 8.22 (1H, s), 7.96 (1H, t, J=7.6 Hz), 7.60 (1H, d, J=2.0 Hz), 7.54
(1H, s), 6.85 (1H, d, J=2.0 Hz), 6.47 (1H,s), 4.04 (3H, s), 3.91 (3H, s), 2.39 (3H, s), 2.15 (3H, 9).
3C NMR (CDCl3, 151 MHz) § 169.5, 159.9,143.8, 143.5, 141.1, 139.6, 135.4, 134.7, 132.9, 128.7,
126.3, 122.8, 120.5, 118.5, 116.5, 103..1, 101.7, 57.7, 57.3, 20.8, 17.9; ’F NMR (CDCls, 564
MHz) 6 -76.49, -80.14.

N-(3-(tert-butyl)phenyl)-2,2,2-trifluoroacetamide (55a)

t-Bu

Following GPS N-(5-(tert-butyl)-2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)phenyl)-2,2,2-tri-
fluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55a (81%) as an oil. 'H NMR (CDCls, 600
MHz) 6 7.96 (1H, s), 7.52 (1H, t, J/=2.0 Hz), 7.45 (1H, d, J=7.9 Hz), 7.32 (1H, t, J=7.9 Hz), 7.28
(1H, s), 1.32 (9H, s); '*C NMR (CDCls, 151 MHz) & 154.8 (q, J=37.1 Hz), 153.0, 135.0, 129.2,
123.6, 117.9, 117.8, 115.8 (q, J=288.7 Hz), 35.0, 31.3; "’F NMR (CDCls, 564 MHz) § -75.77.
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2,2,2-trifluoro-N-(m-tolyl)acetamide (55b)

Me

Following GPS, N-(2-((3,5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-5-methylphenyl)-2,2,2-tri-
fluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55b (78%) as n oil. 'H NMR (CDCls, 600
MHz) 6 7.80 (1H, s), 7.40 (1H, s), 7.35 (1H, d, J=8.2 Hz), 7.28 (1H, t, J=7.8 Hz), 7.06 (1H, d,
J=1.5), 2.37 (3H, s); *C NMR (CDCls, 151 MHz) § 154.8 (q, J=37.4 Hz), 139.7, 135.1, 129.4,
127.3,121.2, 117.7, 115.9 (q, J=288.9 Hz), 21.6; 'F NMR (CDCls, 564 MHz) § -75.65.

N-(3-ethylphenyl)-2,2,2-trifluoroacetamide (55¢)

Et

Following GPS N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-5-ethylphenyl)-2,2,2-trifluoroa-
cetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55¢ (78%) as an oil. '"H NMR (CDCls, 600 MHz) §
8.03 (1H, s), 7.41 (1H, s), 7.39 (1H, d, J=8.03 Hz), 7.30 (1H, t, J=7.8 Hz), 7.09 (1H, d, J=7.6),
2.65 (2H, q, J=7.6), 1.24 (3H, t, J=7.6 Hz); *C NMR (CDCls, 151 MHz) § 155.0 (q, J=37.1 Hz),
146.0, 135.2, 129.4, 126.1, 120.2, 118.0, 115.9 (q, J=288.8 Hz), 28.9, 15.5; '’F NMR (CDCl3, 564
MHz) 6 -75.78.

2,2,2-trifluoro-N-(3-isopropylphenyl)acetamide (55d)

i-Pr-

HN.__CF3

hig

o
Following GPS5, N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-5-isopropylphenyl)-2,2,2-tri-
fluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55d (77%) as an oil. '"H NMR (CDCls, 600
MHz) 6 8.00 (1H, s), 7.43 —7.39 (2H, m), 7.31 (1H, t, J/=8.2 Hz), 7.12 (1H, d, J=7.8 Hz), 2.91
(1H, hept, J=6.9 Hz), 1.25 (6H, d, J=7.0 Hz); 3*C NMR (CDCls, 151 MHz) § 154.9 (q, J=37.3
Hz), 150.6, 135.2,129.4, 124.7, 118.8, 118.2, 115.9 (q, J=288.7 Hz), 34.2, 23.9; ’FNMR (CDCls,
564 MHz) 6 -75.69.
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N-(3-benzylphenyl)-2,2,2-trifluoroacetamide(55e)

Ph

HN.__CF,

g

o
Following GPS, N-(5-benzyl-2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)phenyl)-2,2,2-tri-
fluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55e (78%) as an oil. 'H NMR (CDCls, 600
MHz) 6 7.76 (1H, s), 7.47 (1H, d, J=6.8 Hz), 7.35 — 7.27 (4H, m), 7.23 (1H, d, J=7.5 Hz), 7.19
(2H, d, J=7.0 Hz), 7.09 (1H, d, J=7.7 Hz), 3.99 (2H, s); *C NMR (CDCls, 151 MHz) § 154.8 (q,
J=37.8 Hz), 143.0, 140.4, 135.4, 129.7, 129.1, 128.8, 127.1, 126.5, 120.9, 118.4, 115.8 (q, J=288.2
Hz), 41.9; ’F NMR (CDCls, 564 MHz) & -70.8.

2,2,2-trifluoro-N-(3-(trifluoromethyl)phenyl)acetamide (55f)

F4C

HN_ _CF;,

hig

o
Following GPS, N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-5-(trifluoromethyl)phenyl)-
2,2,2 trifluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55f (74%) as an oil. 'H NMR (CDCls,
600 MHz) & 7.98 (1H, s), 7.87 (1H, s), 7.80 (1H, dt, J/=7.9, 1.8 Hz), 7.57 — 7.51 (2H, m); *C NMR
(CDCl3, 151 MHz) & 155.1 (q, J/=37.8 Hz), 132.1 (q, J=33.2 Hz), 130.3, 123.7, 123.4 (q, J=273.3
Hz), 123.2(q, J=4.5 Hz), 117.5 (q, J=4.5 Hz), 115.6 (q, J=288.4 Hz); "’F NMR (CDCl3, 564 MHz)
0 -62.95, -75.84.

N-(3-(1-cyanocyclopentyl)phenyl)-2,2,2-trifluoroacetamide (55g)

5

HN\n/

(0]

CF3

Following GPS5, N-(5-(1-cyanocyclopentyl)-2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)phe-
nyl)-2,2,2-trifluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55g (49%) as an oil. 'H NMR
(CDCl3, 600 MHz) & 8.05 (1H, s), 7.67 (1H, t, J/=2.0 Hz), 7.59 (1H, d, J=8.1 Hz), 7.42 (1H, t,
J=8.0 Hz), 7.34 (1H, d, J=4.9 Hz), 2.52 - 2.46 (2H, m), 2.12 - 2.01 (4H, m), 1.99 — 1.93 (2H, m);
3C NMR (CDCls, 151 MHz) & 154.9 (q, J=37.7 Hz), 141.6, 135.9, 130.1, 124.1, 124.0, 120.0,
118.3, 115.8 (q, J=288.9 Hz), 47.9, 40.7, 24.4; "F NMR (CDCl3, 564 MHz) § -75.71.
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2,2,2-trifluoro-N-(3-(methoxymethyl)phenyl)acetamide (55h)

Meo/\©

HN\g/
Following GPS, N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-5-(methoxymethyl)phenyl)-
2,2,2-trifluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55h (63%) as an oil. '"H NMR (CDCls,
600 MHz) 6 8.45 (1H, s), 7.53 — 7.48 (2H, m), 7.33 (1H, t, J=7.8 Hz), 7.18 (1H, d, J=7.6 Hz), 4.45
(2H, s), 3.41 (3H, s); '*C NMR (CDCls, 151 MHz) § 155.1 (q, J=37.4 Hz), 139.4, 135.5, 129.4,

125.6, 120.2, 120.0, 115.9 (q, J=288.5 Hz), 74.2, 58.3; '’F NMR (CDCl3, 564 MHz) -75.80 &.

CF3

N-(3-(2-(benzyloxy)-1,1,1,3,3,3-hexafluoropropan-2-yl)phenyl)-2,2,2-trifluoroacetamide
(55i)

OBn

FsC
F3C>|\©
HN\g/CF3
Following GPS, N-(5-(2-(benzyloxy)-1,1,1,3,3,3-hexafluoropropan-2-yl)-2-((3',5'-dimethoxy-
[1,1'-biphenyl]-2-yl)thio)phenyl)-2,2,2-trifluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55i
(65%) as an oil. '"H NMR (CDCls, 600 MHz) & 7.91 (1H, s), 7.88 — 7.80 (1H, m), 7.73 (1H, s),
7.53 (2H, d, J=5.1 Hz), 7.45 — 7.33 (5H, m), 4.68 (2H, s); °*C NMR (CDCls, 151 MHz) § 136.1,
135.8, 130.2, 130.0, 128.8, 128.5, 127.6, 126.2, 122.7, 122.4 (q, J=286.9 Hz), 120.5, 68.6; '°F

NMR (CDCl3, 564 MHz) 6 -70.57, -75.69.

2,2,2-trifluoro-N-(3-(hydroxydiphenylmethyl)phenyl)acetamide (55j)

OH

E:*Q
HN\g/CF3
Following  GPS,  N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-5-(hydroxydiphenylme-
thyl)phenyl)-2,2,2-trifluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55j (76%) as an oil. 'H
NMR (CDCls, 600 MHz) 6 7.84 (1H, s), 7.66 (1H, d, J=5.9 Hz), 7.36 — 7.18 (12H, m), 7.10 (1H,
d, J=7.9 Hz); '*C NMR (CDCls, 151 MHz) § 154.9 (q, J=37.4 Hz), 148.5, 146.4, 135.0, 129.1,
128.3,128.0, 127.7,126.1,119.9, 119.6, 115.8 (q, J=288.8 Hz), 81.9; '°’F NMR (CDCls, 564 MHz)

o -75.77.
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2,2,2-trifluoro-N-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)acetamide (55k)
Me  Me

Me)ng
Me ]
O’B

HN._CF3

T

(6]

Following GPS, 2,4-dimethoxy-5-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(2,2,2tri-
fluoroacetamido)phenyl)-5H-dibenzo[b,d]thiophen-5-ium trifluoromethanesulfonate (47.8 mg,
0.24 mmol, 2.4 eq.) gave 55k (98%) as an oil. '"H NMR (CDCls, 600 MHz) & 7.90 (1H, d, J=10.8
Hz), 7.73 (1H, s), 7.67 (1H, d, J=7.3 Hz), 7.42 (1H, t, J=7.7 Hz), 1.35 (12H, s); *C NMR (CDCl3,
151 MHz) & 154.9 (q, J/=37.2 Hz), 134.7, 132.7, 129.1, 126.5, 123.5, 115.9 (q, /=289.2 Hz), 84.4,
25.0; ’FNMR (CDCl3, 564 MHz) & -75.87. Note: Quaternary carbon not visible for quadrupolar
effect of boron

2,2,2-trifluoro-N-(2',3',4',5'-tetrahydro-[1,1'-biphenyl]-3-yl)acetamide (55])

.

HN\n/

(0]

CF3;

Following GPS, N-(4-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-2',3',4',5'-tetrahydro-[1,1'-bi-
phenyl]-3-y1)-2,2,2-trifluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 551 (66%) as an oil. 'H
NMR (CDCls, 600 MHz) 6 7.91 (1H, s), 7.55 (1H, s), 7.43 (1H, d, J=8.1 Hz), 7.32 (1H, t, J=7.9
Hz), 7.26 (1H, d, J=8.0 Hz), 6.18 — 6.13 (1H, m), 2.41 — 2.34 (4H, m), 2.25 —2.17 (4H, m), 1.83
—1.75 (2H, m), 1.69 — 1.60 (3H, m); *C NMR (CDCls, 151 MHz) § 154.9 (q, J=37.4 Hz), 144.3,
135.8, 135.1, 129.3, 126.3, 123.2, 118.7, 117.3, 115.9 (q, J=288.9 Hz), 27.5, 26.0, 23.1, 22.1; '°F
NMR (CDCl3, 564 MHz) & -75.78.

N-([1,1'-biphenyl]-3-yl)-2,2,2-trifluoroacetamide (55m)

e

HN\"/

(o)

CF3

Following GPS, N-(4-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-[1,1'-biphenyl]-3-yl)-2,2,2-tri-
fluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55m (65%) as an oil. 'H NMR (CDCls, 600
MHz) & 7.95 (1H, s), 7.80 (1H, s), 7.59 (2H, d, J=8.1 Hz), 7.58 — 7.54 (1H, m), 7.50 — 7.43 (4H,
m), 7.38 (1H, t, J/=6.9 Hz); 3*C NMR (CDCls, 151 MHz) § 154.7 (q, J=37.6 Hz), 142.8, 140.1,
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135.7, 129.9, 1289.0, 128.0, 127.3, 125.3, 119.3, 118.0 (q, J=362.4 Hz) ; °F NMR (CDCls, 564
MHz) § -75.71.

2,2,2-trifluoro-N-(4'-methoxy-[1,1'-biphenyl]-3-yl)acetamide (55n)
MeO O

HN\([)]/
Following GPS, N-(4-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-4'-methoxy-[1,1'-biphenyl]-3-
y1)-2,2,2-trifluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 550 (79%) as an oil. 'H NMR
(CDCl3, 600 MHz) 6 7.94 (1H, s), 7.76 (1H, s), 7.52 (2H, d, J=8.7 Hz), 7.51 — 7.48 (1H, m), 7.46
—7.41 (2H, m), 6.98 (2H, d, J=8.7 Hz), 3.86 (3H, s); *C NMR (CDCl3, 151 MHz) § 159.7, 154.9
(q, J/=37.3 Hz), 142.4, 135.6, 132.6, 129.9, 128.4, 124.9, 118.9, 118.7, 115.9 (q, J=288.5 Hz),

114.5, 55.5; 'F NMR (CDCls, 564 MHz) § -76.1.

2,2,2-trifluoro-N-(4'-iodo-[1,1'-biphenyl]-3-yl)acetamide (550)

e

HN\n/

(0]

CF3

Following GPS, N-(4-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-4'-iodo-[1,1'-biphenyl]-3-yl)-
2,2,2-trifluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 550 (77%) as an oil. "H NMR (CDCls,
600 MHz) 6 8.00 (1H, s), 7.80 (1H, s), 7.58 (2H, d, J=7.1 Hz), 7.56 (1H, dt, J=6.8, 2.2 Hz), 7.49
—7.43 (3H, m), 7.38 (1H, t, J=7.4 Hz); ">*C NMR (CDCl3, 151 MHz) § 155.0 (q, J=37.3 Hz), 142.8,
140.1, 135.7, 129.9, 129.0, 128.0, 127.3, 125.3, 120.9, 119.4, 119.4, 115.9 (q, J=288.7 Hz); '°F
NMR (CDCl3, 564 MHz) & -75.71.

2,2,2-trifluoro-N-(3'-fluoro-[1,1'-biphenyl]-3-yl)acetamide (55p)
= ®

HN\H/

(0]

CF3

Following GPS, N-(4-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-3'-fluoro-[ 1, 1'-biphenyl]-3-yl)-
2,2,2-trifluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55p (75%) as an oil. '"H NMR (CDCls,
600 MHz) ¢ 7.94 (1H, s), 7.79 (1H, s), 7.57 — 7.49 (3H, m), 7.46 (1H, t, J/=7.8 Hz), 7.42 (1H, d,
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J=7.6 Hz), 7.14 (2H, t, J=8.6 Hz); *C NMR (CDCl3, 151 MHz) § 162.9 (d, J=247.5 Hz), 155.0
(q, J/=37.4 Hz), 141.9, 136.3, 135.7, 130.0, 129.0, 128.9, 125.2, 119.3, 119.2, 116.0, 115.9, 115.6
(q, J=289.9 Hz); '’F NMR (CDCl3, 564 MHz) § -75.72, -114.71.

N-(2,4-dimethylphenyl)-2,2,2-trifluoroacetamide (55q)

Me

Following GPS, N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-4,6-dimethylphenyl)-2,2,2-tri-
fluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55q (67%) as an oil. '"H NMR (CDCl3, 600
MHz) 6 7.63 (1H, s), 7.60 (1H, d, J=6.0 Hz), 7.07 (1H, d, J=6.5 Hz), 7.06 (1H, s), 2.32 (3H, s),
2.25 (1H, s); '*C NMR (CDCls, 151 MHz) § 137.2, 131.7, 130.3, 130.2, 127.8, 123.5, 116.0 (q,
J=286.9), 21.1, 17.5; ’F NMR (CDCls, 564 MHz) & -75.63.

N-(2,4-dimethoxyphenyl)-2,2,2-trifluoroacetamide (55r)

OMe

Following GPS, N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-4,6-dimethoxyphenyl)-2,2,2-
trifluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55r (40%) as an oil. 'H NMR (CDCls, 600
MHz) § 8.37 (1H, s), 8.19 (1H, d, J=9.2 Hz), 6.51 — 6.49 (2H, m), 3.89 (3H, s), 3.81 (3H, s); 1°C
NMR (CDCls, 151 MHz) 6 158.1, 154.1 (q, J=37.0 Hz), 149.8, 121.2, 118.6, 116.0 (q, J=288.2
Hz), 104.1, 98.8, 56.0, 55.7; ’F NMR (CDCl;, 564 MHz) & -75.75.

N-(2,6-dimethyl-[1,1'-biphenyl]-3-yl)-2,2,2-trifluoroacetamide (55s)

Me
Ph

Me

Following GPS, N-(4-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-2,6-dimethyl-[1,1'-biphenyl]-
3-yl)-2,2,2-trifluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55s (49%) as an oil. '"H NMR
(CDClI3, 600 MHz) 6 7.73 (1H, s), 7.60 (1H, d, J=8.2 Hz), 7.45 (1H, t, J=7.4 Hz), 7.37 (1H, t,
J=7.5 Hz), 7.18 (1H, d, J=8.3 Hz), 7.11 (1H, d, J=6.8 Hz), 2.02 (3H, s), 1.94 (3H, s); *C NMR
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(CDCI3, 151 MHz) & 155.4 (q, J=36.9 Hz), 143.2, 140.4, 135.8, 130.6, 129.1, 128.8, 128.1, 127.3,
122.9, 116.2 (q, J=289.0 Hz), 21.1, 15.3; 'F NMR (CDCls, 564 MHz) § -75.60.

N-(4-(tert-butyl)phenyl)-2,2,2-trifluoroacetamide (55t)

t-Bu

Following GPS, N-(4-(tert-butyl)-2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)phenyl)-2,2,2-tri-
fluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55t (34%) as an oil. '"H NMR (CDCls, 600
MHz) § 8.02 (1H, s), 7.49 (2H, d, J=7.2 Hz), 7.40 (2H, d, J=7.4 Hz), 1.32 (9H, s); *C NMR
(CDCl3, 151 MHz) & 155.0 (q, J=37.1 Hz), 149.7, 132.6, 126.3, 120.5, 115.9 (q, J=288.6 Hz),
34.7, 31.4; ’F NMR (CDCl3, 564 MHz) & -75.73.

N-(2-(tert-butyl)phenyl)-2,2,2-trifluoroacetamide(55t’)

t-Bu

HN._CFs

T

0
Following GPS, N-(2-(tert-butyl)-6-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)phenyl)-2,2,2-tri-
fluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55t° (31%) as an oil. '"H NMR (CDCls, 600
MHz) 6 8.01 (1H, s), 7.67 (1H, d, J=7.7 Hz), 7.50 — 7.41 (1H, m), 7.29 (1H, td, J=7.6, 1.8 Hz),
7.29 —7.23 (1H, m), 1.43 (9H, s); '*C NMR (CDCls, 151 MHz) § 155.2 (q, J=39.2) 142.8, 132.5,
127.8,127.4, 127.2, 126.8, 116.3 (q, J=289.9) 34.6, 30.8; ’F NMR (CDCls, 564 MHz) & -75.95.

2,2,2-trifluoro-N-(2-methoxyphenyl)acetamide (55u’)

MeO' ;

HN\n,

(e}

CF;

Following GPS, N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-6-methoxyphenyl)-2,2,2-tri-
fluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55u’ (68%) as an oil. 'H NMR (CDCls, 600
MHz) 6 8.57 (1H, s), 8.32 (1H, dd, J=8.0, 1.6 Hz), 7.17 (1H, td, J/=7.9, 1.6 Hz), 7.01 (1H, td, J=7.8,
1.3 Hz), 6.94 (1H, dd, J=8.3, 1.3 Hz), 3.93 (3H, s); >*C NMR (CDCls, 151 MHz) § 154.5 (q, J=37.2
Hz), 148.4, 126.1, 125.2, 121.4, 120.3, 115.9 (q, J=288.6 Hz), 110.4, 56.0; '’F NMR (CDCl3, 564
MHz) & -75.84.
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2,2,2-trifluoro-N-(5,6,7,8-tetrahydronaphthalen-2-yl)acetamide (55v)

[:::I:::I\N’ﬁ\CF3

N
Following GPS, N-(3-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-5,6,7,8-tetrahydronaphthalen-
2-y1)-2,2,2-trifluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55v (27%) as an oil. '"H NMR
(CDCl3, 600 MHz) & 7.85 (1H, s), 7.28 (1H, s), 7.24 (1H, dd, J=8.2, 2.4 Hz), 7.06 (1H, d, J=8.2
Hz), 2.77 — 2.71 (4H, m), 1.88 — 1.73 (4H, m); *C NMR (CDCls, 151 MHz) § 154.8 (q, J=37.0
Hz), 138.5, 135.8, 132.4, 130.0, 121.2, 118.0, 115.9 (q, J=288.7 Hz), 29.6, 29.1, 23.1, 23.0; "°F
NMR (CDCl3, 564 MHz) 6 -75.75.

2,2,2-trifluoro-N-(5,6,7,8-tetrahydronaphthalen-1-yl)acetamide (55v’)

(0]

PN

HN” CF,

Q0

Following GPS, N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-5,6,7,8-tetrahydronaphthalen-
1-y1)-2,2,2-trifluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55v’ (25%) as an oil. 'H NMR
(CDClI3, 600 MHz) 6 7.77 (1H, s), 7.56 (1H, d, J=7.9 Hz), 7.15 (1H, t, J=7.8 Hz), 7.03 (1H, d,
J=17.7 Hz), 2.80 (2H, t, J=6.3 Hz), 2.60 (2H, t, /=6.4 Hz), 1.90 — 1.83 (2H, m), 1.82 — 1.72 (2H,
m); C NMR (CDCl3, 151 MHz) § 155.2 (q, J=36.9 Hz), 138.8, 132.6, 129.3, 128.3, 126.2, 120.9,
116.1 (q, J=289.0 Hz), 29.8, 24.3, 22.7,22.5; "’FNMR (CDCl3, 564 MHz) § -75.66. HRMS (ESI):.
Butyl 3-(2,2,2-trifluoroacetamido)benzoate (55w)

0O

Me/\/\o)‘\Q

HN\H/

(e}

CF3;

Following GPS, Butyl 4-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-3-(2,2,2-trifluoroacetam-
ido)benzoate (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55w (72%) as an oil. 'H NMR (CDCl3, 600 MHz)
0 8.53 (1H, s), 8.14 (1H, s), 8.00 (1H, d, J/=8.1 Hz), 7.90 (1H, d, J/=7.8 Hz), 7.48 (1H, t, J=8.0 Hz),
4.32 (2H, t, J=6.6 Hz), 1.74 (2H, qi, J=6.8 Hz), 1.46 (2H, sx, J=7.4 Hz), 0.97 (3H, t, J/=7.4 Hz);
13C NMR (CDCls, 151 MHz) & 166.2, 155.3 (q, J/=37.7 Hz), 135.7, 131.7, 129.7, 127.3, 125.1,
121.7, 115.8 (q, J=288.7 Hz), 65.5, 30.8, 19.3, 13.8; ’F NMR (CDCl3, 564 MHz) § -75.65.

N-(3-(3-ethyl-2,6-dioxopiperidin-3-yl)phenyl)-2,2,2-trifluoroacetamide (55x)
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Following GPS, N-(2-((3',5'-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-5-(3-ethyl-2,6-dioxopiperidin-
3-yl)phenyl)-2,2,2-trifluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 55x (80%) as an oil. '"H
NMR (CDCls, 600 MHz) ¢ 8.57 (s, 1H), 8.08 (s, 1H), 7.60 — 7.52 (m, 3H), 7.33 (t, J = 7.6 Hz,
1H), 7.19 (m, 1H), 2.71 — 2.62 (1H, m), 2.49 — 2.41 (1H, m), 2.40 — 2.33 (1H, m), 2.26 (1H, td,
J=14.0, 4.4 Hz), 2.13 — 2.04 (1H, m), 1.98 — 1.88 (1H, m), 0.89 (3H, t, J=7.4 Hz); *C NMR
(CDCl3, 151 MHz) 6 172.14 (d, J = 1.2 Hz), 154.61 (q, J = 37.4 Hz), 139.91, 138.19 (q, J = 3.1
Hz), 129.19, 121.75, 121.19, 117.70, 115.45 (q, J = 284.5 Hz), 50.3, 31.6, 30.5, 29.2,9.2. ’F NMR
(CDCl3, 564 MHz) 6 -75.45.

2,2,2-trifluoro-N-((8R,9S,13S,14S)-13-methyl-17-0x0-7,8,9,11,12,13,14,15,16,17-decahydro-
6H-cyclopenta[a]phenanthren-2-yl)acetamide (55y’)

Following GPS, N-((8R,95,1385,145)-3-((3',5"-dimethoxy-[1,1'-biphenyl]-2-yl)thio)-13-methyl-
17-0x0-7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta[a]phenanthren-2-yl)-2,2,2-tri-
fluoroacetamide (47.8 mg, 0.24 mmol, 2.4 eq.) gave 51af’ (28%) as an oil. 'H NMR (CDCls, 600
MHz) 6 7.76 (1H, s), 7.48 (1H, s), 7.32 (1H, d, /=8.3 Hz), 7.12 (1H, d, J=8.2 Hz), 2.99 — 2.85 (2H,
m), 2.51 (1H, dd, J=19.1, 8.8 Hz), 2.44 — 2.37 (1H, m), 2.31 (1H, t, J=11.3 Hz), 2.19 - 2.11 (1H,
m), 2.08 —2.01 (2H, m), 1.98 (1H, d, J=12.5 Hz), 1.71 — 1.56 (3H, m), 1.53 — 1.40 (3H, m), 0.88
(3H, t, J=7.2 Hz); *C NMR (CDCls, 151 MHz) § 220.8, 141.2, 135.1, 132.9, 130.0, 118.4, (q,
J=332.2 Hz), 50.6, 46.1, 44.5, 38.0, 36.0, 31.6, 29.0, 26.5, 25.9, 21.7, 14.0; '’F NMR (CDCl;, 564
MHz) 6 -75.74.
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