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A fundamental goal of synthetic
chemistry is the transformation of
lower value molecular feedstocks
into more complex substances of
greater value. Anthropogenic waste
gases are underappreciated and
sustainable reagents for reactions
and herein we explore the diverse
reactivities afforded to these mole-
cules by harnessing the powerful
activating ability of photocatalysis.

Re-evaluating the value of
anthropogenic waste materials

The idea of converting lower value mate-
rials into substances of greater worth has
long captivated humanity’s imagination.
Biblical fables recount the turning of
water into wine, while alchemists dreamt
of converting base metals into gold. The
synthetic organic chemistry community
follows a more realizable version of the al-
chemist’s dream: the conversion of small
molecule reagents into larger molecular
structures, typically of higher value. The
discovery of petrochemical-derived small
molecules fuelled the exponential explo-
sion of research into a menagerie of
methods for synthesising complex mole-
cules for agrochemicals, pharmaceuticals,
and a multitude of other industries that
positively impact the quality of our lives.
However, we must not be limited to
petrochemical-based reagents as this is
unsustainable. It is time to expand our ho-
rizons and find new, sustainable chemical
precursors. What more poetic solution
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exists than the synthetic conversion of an-
thropogenic waste gases (harmful human
waste released into the atmosphere) into
valuable reagents and products. Carbon
dioxide (CO,), sulfur dioxide (SO,), and
methane are produced on colossal scales
by our society and their presence in the at-
mosphere contributes to the inexorable
degradation of our planet. These gases
are cheap, readily available, and practically
inexhaustible reagents for chemical reac-
tions. Unfortunately, the activation of
these molecules is far from trivial. Ther-
mally driven, harsh, and energy-intensive
conditions would conventionally be neces-
sitated. However, nature provides many
examples of how the activation of chal-
lenging substrates can be accomplished
under much milder conditions; for exam-
ple, plants convert abundant water and
CO. into the more valuable products glu-
cose and oxygen via photosynthesis. The
analogous process for synthetic chemists
involves using light energy to drive photo-
chemical reactions, frequently featuring a
photocatalyst (Box 1) [1]. Photocatalysis
is a key tool for humanity’s 21st century
alchemy of anthropogenic waste gases
[2,3] and herein the principal methods for
the photocatalytic utilisation of CO,, SO,
and methane are summarised (Figure 1).

Carbon dioxide

Four distinct photocatalytic approaches
are available for using CO, as a reagent.
The first involves converting CO, into
other small molecules, such as carbon
monoxide (CO), formate, and methanol. Al-
though this approach is primarily focused
on the large-scale conversion of CO,
using heterogeneous photocatalytic sys-
tems, it is also possible to directly use the
in situ generated molecule in subsequent
reactions. For instance, carbonylation re-
actions using CO as a C1 synthon are valu-
able transformations, but CO is a toxic,
challenging to handle gas. Rather than
storing dangerous gases such as CO, the
desired substrate could instead be gener-
ated on demand from more benign CO»
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using photocatalysis. Rhenium(l) carbene
complexes, such as [Re(bpy)(CO)5]Cl, can
accomplish this photocatalytic conversion
[4,5] and in one such report, CO, was
transformed into CO over 10 h before
being passed through a steel pipe to a con-
nected reactor to take part in a palladium-
catalysed carbonylative Suzuki-Miyaura
coupling [5].

An alternative methodology involves
the direct photoreduction of CO, to its
reactive radical anion. This extremely
challenging process (E,qq = —2.21 V vs.
SCE in DMF) is achievable using strongly
reducing photocatalysts such as p-
terphenyl [E(PC/PCL) =-2.63Vvs. SCE
in DMF] [6,7]. The CO5™~ radical anion
can then couple with another radical
species to yield carboxylated products.
As an example, following photoexcita-
tion, the electronically excited p-
terphenyl (p-terphenyl*) can oxidise an
amine to generate an a-amino radical
and the highly reducing p-terpheny!®~
species [6]. CO, is then reduced and
subsequent radical coupling generates
the amino acid product.

The third approach exploits the weakly elec-
trophilic carbon centre in CO.. In situ gener-
ated carbanions can partake in nucleophilic
attack of CO, dissolved in solution to form
carboxylic acids. The photocatalyst is re-
sponsible for reducing the initial substrate
or an intermediate radical species to gener-
ate the required nucleophilic centre. An
example is the addition of CO, to imines to
generate a-amino acids [8]. Reductive
quenching of the photocatalyst by a sacrifi-
cial amine electron donor produces the
reduced photocatalyst that is then capa-
ble of donating an electron to the imine.
This generates a nucleophilic a-carbon,
which attacks CO, to afford the carboxyl-
ated target.

Finally, CO, has been used in
metallaphotoredox catalysis reactions,
where the combination of a photocatalyst
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Box 1. A brief introduction to photocatalysis

A photocatalyst is a molecule or material that can absorb light to access higher energy electronically excited
states. This embedded energy can then drive energy and electron transfer reactions to activate challenging
substrates, allowing access to a diverse range of organic transformations. Photocatalysts are typically de-
signed to absorb visible light, meaning they can be selectively photoexcited in reactions. Near-UV-absorbing
photocatalysts are also useful, particularly in the context of the direct activation of thermodynamically challeng-
ing substrates such as CO, and methane. Mechanistically, a photocatalyst in its excited state can transfer en-
ergy to an organic substrate to promote it to a more reactive excited state, or it can promote the generation of
radicals on the organic substrates via single electron transfer, accessing so-called oxidative or reductive

quenching cycles (Figure ).
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Figure I. Visualising photocatalysis as a tool for organic synthesis. (A) The three possible prominent
reaction pathways operative during photocatalysis reactions: the reductive quenching cycle (red), the
oxidative quenching cycle (blue), and energy transfer for substrate sensitisation (green). (B) Six different
visible light-absorbing photocatalysts being photoexcited by an external light source. Abbreviations: PC,

photocatalyst; Sub, organic substrate.

and a transition metal cocatalyst can en-
able a diverse range of cross-coupling
products [9,10]. Within a generalised
framework for these reactions, the cocata-
lyst is responsible for coordinating an or-
ganic substrate and CO, to bring them
into proximity, while the photocatalyst
feeds electrons to the cocatalyst to facili-
tate dissociation and turn over the catalytic
cycle. This is, perhaps, the most flexible
and extensively investigated approach for
photocatalytic CO, utilisation, with a di-
verse array of reactions reported [10].

Despite the stereotypical poor reactivity of
CO,, photocatalysis has emerged as a
flexible tool for using this valuable C1
synthon across a diverse range of ap-
proaches. Further innovations, particularly
those  exploiting  metallaphotoredox

catalysis, are expected to emerge, but we
would also like to highlight again the meth-
odology involving the conversion of CO, to
other substrates, such as CO, as this holds
potential for expanding the range of func-
tionalities that can be generated beyond
carboxylic acids and their derivatives.

Sulfur dioxide

Synthetic applications of SO, have primar-
ily focused on the generation of sulfones,
which are valuable motifs in pharmaceutical
targets [11]. The principal challenge with
SO, utilisation is its toxic and gaseous na-
ture, and a solid surrogate synthesisable
from gaseous SO, would therefore be
an appealing alternative synthon that
would simplify storage and handling.
Fortunately, such a surrogate exists in
the form of DABSO, the bench-stable SO,
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adduct of 1,4-diazabicyclo[2.2.2]octane,
DABCOe¢(SO,),. DABSO has been used
to trap in situ generated radicals in a wide
array of photocatalysis reactions. Potas-
sium alkyltrifluoroborate salts, alkyl iodides,
Hantzsch esters, diaryliodonium salts, and
aryldiazonium salts are just a small selec-
tion of substrates that can form carbon-
centred radicals for subsequent trapping
by SO, to generate intermediate sulfonyl
radicals. These can then couple to radical
acceptors such as alkenes or alkynes [3].
The photocatalyst can play several different
mechanistic roles within these reactions,
including generating the initial radical and
being responsible for reducing or oxidising
intermediate radicals to enable the final
cyclisation or functionalisation step. This
chemistry is versatile in terms of the scope
of radical precursors and acceptors that
can be employed, but further explorations
into new types of radicals that can react
with SO, would be an exciting expansion
of this sulfur synthesis toolbox. For exam-
ple, nitrogen-centred radicals generated
from photocatalysis have seen limited use
in this field and could potentially enable
the synthesis of other valuable species
such as sulfonamides.

Methane

The activation of strong C-H bonds is an
infamous problem in organic chemistry
due to their stability. Direct photoinduced
electron transfer is not currently a viable
route for the cleavage of this bond in
methane, but photocatalysis can still play
a pivotal role in activating this substrate
when synergistically combined with hydro-
gen atom transfer (HAT) catalysts. HAT
catalysts can rip a hydrogen atom directly
from methane to generate a methyl
radical, which can be trapped by organic
substrates to yield methylated products.
Several catalytic systems have recently
been reported for this transformation
[12—14]. Cerium-based photocatalysts
have been used to generate highly elec-
trophilic alkoxyl radicals from 2,2,2-
trichloroethanol, which acts as the HAT
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Generalised framework for photocatalytic activation of methane via hydrogen atom transfer (HAT) photocatalysis
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Figure 1. Generalised scheme showing the available approaches for photocatalysis reactions with carbon dioxide, sulfur dioxide, and methane.
Abbreviations: HAT, hydrogen atom transfer catalyst; PC, photocatalyst; TM, general transition metal catalyst. See [5,6,8].

catalyst [12]. Alternatively, need for a second additive, as itis aversatile Photoexcitation leads to the liberation of a
tetrabutylammonium decatungstate can HAT catalyst in its excited state [13]. Iron(lll)  chlorine radical, a potent HAT catalyst for
generate the methyl radical without the chloride can act in a similar manner [14]. the abstraction of hydrogen from methane,
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with the desired carbon-centred radical
being trapped by electron-deficient al-
kenes. Unfortunately, more widespread
adoption of methane-derived methylations
has so far been limited, primarily as a func-
tion of the high pressures necessitated,
around 45-50 bar, using specialised
photoreactors or continuous flow systems
due to the low solubility of methane in suit-
able organic solvents. Thus, this chemistry
is underexplored and limited in terms of the
radical acceptor scope, but further exploita-
tion of these technologies should expand
the usefulness of this approach.

Concluding remarks

This overview has highlighted examples of
photocatalytic activation of three abun-
dant anthropogenic waste gases for the
functionalization of larger molecules. We
hope this brief account provides an impe-
tus to expand research into the use of
these substrates. In particular, the explo-
ration of using in situ generated products
from CO, reduction in subsequent reac-
tions holds potential for using a benign
and abundant starting material as a surro-
gate for more hazardous reagents. In
addition, the exploration of new radical
precursors and acceptors for trapping by
SO,, as well as the subsequent sulfonyl
radical, would expand the versatility of
this chemistry even further. Finally, the ac-
tivation of methane could be expediated
by the increased prevalence of continuous
flow photoreactors [12]. Perhaps this dis-
cussion can also inspire the creative
utilisation of other abundant raw materials

as novel reagents. For example, elemental
sulfur can easily be reduced by conven-
tional photocatalysts and could be used
as an abundant and less hazardous
alternative sulfur source for reactions than
conventional reagents such as thiols or
thioacids [15].

Research within this field illustrates an ex-
citing approach to further expand upon
the 21st century alchemist’s dream by
harnessing the versatile reactivities avail-
able to photocatalysis.
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