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The increase in carbon dioxide concentration on Earth has led to global warming, which
has become an urgent problem that society needs to solve. On the other hand, with the
increase of human activities, fossil fuels on Earth are gradually decreasing. In order to
simultaneously address these two issues, how to convert carbon dioxide into fossil fuels
at a low cost has attracted widespread attention from researchers around the world. The
currently reported methods have limited the large-scale application of carbon dioxide
reduction due to the use of expensive metal catalysts, high-energy sources such as
electricity or hydrogen. Musgrave etc. have reported that CO; can be reduced to formate
using 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH) as a reductant,
but this process requires a stoichiometric amount of BIH and an excess amount of KBF4.
Our previous studies have shown that under visible light irradiation, using carbazole and
benzimidazole as catalysts can efficiently reduce carbon dioxide to formate.
Unfortunately, the sacrificial electron donor used in this reaction system is ascorbic acid,
which also consumes energy during the production process, and after oxidation, the
by-products generated are waste, which also imposes a certain burden on the
environment.

Water is an ideal electron source to achieve artificial photosynthesis. However, as the
one-electron oxidation potential of water is extremely high (E°(*OH/H20) = +2.14 V vs
SCE) compared to that of the employed carbazole-based photosensitizers (PSs) (Eox =
+0.34 V vs SCE), one-electron-transfer-based PS regeneration using water is
thermodynamically unfavorable. Therefore, it is necessary to develop a new strategy
that bridges the gap in the one-electron oxidation potentials between reductants and PSs

to enable the use of water as a terminal reductant.

In chapter 2, we propose a CO; reduction system that efficiently converts CO; to
formate under visible-light irradiation, utilizing triarylphosphine as the
reductant/electron source. As triarylphosphine exhibits a higher one-electron oxidation
potential (Eox = +0.98 V vs SCE) than the Iridium-based PS, a major challenge was the
difficulty in regenerating the PS in the catalytic cycle. This issue was successfully
addressed by introducing BI'(I'), which work as an indispensable co-catalyst. BI*(I")
facilitated electron transfer through two distinct pathways. In one pathway, they acted as
HAT catalysts to promote the conversion of CO: radical anions to formate. In the other
pathway, the formation of P-I complex enabled electron transfer via decreasing the
oxidation potential of triarylphosphines. Furthermore, we found that thiol also can be an
efficient co-catalyst in this reaction system. Although the reaction mechanism we
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proposed has not been confirmed yet, this experiment result provides us with an

alternative co-catalyst (HAT catalyst), no longer limited to BI*(I').

We have developed CO» reduction system using triarylphosphines as reductants, enabled
by Ir-BI*(I) or Ir-thiol system. However, this reaction system requires the pariticipation
of transition metal catalysts, which is not conducive to large-scale utilization. Therefore,
in chapter 3, we attempted to replace transition metal catalysts with organic
photosensitizers for improvement. In our previous research, we found that carbazole has
strong electron donating ability in the excited state. Based on this discovery, we
attempted to introduce carbazole to CO, reaction system. After series of control
experiments, we found that formate was obtained in high yield when a catalytic amount
of p-toluenethiol, instead of BI*(I"), was used in a dimethyl sulfoxide DMSO-H,0O
mixed solvent system. In this study, aryl thiols played two distinct roles in the
photocatalytic CO: reduction system: promoting the final conversion of CO: radical
anions to formate via HAT, and enabling efficient regeneration of the PS through P-S
bond-mediated inner-sphere electron transfer. These mechanistically separate functions
contribute at different stages of the catalytic cycle. This work demonstrated a versatile
thiol-mediated strategy to extract electrons from reductants with high one-electron
oxidation potentials that are otherwise difficult to utilize in photocatalytic systems.
Furthermore, '*C-labelling experiments confirmed that the produced formate originated
from carbon dioxide itself, and deuterated formate was selectively synthesized using
DMSO/D;0 as the solvent mixture to confirm that the exchangeable proton of the thiol

species was introduced into the formate product via HAT.

Although triarylphosphine proved effective in above study, it is not an optimal choice
from a practical or sustainability perspective due to its synthetic cost and potential
environmental impact. Thus, our next step is to try using other cheaper and more readily
available reductant instead of triarylphosphine to perform CO; reduction (Chapter 4).
We found that phosphinates is an alternative reductant based on the literature known.
Phosphinates, as byproduct of fertilizer production process, have the characteristics of
non-toxicity, stability, environmental friendliness, and can be produced in large
quantities. Under illumination conditions, the system we developed using phosphinates
as an electron donor, enabled by carbazole-thiol or dibenzothiophene can efficiently
reduce CO; to formate, with turn over number of 74. The control experiment shows that
light and photosensitizer are necessary conditions for the reaction system. *C-labeled
carbon dioxide experiment result shows that the carbon of formate comes from carbon
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dioxide, which was determined by 'H, *C NMR analysis. >'P NMR indicates that
phosphinates is oxidized by carbon dioxide to trivalent phosphate salts, which are a
reusable byproduct.

Although the reaction mechanism remains unclear, we propose the following hypothesis
based on existing experimental data. In the carbazole thiol system, the photosensitizer
transitions to its excited state upon visible light irradiation and accepts an electron from
the thiol, forming a corresponding carbazole radical anion. This conclusion has been
confirmed by Stern-Volmer experiments. Subsequently, the generated carbazole radical
anion possesses sufficient reducing potential to convert CO: into CO- radical anion.
However, we cannot exclude the possibility of direct electron transfer from the
excited-state photosensitizer to CO, as reported in our previous work. The CO: radical
anion then accepts a hydrogen atom from phosphinates via a HAT process, generating
formate while converting phosphinates into phosphinates radical anion. Regarding the
thiol co-catalyst regeneration in this system, we speculate two possible pathways: One
is that traditional single-electron transfer from the phosphinates radical anion to
regenerate the thiol. The other is that formation of a P-S bond between the thiol radical
and phosphinates radical anion (electron-shuttle catalysis), a similar mechanism
described in chapter 3, followed by inner-sphere electron transfer to regenerate the thiol.
Both pathways remain unverified. Subsequent experiments will employ DFT
calculations for validation. In the dibenzothiophene system, we hypothesize a similar
reaction pathway. After disproportionation between its excited and ground states,
dibenzothiophene generates radical anions and cations, respectively, completing the
reaction cycle as described earlier. Nevertheless, we cannot rule out the possibility of
dibenzothiophene decomposition during photoreaction, with its decomposition products
participating in the photocatalytic process.

For now, we have achieved CO; reduction using triarylphosphine as a reductant enabled
by Ir-BI'(I") system and carbazole-thiol system. Although triarylphosphine is not an
ideal reducing agent, the reaction mechanism provides us with a new idea on how to
overcome high oxidation potential and achieve electron transfer. In these two reaction
systems, we successfully achieved electron transfer of triarylphosphine with high
formate yield via formation of P-I and P-S complex, respectively. On the other hand, we
have also achieved CO; reduction using phosphinates as a reductant enabled by
carbazole-thiol system and dibenzothiophene system. These experiment result excites us

because phosphinates is a side product in the synthesis of fertilizer and can be produced
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in large quantities. In other words, we can convert two wastes into two high-value
additional chemicals through the photoreaction system we developed. In the future, we
will continue to improve the conditions of the reaction system, such as solvent, to truly

apply artificial photosynthesis to industrial processes.
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