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Chapter 4

Development of Photocatalysts for Azide
Reduction Reactions by Red Light
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Abstract

Photocatalysis in living organisms enables precise spatial and temporal control over the
targeted synthesis and release of fluorescent probes or drugs. Red light offers advantages such
as reduced health risks and deeper tissue penetration, however, catalyzing reactions in biology
using red light remains a significant challenge, primarily due to limitations in designing and
selecting appropriate photocatalysts and reactions driven by red light. Here, we established a
library of red light absorbing photocatalysts with the aim to activate azide substrates to generate
rhodamine probes under physiological conditions. We evaluated the catalytic performance of
various photocatalysts on rhodamine azide substrate in the presence of reductants such as
NaAsc, GSH or NADH under 640 nm red light irradiation. To better understand the influence
of intracellular chemical components on catalytic reactions, we discussed the mechanisms
involved in azide reduction reactions catalyzed by various photocatalysts activated by red light,
including energy transfer, reductive single electron transfer and redox-neutral single electron
transfer pathway. Finally, to facilitate the application of red light activated photocatalysts
within living cells, we employed supramolecular strategies to assemble photocatalysts
equipped with adamantane and hyaluronic acid polymers functionalized with B-cyclodextrin,
enhancing water solubility and reducing quenching of the excited state by oxygen. This work
lays a substantial foundation for future biological applications involving red light-induced
catalysis to produce fluorescent probes and drugs in living cells.

List of abbreviations

bpy 2,2'-bipyridine

ppy 2-phenylpyridine

tpy terpyridine

pbpy 6-phenyl-2,2'-bipyridine
bpyCOOH 2,2'-bipyridine-4,4'-dicarboxylic acid
phen 1,10-phenanthroline

py pyridine
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Introduction

Photocatalysis has shown immense potential for biological applications, where reactions can
be triggered by external light irradiation, enabling precise spatiotemporal control of catalysis
in living organisms.[*3 While initial breakthroughs have been made in visible-light-induced
photocatalysis in living cells, significant challenges persist, particularly in the field of
photocatalysis induced by red light or near-infrared (NIR) light.™*®! The main challenge is to
find appropriate bioorthogonal catalytic reactions, along with the corresponding photocatalysts
which could efficiently absorb red light and needed for the catalytic processes. Red light (630-
750 nm) possesses several advantages over blue light including lower energy, fewer health
risks, fewer side reactions and the ability to penetrate tissues more deeply, rendering it a more
suitable light source for activating catalytic reactions in living organisms.[® In prior work
(Chapter 3), we studied visible-light-induced azide reduction using a supramolecular assembly
Ru(bpyAda)(bpy).cHACD for in situ photoactivation of a prodrug and pro-probe targeting
cancer cells. Although blue light-induced azide reduction reactions in cancer cells have shown
initial success, extending these reactions to living organisms encounters limitations due to the
potential health risks, undesired background reactions and low tissue penetration associated
with blue light.B4 For the later, the use of red light or NIR light for catalytic azide reductions
in living organisms presents a challenge and has captured researchers' interests (Scheme 1).

Red light

Photocatalyst
Drug/Probe == N, y »  Drug/Probe

inactive active

Scheme 1. Photocatalysis of azide reduction reactions using red light.

Significant progress has recently been achieved in red light-induced photocatalysis for organic
synthesis.*>"1 However, red light-induced reactions in living organisms are more challenging
and thus underrepresented in literature, particularly those related to azide reduction reactions.
To expand the pool of potential catalyst candidates capable of catalyzing red light-induced
azide reduction under physiological conditions, we classify various types of red light
photocatalysts based on prior reports. The first type of red light photocatalysts comprises
ruthenium(Il) polypyridine complexes. For instance, Hanan and Kurth’s groups demonstrated
that ruthenium(ll) 2,4-di(pyridin-2-yl)pyrimidine enables red light-mediated dual Co/Ru-
catalyzed hydrogen evolution.[®l Additionally, Zhou’s group reported a ruthenium(II)
polypyridine complex to generate of O2"~ from NADH/NADPH upon red light irradiation.[*%
The second category of red light photocatalysts includes osmium (11) polypyridine complexes.
In 2020, the Rovis group reported the catalytic capabilities of osmium complexes in a wide
range of photoredox, photopolymerization and metallaphotoredox reactions using NIR light.[?%
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Subsequently, other osmium complexes,?*24] as well as combinations of osmium with other
metal complexes have demonstrated remarkable versatility in diverse reactions under red light
or NIR light.[?>?¢1 |n addition to their applications in organic synthesis, osmium complexes
have been employed to reduce aryl azides for labeling protein by deep red light?”28l and even
to promote deboronative hydroxylation reactions in living cells and mice by NIR light.[?] The
third type of red light photocatalysts consists of organic dyes, which have emerged as highly
valuable photocatalysts due to their rich variety and broad wavelength absorption capabilities.
Within this category, cyanine-based photocatalysts,*%! bridged eosin Y2 and methylene
bluel*3 have demonstrated the ability to promote versatile organic transformations under red
light or NIR light. These dyes are also applied as photocatalysts in biological systems, such as
Nile Blue,** BODOPY, % Se-Nile bluel®® and Si-Rhodaminel®” 3% using red light or NIR light
radiation. The fourth type of red light absorbing photocatalysts includes porphyrins (H.TPP),10]
porphyrinoids,! Tin(1V) chlorin 6 (SnCe6),[%?! phthalocyanine-metal (Pc-M) including PcMg,
PcNi, 31 pcRu,B#4 pczn, %81 pcPd, #6471 which are capable of performing organic catalysis and
biocatalysis under red light irradiation. Other reported photocatalysts encompass helical
carbenium ion (DMQA),“841 Mo(0) complex,® titanium complex,®! transition-metal-
complex nanodots.?

In this chapter, we evaluate the catalytic activity of various red light absorbing photocatalysts
for azide reduction reactions using rhodamine azide (Rho-N3) as model substrate. These
photocatalysts exhibit good absorption of red light and demonstrate varying catalytic activities
when applied to the Rho-Ns substrate, using different reductants such as NaAsc, GSH and
NADH under 640 nm red light irradiation. Ru-phenylpyridine, Os-polypyridine, organic dyes,
H>TPP and Pc display low catalytic activity, whereas PPIX-2CHjs, Ce6-3CHs, some Pc-M and
SnL(OH)2 exhibit high catalytic activity for azide reduction of Rho-N3z. To facilitate the
application of red light photocatalysis for the generation of probes and drugs within living cells,
we implemented supramolecular strategies aimed at enhancing the biocompatibility of these
photocatalysts, which involves self-assembly between a photocatalyst functionalized with
adamantane and hyaluronic acid polymer functionalized with B-cyclodextrin. Our ultimate
objective is to develop a library of photocatalysts with the potential to catalyze photoredox
reactions in living cells by irradiation with red light.

Results and Discussion

Six distinct types of photocatalysts were prepared that are capable of absorbing red light and
potentially catalyzing azide reduction reactions (Figure 1). Type 1 are Ru-phenylpyridine
complexes including [Ru(bpy)2(ppy)IPFs (Rul), [Ru(tpy)(pbpy)]PFs (Ru2) and
[Ru(bpyCOOH)2(ppy)]PFs (Ru3), which were synthesized according to a literature
procedure®-59 and characterized using *H NMR (Scheme E1-3 and Figure E1-3). In
comparison to ruthenium(ll) polypyridine complexes, one neutral nitrogen atom in the
polypyridine is substituted with an anionic carbon atom (Rul, Ru2), resulting in a
bathochromic shift in absorption due to the higher HOMO energy of the ligand. The electron-
withdrawing COOH substituent on the ligand (Ru3) can reduce the LUMO energy, leading to
greater red-shifted absorption.’861 Type 2 are Os-polypyridine complexes, including
[Os(bpy)s](PFe)2 (Osl), [Os(phen)s](PFe)2 (Os2) and [Os(tpy)2](PFe)2 (Os3) which were
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synthesized according to a literature procedure®?-¢4l and characterized by *H NMR (Scheme
E4 and Figure E4-6). Ruthenium(ll) polypyridine are generally excited from the ground state
to the singlet state (SO—S1) via metal-to-ligand charge transfer (MLCT) and the excited singlet
state undergoes spin-forbidden intersystem crossing (ISC) to reach the catalytically active
triplet state (S1—T1). However, Os(II) polypyridine complex can be directly excited to triplet
state from the ground state (S0O—T1) by red light or NIR light due to the strong spin-orbit
coupling (SOC).[2%23851 Type 3 are organic dyes, including commercially available methylene
blue (MB), bromocresol green (BG) and indocyanine green (IG). Type 4 encompasses
porphyrin derivatives, specifically tetraphenylporphyrin (H2TPP), phthalocyanine (Pc),
methylated protoporphyrin IX (PPIX-2CHs) and methylated chlorine6 (Ce6-3CHz), all of
which exhibit absorption in red light region due to their Q-band properties.*%%] Type 5
involves metallo-phthalocyanines based on different metals to form Pc-metal complexes.
Except RuPc(Py)2 (for synthesis see Experimental, Scheme E5 and Figure E7), ZnPc,
NiPc(SOzNa)s, CuPc, MgPc, FePc and CoPc are commercially available. The last type 6 are
Sn complexes based on different porphyrinoid ligands and two hydroxyl groups at the axial
position, including SnTPP(OH)., SnPc(OH)2, Sn(PP1X-2CHz)(OH)2 and Sn(Ce6-3CH3)(OH)>,
which were synthesized and characterized by *H NMR, IR and Mass (Scheme E6-9 and Figure
E8-21).
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Figure 1. The structure and types of red light photocatalysts.
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The absorption spectra of the photocatalysts were recorded by UV-vis spectroscopy in
DMSO:PBS = 1:1, and are displayed in Figure 2. For the catalytic reactions, a 640 nm Kessil
light source with a wavelength range from 585 nm to 675 nm was used (Figure E22) and the
red dotted box in Figure 2 represent the spectral overlap between the photocatalysts and Kessil
light source. This shows the ability of photocatalysts to absorb red light. Rul, Ru2, Ru3 and
Osl1, Os2, Os3 exhibit relatively weak absorption of red light. Organic dyes MB, BG and IG
demonstrate very strong absorption. Porphyrin derivatives H2TPP, Pc, PPIX-2CH3z and Ce6-
3CHs display moderate absorption. In the category of Pc-metal complexes, NiPc(SOsNa)4
shows strong absorption, while ZnPc exhibit moderate absorption. CuPc, MgPc, FePc, CoPc
and RuPc(Py). show weak absorption. Sn(Ce6-3CHz)(OH). displays strong absorption,
whereas Sn(PPIX-2CH3)(OH). exhibit very low absorption. SnTPP(OH), and SnPc(OH)
demonstrate minimal absorption in the range of 585 nm to 675 nm. To assess the absorption of
catalysts under physiological conditions, UV-vis experiments were conducted in DMSO:PBS
= 1:9 solution (Figure E23). Rul, Ru2, Ru3 and Osl1, Os2, Os3 and H>TPP, Pc, PPI1X-2CHj,
Ce6-3CHs in DMSO:PBS = 1:9 solution show similar absorption profiles to that obtained in
DMSO:PBS = 1:1 solution. Notably, 1G displays significantly stronger absorption in
DMSO:PBS = 1:9 than in DMSO:PBS = 1:1, which is attributed to its enhanced solubility. Pc-
metal photocatalysts show stronger UV-vis absorption in DMSO:PBS = 1:9 in the range
between 585 nm to 675 nm absorption. SnPc(OH)2, Sn(Ce6-3CHs)(OH)2 and Sn(PPIX-
2CH3)(OH). exhibit similar absorption, while SnTPP(OH)2 exhibit stronger absorption in
DMSO:PBS = 1:9 solution.
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Figure 2. UV-vis absorption spectra of photocatalysts in DMSO:PBS = 1:1 at 298 K
([photocatalysts] = 10 xM). The red dotted box is the spectral overlap of catalysts and Kessil
light from 585 nm to 675 nm.

The intracellular environment is intricately complex, encompassing not only proteins, enzymes,
DNA and RNA, but also numerous smaller components, including diverse amino acids, glucose
and different thiols. These substances may have an influence on the outcome of catalytic
reactions due to electron or energy transfer with catalysts. To better understand the impact of
external additives on catalytic reactions, it is essential to outline the general mechanism of
photocatalytic azide reduction reaction by red light and potential non-productive side reactions
that might occur before conducting an in-depth analysis of the catalytic results. Three distinct
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pathways are possible: 1) energy transfer (EnT), 2) photo-induced single electron transfer
(SET), or 3) redox-neutral single electron transfer pathways (Figure 3).[%46817671 The
photocatalyst (PC) initially absorbs a photon when exposed to light, leading to a singlet excited
state (PC"). When PC” transfers its triplet energy directly to the substrate to facilitate the
subsequent reaction transformation (Figure 3a), it operates via an EnT mechanism. A critical
factor for the success of these reactions is the alignment of the triplet energy of PC™ with that
of the azide substrates.®5% In this respect, organic dyes such as acridine orange, fluorescein
and rhodamine 123 are feasible to catalyze azide conjugation reactions for protein labelling via
the energy transfer pathway.®! The second possible mechanism is the reductive SET pathway,
involving two consecutive single electron transfer steps. The excited photocatalyst (PC™) is
reduced by a sacrificial reducing agent, leading to the formation of the reduced photocatalysts
(PC™). Subsequently, the reduced photocatalyst donates an electron to the azide substrate,
thereby completing the catalytic cycle (Figure 3b). The successful execution of catalysis in this
pathway relies on two crucial factors: the lifetime of PC” (to allow reductive quenching) and
compatibility of the redox potentials of the photocatalysts, reducing agents and the substrate.["%-
71 For example, ruthenium(I1) polypyridine complex, in combination with sodium ascorbate
as a reductant, facilitates azide reduction under blue light irradiation through an electron
transfer process.’>* [Ir(ppy)2(bpy)]PFs could catalyze the reduction of aryl azide with NADH
as an additive for protein labeling in the mitochondria of living cells.'l Additionally, the
MacMillan group reported that SnCe6(OH)., when excited by red light, can catalyze the
reduction of aryl azide using NADH as the reductant for protein labeling.*? The third
mechanism has been reported by Rovis and coworkers is referred to as the redox-neutral
electron transfer mechanism. The photocatalyst Os(phen)s has been applied under deep red-
light for protein labeling.?”l In this pathway, the photoexcited catalyst (PC™) facilitates the
reduction of the perfluorinated azide substrate, generating an oxidized catalyst (PC*) and
reduced azide by electron transfer. The reduced azide subsequently releases nitrogen to
generate a nitrene, which is further oxidized by PC* to produce triplet nitrenes (Figure 3c). The
success of photocatalysis for this pathway is contingent upon the lifetime of PC* and the
alignment of potentials between the photocatalysts and the substrate.[’®]
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Figure 3. The general photocatalytic mechanisms of red light-induced azide reduction
reactions involving several pathways: (a) The energy transfer (EnT). (b) Reductive single
electron transfer (SET) pathway. (c) Redox-neutral single electron transfer pathway. (d)
Jablonski diagram exhibited mechanisms of photoinduced EnT, reductive SET and redox-
neutral SET pathways.

With these different mechanisms in mind, various reductants and photocatalysts were applied
in the photoreduction of Rho-N3 as a model substrate. All experiments were performed at low
concentrations of substrate (20 uM) and photocatalysts (2 uM), aligning with the imperative
of minimal biological toxicity. To evaluate the catalytic performance of the photocatalysts, we
explored a wide range of reaction conditions, including reaction setup, solvent, atmosphere,
reducing agents, irradiation time and concentration (Figure E24). It was found that (Chapter 3)
the type of reducing agents significantly influence the catalytic efficiency. For the
[Ru(Adabpy)(bpy)2](PFe) catalyst, the use of 200 equivalents (4 mM) of NaAsc yielded over
95% vyield after 7 min irradiation. Therefore, we explored the reactions of photocatalysts using
different reducing agents, including NaAsc, GSH and NADH at a concentration of 4 mM. To
ensure the solubility of the substrate, catalyst and reducing agent, a solvent mixture of
DMSO:PBS (1:1) was employed for the catalytic reactions. To reduce the quenching of
catalysts by oxygen, the reactions were carried out under an argon (Ar) atmosphere. In
summary, the final reaction conditions involved the combination of a 20 uM Rho-Nj3 substrate,
2 UM photocatalysts (10%), and 4 mM reducing agents (200 equivalents), all dissolved in
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DMSO:PBS (1:1) solution. Following a 10-minute argon bubbling, the reaction solution was
stirred and exposed to 640 nm Kessil light for 30 minutes. Subsequently, the reaction solution
was diluted 20-fold using PBS buffer to measure fluorescence. Reaction yield was determined
through a calibration curve, which was used to calculate the Rho 110 concentration (Figure
E25).

The catalytic results of different photocatalysts are summarized in Table 1. Type 1: Rul, Ru2,
and Ru3 were evaluated as potential red light photocatalysts, and their catalytic yields were
assessed with the different reducing agents. No yield was observed when these reactions were
conducted regardless of the reductant used (Table 1, Entry 1-3). The proposed mechanism for
these catalysts is the reductive SET pathway and one possible reason for the lack of conversion
might be the relatively short lifetime of the excited state. For classic blue light catalyst
[Ru(bpy)s]?>*, the excited state lifetime is sufficiently long, approximately 1100 ns in
acetonitrile,’277801 allowing it to effectively engage in electron transfer reactions. The
reduction potential of catalysts Rul, Ru2 is higher than that of [Ru(bpy)s]?*,*% so the reduced
catalyst should be able to reduce the substrate. For Rul and Ru3, the excited lifetimes are
notably shorter, approximately 13 ns®l and 12.5 ns”61 in CH3CN, respectively. These short
lifetimes may be insufficient to facilitate the reduction quenching of the excited state catalysts.

Type 2: Os-polypyridine complexes absorb low-energy red light to facilitate synthetic
reactions by being excited directly to the triplet state. However, Os1, Os2 and Os3 demonstrate
almost no catalytic conversion under the conditions applied here, regardless of the type
reducing agent present (Table 1, Entry 4-6). The possible mechanism is redox-neutral SET
pathway, as suggested by the Rovis group.?” Generally, the excited lifetime and the reducing
ability of the photocatalysts are the primary factors affecting the reaction. Os complexes
possess shorter excited state lifetimes compared to [Ru(bpy)s]?*. The lifetime of [Ru(bpy)s] 2*
is approximately 600 ns, while Os1 exhibits a lifetime of only 19 ns in water, rendering it less
suitable as a photocatalyst under low concentration conditions.[2658 Os2 displays a slightly
increased excited state lifetime of 78 ns in aqueous solution.®? Os3 stands out with a
significantly enhanced excited state lifetime of 269 ns in CH3CN, which is much shorter than
the 250 ps lifetime observed for [Ru(tpy)2]>*.]

Type 3: Methylene blue (MB) is a commonly used organic dye in various photocatalytic
applications, exhibiting strong absorption of red light.[] When used without additives or with
NaAsc and GSH as reducing agents, the catalytic yields of the Rho 110 product are quite low,
typically below 8%. However, when NADH is employed as the reductant, a higher yield of
approximately 26% is achieved (Table 1, Entry 7). MB possesses a relatively long triplet
lifetime of around 80 us, making it suitable for either the EnT or SET pathway.[¢871 The yield
depends on the sacrificial agent used, the SET pathway is most likely the mechanism of the
catalytic conversion. Bromocresol green (BG) and indocyanine green (IG) are also organic
dyes with strong absorption in the red-light region, but they have not been widely reported as
photocatalysts. BG shows a catalytic yield of over 20% in the presence of NaAsc and NADH
(Table 1, Entry 8). However, detailed information about the lifetime and reduction potential of
BG are unknown. Furthermore, its absorption properties change with pH, as it is commonly
used as a pH indicator, complicating its application under biological conditions.[®! IG has
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almost no catalytic yield (Table 1, Entry 9), probably due to the extremely short lifetime of
0.17 ns in water.[%0:%%]

Table 1. Catalytic results of photocatalysts use for the Rho-Ns reduction reactions using red
light under various conditions.

N3 o N3
O O PBS:DMSO=1:1
10% Catalyst
o]

200 eq Reductant

Ar, rt, 640 nm
o]

Rho N; Rho 110

Entry Photocatalysts None NaAsc GSH NADH

1 Rul <1% 4% <1% <1%
2 Ru2 <1% 4% <1% <1%
3 Ru3 <1% 2% <1% <1%
4 Osl <1% 2% 5% <1%
5 Os2 <1% <1% <1% <1%
6 Os3 <1% <1% <1% 3%
7 MB 8% 5% 2% 26%
8 BG <1% 21% <1% 28%
9 IG <1% 1% 6% <1%
10 H,TPP <1% 30% 4% 1%
11 Pc 2% 1% <1% <1%
12 PPIX-2CH, 2% 92% 92% 88%
13 Ce6-3CH, 2% 94% 89% 89%
14 ZnPc <1% 84% 54% 52%
15 NiPc(SO;Na), <1% 40% 2% <1%
16 CuPc <1% 6% <1% <1%
17 MgPc <1% 93% 3% 7%
18 FePc <1% 27% <1% <1%
19 CoPc <1% 84% 1% <1%
20 RuPc(Py), <1% 50% <1% 1%
21 SnTPP(OH), 17% 97% 96% 16%
22 SnPc(OH), <1% 96% 96% 11%
23 Sn(PPIX-2CH;)(OH), | 40% 95% 94% 28%
24 Sn(Ce6-3CH;)(OH), | 66% 97% 90% 18%
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Type 4: Porphyrins and their analogues are commonly employed as photosensitisers for
generating singlet oxygen through energy transfer mechanisms. They can also serve as
photocatalysts for catalyzing organic reactions via either electron transfer or energy transfer to
agents or substrates. Notably, porphyrinoids and their metal complexes exhibit strong
absorption in the red-light regions and possess long excited triplet state lifetimes, making them
good platforms for red light photocatalysis.[*64%%2-%4 To minimize energy transfer between
porphyrin and oxygen, we conducted photocatalysis under an argon atmosphere. The
application of Pc did not show significant yields regardless of the reductant used (Table 1,
Entry 11). With H,TPP as photocatalyst, a 30% yield was observed when NaAsc was used as
the reducing agent (Table 1, Entry 10). Surprisingly, PPI1X-2CH3 and Ce6-3CHz exhibited high
yields exceeding 88%, irrespective of reducing agent (Table 1, Entry 12-13), whereas in the
absence of reductant, no yield was observed. The presence of reducing agents promotes the
reaction, indicating that the reductive SET is a likely mechanism. Generally, porphyrins and
their analogs exhibit sufficiently long triplet lifetimes to transfer electrons. The lower catalytic
performance of H.TPP and Pc may be attributed to their mismatch in reduction potentials with
the reductants and substrate.

Type 5: All Pc-metal catalysts are inactive in the absence of reducing agents, but show activity
in the presence of reductant, strongly indicating that the reductive SET is the predominant
mechanism. In the presence of NaAsc as the reducing agent, ZnPc, MgPc and CoPc
demonstrate robust catalytic yields exceeding 84%, while NiPc(SOsNa)s and RuPc(Py)2
exhibit moderate yields of 40% and 50%, respectively. CuPc and FePc display lower yields at
6% and 27% (Table 1, Entry 14-20). In the presence of GSH and NADH as reducing agents,
only ZnPc maintains moderate catalytic activity with yields of 54% and 52%, respectively,
while the remaining photocatalysts exhibit minimal to no catalytic activity (Table 1, Entry 14).

Type 6: In general, the photophysical properties of the catalysts are influenced by the central
metal atoms, their axial ligands and the porphyrin-like ligands, which also affect the catalytic
properties. Sn is the metal center coordinated with two OH groups at the axial position in type
6 catalysts (SnTPP(OH)2, SnPc(OH)2, Sn(PP1X-2CH3)(OH)2 and Sn(Ce6-3CH3)(OH)2). When
NaAsc and GSH are employed as reducing agents, these four catalysts consistently achieve
high yields (> 90%) and low yields when using NADH as the reducing agent. Surprisingly, in
the absence of reductants, Sn(PPIX-2CH3)(OH). and Sn(Ce6-3CH3)(OH) still demonstrate
moderate catalytic activity producing 40% and 66% vyield, respectively, while SnTPP(OH)>
yields a lower 17%, and SnPc(OH). exhibits no yield (Table 1, Entry 21-24). The results
suggest that this type of photocatalyst may engage both EnT and SET pathways. When there
is no reducing agent, the catalysts directly transfer energy to the substrate to promote the
reaction, while reductive SET predominates in the presence of reductants.

Finally, we used SnPc(Ada): as the catalyst for exploration of the activity under physiological
conditions to evaluate the catalytic yield. We first tested the reaction with different reductants
under 640 nm light irradiation for 20 min in PBS:DMSO = 1:1 solution under an Ar atmosphere
(Figure 4a). Using NaAsc as reducing agent, we observed a yield of over 95%. With either
GSH or NADH as the sacrificial donor under otherwise identical conditions, the yields were
less than 2% (Figure 4a, Entry 1-3). In subsequent reactions (entry 4-9), NaAsc was used as
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the reducing agent. We also explored the solvent mixture PBS:DMSO = 96:4. Unfortunately,
due to the limited water solubility of SnPc(Ada)2, only 2% catalytic yield was achieved (Figure
4a, Entry 5). In air atmosphere, we detected yields of 35% in PBS:DMSO = 1:1 and a mere 2%
in PBS:DMSO = 96:4 (Figure 4a, Entry 4 and Entry 6). These results highlight the challenges
posed by the poor water solubility of the SnPc(Ada). catalyst and its susceptibility to air-
induced quenching. To address these issues, we employed a supramolecular assembly strategy,
akin to that used in Chapter 3. It is assumed that SnPc(Ada)> catalyst can bind with -
cyclodextrin-modified hyaluronic acid (HACD) for self-assembly in a PBS buffer (Figure 4b).
Inside the self-assembly, the hydrophobic catalyst SnPc(Ada)z resides while the hydrophilic
polymer HA remains in the aqueous environment. This assembly was expected to enhance
water solubility and reduce air-induced quenching, ultimately improving the catalytic yield in
PBS buffer. Following this strategy, we conducted catalytic activity tests on the assembly. The
results revealed that SnPc(Ada)> alone had extremely low yields in PBS:DMSO = 96:4,
whether under Ar or in the presence of air. Unexpectedly, SnPc(Ada).+B-CD and
SnPc(Ada).+HACD showed similarly low yields (Figure 4a, Entry 7-9). The precise reasons
for this remain to be determined.
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(a) N3 N3
O O 10% Catalyst

0 200 eq Reductant
Q Y Solveﬂ,t,s.';t[rjn::‘lphere
Rho N
Entry Atmosphere Solvent Reductant catalysts 640nm light Yield/%

1 Ar PBS:DMSO0=50:50 NaAsc SnPc({Ada), 20 min >95%
2 Ar PBS:DMS0=50:50 GSH SnPc(Ada), 20 min 2%
3 Ar PBS:DMS0O=50:50 NADH SnPc(Ada), 20 min 2%
4 Air PBS:DMS0O=50:50 NaAsc SnPc(Ada), 20 min 35%
5 Ar PBS:DMS0O=96:4  NaAsc SnPc(Ada), 20 min 6%
6 Air PBS:DMS0O=96:4  NaAsc SnPc(Ada), 20 min 2%
7 Ar PBS:DMS0=96:4  NaAsc  SnPc(Ada),+B-CD 20 min 9%
8 Air PBS:DMSO=96:4 NaAsc  SnPc(Ada),+B-CD 20min 1%
9 Air PBS:DMS0=96:4  NaAsc SnPc(Ada),+HACD 20 min 1%

Yo Yo
o HN Ho PH N Ho PH

0 )

W N/ 0 °"% o o b 0,

N N "N= OH o 'OH o/
N HO NaO HO HN
/\ SN —
N HN

(b

Figure 4. Application of SnPc(Ada). catalysts for azide reduction reaction using red light. (a)
Photocatalysis of Rho-N3 using SnPc(Ada). and assembly via red light irradiation. (b)
Demonstrating a supramolecular strategy through self-assembly between SnPc(Ada), and
HACD.

Conclusion

The goal of this chapter was to develop a series of photocatalysts which can be activated with
red light under diverse catalytic reaction conditions for applications in living cells. In summary,
this study assesses the catalytic performance of various types of photocatalysts for promoting
azide reduction reactions under red light excitation. The photocatalysts demonstrate effective
absorption of red light. The catalytic activity of the photocatalysts were explored using
rhodamine azide as the model substrate with different biocompatible reducing agents NaAsc,
GSH and NADH. Notably, photocatalysts PPIX-2CHs, Ce6-3CH3, ZnPc, MgPc, CoPc and
SnTPP(OH)2, SnPc(OH)2, Sn(PPIX-2CH3)(OH)2 and Sn(Ce6-3CH3)(OH)2 exhibited
substantial yields with various reductants. The catalytic results are analyzed based on different
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mechanisms: 1) the energy transfer pathway, 2) reductive photo-induced electron transfer
pathway, or 3) redox-neutral electron transfer pathway. These findings provide a theoretical
foundation for further optimizing these reactions. In the future, tolerance of these
photocatalysts to buffer and exposure to air should be extended to enable their use in living
systems. We also plan to study their catalytic efficiency in different oxygen-containing
environments, aiming to provide new possibilities for controlling reaction activity by red light
targeting cells and tissues with varying oxygen level. For future applications, it would be
intriguing to utilize these red light photocatalysts to trigger the synthesis of fluorescent
molecules and drugs, targeting cancer cells or even tumors in vivo. Ultimately, these
photocatalysts can also be extended to other substrates and bioorthogonal reaction types,
broadening their utility in a wide range of chemical and biological applications.
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Experimental
1. Materials and devices

All reagents and solvents were commercially available and used without further purification,
unless otherwise noted. NMR spectra (*H, *C) were measured on a Bruker AV400 MHz
instrument, and chemical shifts were recorded in parts per million (ppm) using deuterated
solvent residual signal as reference. High resolution mass (HRMS) spectra were collected on
an AccuTOF-LC, JMS-T100LP Mass spectrometer (JEOL, Japan) (for ESI) and an AccuTOF-
GC v 4¢g, IMS-T100GCV Mass spectrometer (JEOL, Japan) (for FD). UV-vis spectra were
performed on a single beam Hewlett Packard 8453 spectrometer in a quartz cuvette (light path
10 mm) at 25 °C with a PTC-348WI temperature controller. Fluorescence spectra were
recorded on FS5 Spectrofluorometer in a quartz cuvette (light path 10 mm) at 25 °C. IR spectra
were recorded on a Bruker Alpha-P. 640 nm light source is Kessil light.

2. Synthesis and characterization of red light photocatalysts

2.1 Type 1: Ru-phenylpyridine

'

|

— 1) AgBF, CH,Cl, ’N\l N
Ru(bpy),Cl, + N/ o /Ru\

N 2) NH,PF, 2NN NTY
™ ! N
PFg

Ru1

Scheme EL1. Synthesis of catalyst Rul.

[Ru(bpy)2(ppy)]PFs (Rul): was prepared according to the previous literature.535451 1H NMR
(400 MHz, CD3sCN) & 8.45 (d, J = 8.2 Hz, 1H), 8.38 (d, J = 8.4 Hz, 1H), 8.31 (t, J = 7.2 Hz,
2H), 8.07-7.94 (m, 3H), 7.87-7.75 (ddt, J = 15.9, 12.8, 6.3 Hz, 6H), 7.73-7.65 (m, 2H), 7.55 (d,
J = 5.8 Hz, 1H), 7.40 (s, 1H), 7.20 (td, J = 7.5, 7.0, 2.8 Hz, 3H), 6.95-6.80 (m, 3H), 6.41 (s,
1H).

N\ EtOH, reflux 2 h
7 YN+ RuCl;-3H,0

N
(A
— N-methylmorpholine
MeOH:H,0=5:1, Reflux 5 h
+ NH,PFg
Pd(PPhj3),, K,CO. -
3 4, RoLO3 7\
Toluene H,0=3:1 —
Ny, Reflux 16 h N
(AR

6-Phenyl-2,2'-bipyridine
Scheme E2. Synthesis of catalyst Ru2.
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[Ru(tpy)(pbpy)]PFs (Ru2): was prepared according to the previous literature.5>56581 1H NMR
(400 MHz, CD3CN) 8 8.59 (d, J = 8.0 Hz, 2H), 8.46-8.38 (m, 4H), 8.23 (m, 1H), 8.06 (dt, J =
13.1, 8.0 Hz, 2H), 7.88-7.83 (m, 1H), 7.83-7.79 (m, 1H), 7.75 (td, J = 7.9, 1.5 Hz, 2H), 7.49-
7.38 (t, J = 6.1 Hz, 3H), 7.05 (ddd, J = 7.3, 5.6, 1.4 Hz, 3H), 6.75-6.70 (m, 1H), 6.51 (td, J =
7.4, 1.4 Hz, 1H), 5.69 (m, 1H).

)\%\ 3 HOOC COOH (:{j COOH
\J
N
// / \ N
= R c—Rl_ NaOH, KPFg | N~ \ / l
—_— R PFg
N CI\Ru/—m/ MeCN, 45 °C, 48 h P N/l NN S NaOH, HZO MeOH=1:4

)\m PN Nz, Reflux 3 h HOOC COOH
I|I

Scheme E3. Synthesis of catalyst Ru3.

COOH
Ru 3

[Ru(bpyCOOH)2(ppy)]PFs (Ru3): was prepared according to the previous literature.1 1H
NMR (400 MHz, CDsOD) & 9.06 (s, 1H), 8.01 (d, J = 7.5 Hz, 1H), 7.80 (s, 2H), 7.64 (d, J =
7.8 Hz, 1H), 7.22-7.05 (m, 2H), 7.02 (t, J = 7.4 Hz, 1H), 5.81 (t, J = 5.1 Hz, 2H), 5.52 (d, J =
6.3 Hz, 1H), 5.28 (d, J = 5.6 Hz, 1H), 1.92 (s, 3H), 0.81 (d, J = 6.9 Hz, 3H), 0.78 (d, J = 6.9

Hz, 3H).
C(O/
N/

J 2PFg

2.2 Type 2: Os-polypyridine

(A

- /

N or
2,2'-bipyr|d|ne
or
1)Ethylene glycol, 230°C, 48 h
OsCl; hydrate + 7 N \
=N N= 2)NH4PFg

1,10-phenanthroline

or

2
|

N
N N f ~N
N N._~
2,2":6',2"-terpyridine

Scheme E4. Synthesis of catalyst Os1, Os2 and Os3.
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[Os(bpy)z](PFe)2 (Os1), [Os(phen)s](PFs)2 (Os2), [Os(tpy)2](PFe)2 (Os3): were prepared
according to the previous literature.©2-64

[Os(bpy)s](PFs)2 (Os1): 'H NMR (400 MHz, DMSO-ds) & 8.82 (d, J = 8.2 Hz, 6H), 8.01-7.94
(t, 3= 7.9 Hz, 6H), 7.64 (d, J = 5.7 Hz, 6H), 7.44 (m, 6H).

[Os(phen)s](PFs)2 (Os2): *H NMR (400 MHz, DMSO-ds) § 8.54 (d, J = 7.1 Hz, 6H), 8.37 (s,
6H), 7.99 (d, J = 5.4 Hz, 6H), 7.69 (dd, J = 8.3, 5.4 Hz, 6H).

[Os(tpy)2] (PFs)2 (Os3): *H NMR (400 MHz, DMSO-ds) & 9.10 (d, J = 8.3 Hz, 4H), 8.81 (d, J
= 7.9 Hz, 4H), 8.05 (m, 2H), 7.88 (m, 4H), 7.31 (d, J = 4.4 Hz, 4H), 7.19 (ddd, J = 7.3, 5.7, 1.3
Hz, 4H).

2.3 Type 5: Pc-Metal

N
N: _.(§
CN Pyridine, RuCl, S DL
> N R <N .
»
N~ Q:>

u
CN DBU, 1-pentanol, Reflux 3 d N |
I
N
7
)
N

RuPc(Py),

f ~
7z

Scheme EB5. Synthesis of catalyst RuPc(Py)a.

RuPc(Py)2: was prepared according to the previous literature.*1 'TH NMR (400 MHz, CDCls)
§9.14 (dt, J = 6.3, 3.2 Hz, 8H), 7.89 (dd, J = 5.7, 2.9 Hz, 8H), 6.06 (m, 2H), 5.21 (m, 4H),
2.47-2.43 (m, 4H).

2.4 Type 6: SNL(OH)2

1)SnCl,, Pyridine
Reflux 4 h 1-Adamantanecarboxylic acid
—_— -
O 2)Ammonia aqueous DCM, rt,6 h

)

H,TPP SnTPP(OH),

SnTPP(Ada),

Scheme E6. Synthesis of catalyst SnTPP(OH). and SnTPP(Ada)..

SnTPP(OH)2: was prepared according to the previous literature.®>%1'H NMR (400 MHz,
CDCls) §9.17 (m, 8H), 8.35 (m, 8H), 7.82 (m, 12H). HRMS (FD) (m/z): [M] (CasHzoN4O2Sn):
calcd. 766.1391, found 766.1395.

SnTPP(Ada)2: *H NMR (400 MHz, CDCls) § 9.16 (m, 8H), 8.29 (m, 8H), 7.82 (m, 12H,), 1.58
(m, 6H), 0.94 (m, 12H), 0.58 (m, 6H). HRMS (FD) (m/z): [M] (CesHssN4O4Sn): calcd.
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1090.3496, found 1090.3718; [M-Ada]*(CssHa2N4O2Sn™): calcd. for 911.2421, found

911.2437.
EO

o
N.'_

H
Qﬁ\ l E NaOH, Pyridine,H,0 %\ § 1-Adamantanecarboxylic acid ~
—> ’ et Sn 3
| p % Reflux 5 h DCM, rt, 6 h NS N =N
DN
ES’ [ ST

(o]
SnPc(Cl), SnPc(OH), E

SnPc(Ada),

Scheme E7. Synthesis of catalyst SnPc(OH). and SnPc(Ada)..

SnPc(OH)2: was prepared according to the previous literature.®”:%1 SnPc(OH); is not very
insoluble in most solvents. IR (neat): OH peaks at 3550 cm™ of SnPc(OH). appears compared
to SnPc(Cl)2. HRMS (ESI) (m/z): [M+H]" (C32H1sNgO2Sn): calcd. 667.0659, found 667.0651.

SnPc(Ada)2: HRMS (FD) (m/z): [M] (CsaHsNsO4Sn): calcd. 990.2676, found 990.2652.

SnCl, 2H,0,
2% NaOAc/HOAc
60°C,2h

PPIX(COOCH,), SnPP(OH),

Scheme EB8. Synthesis of catalyst Sn(PPIX-2CH3)(OH)..

Sn(PPIX-2CHa)(OH)2: was prepared according to the previous literature.®®% 'H NMR (400
MHz, CDCls) § 10.66 (m, 4H), 8.41 (dd, J = 18.0, 11.2 Hz, 2H), 6.55 (dt, J = 17.9, 5.1 Hz, 2H),
6.37 (t, J = 11.7 Hz, 2H), 4.49 (m, 4H), 4.00-3.60 (m, 20H), 3.45 (t, J = 7.5 Hz, 4H). HRMS
(ESI) (m/z): [M+H]*(C3sH3sNsOsSN™): calcd. 743.1899, found 743.1893; [M-OH]*
(C3sH37N4OsSn™): calcd. for 725.1793, found 725.2239.

SnCl, 2H,0,
2% NaOAc/HOAc

K,CO; CH,l, DMF 60°C,2h

rt, overnight

Ce6 o] Ce6-3CH: o Sn(Ce6-3CH3;(0H)z o
Scheme E9. Synthesis of catalyst Sn(Ce6-3CH3)(OH)..

Ce6-3CHa: was prepared according to the previous literature.[*21 'TH NMR (400 MHz, CDCls)
§9.70 (s, 1H), 9.54 (s, 1H), 8.76 (s, 1H), 8.04 (dd, J = 17.8, 11.5 Hz, 1H), 6.34 (dd, J = 17.8,
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1.5 Hz, 1H), 6.13 (dd, J = 11.6, 1.5 Hz, 1H), 5.44-5.22 (m, 2H), 4.50-4.40 (m, 2H), 4.29 (s,
3H), 3.78 (d, J = 15.4 Hz, 5H), 3.66 (s, 3H), 3.60 (s, 3H), 3.47 (s, 3H), 3.29 (s, 3H), 2.65-2.55
(m, 1H), 2.27-2.16 (m, 2H), 1.78 (d, J = 7.2 Hz, 4H), 1.72 (t, J = 7.6 Hz, 3H), -1.27 (s, 1H), -
1.43 (s, 1H). HRMS (ESI) (m/z): [M+H]* (Cs7H42N4Os*): calcd. 639.3183, found 639.3186.

Sn(Ce6-3CHs3)(OH)2: was prepared according to the previous literature.[?l 'H NMR (400
MHz, CDCls) & 9.86 (dd, J = 23.5, 6.1 Hz, 2H), 8.86 (s, 1H), 8.00 (dd, J = 17.5, 11.3 Hz, 1H),
6.23 (dd, J = 45.1, 14.5 Hz, 2H), 5.37 (q, J = 20.7, 19.9 Hz, 2H), 4.61 (dd, J = 20.6, 9.1 Hz,
2H), 4.26 (s, 4H), 3.97-3.77 (m, 7H), 3.69 (d, J = 14.6 Hz, 4H), 3.52 (s, 4H), 3.42 (d, J = 5.9
Hz, 7H), 2.62 (s, 2H), 2.45-2.16 (m, 4H), 1.92 (dd, J = 15.1, 7.3 Hz, 4H), 1.80 (g, J = 9.0, 8.4
Hz, 4H), -1.13 (d, J = 7.8 Hz, 1H). HRMS (ESI) (m/z): [M+H]" (Ca7H42N:0sSn*): calcd.
791.2111, found 791.1541.

2.5 Characterization of red light photocatalysts

T T T T T T
[ 5 4 3 2 1
1 (ppm)

Figure E1. *H NMR spectrum (400 MHz, 298 K) of catalyst Rul in CDsCN.
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Figure E2. 'H NMR spectrum (400 MHz, 298 K) of catalyst Ru2 in CDsCN.
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Figure E3. *H NMR spectrum (400 MHz, 298 K) of catalyst Ru3 in CD3OD.
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Figure E4. 'H NMR spectrum (400 MHz, 298 K) of catalyst Os1 in DMSO-ds.
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Figure E5. *H NMR spectrum (400 MHz, 298 K) of catalyst Os2 in DMSO-ds.
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Figure E6. 'H NMR spectrum (400 MHz, 298 K) of catalyst Os3 in DMSO-ds.
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Figure E7. *H NMR spectrum (400 MHz, 298 K) of catalyst RuPc(Py)2 in CDCls.
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Figure E8. *H NMR spectrum (400 MHz, 298 K) of catalyst SnTPP(OH); in CDCls.

[M]
766.1395
764.1416
T67.1482
763.1422
768.1369
1309 771.1493
Simulated

766.1400 SnTPP(OH),

Figure E9. FD-Mass spectrum of catalyst SnTPP(OH)s.
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Figure E10. *H NMR spectrum (400 MHz, 298 K) of catalyst SnTPP(Ada). in CDCls.
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Figure E11. FD-Mass spectrum of catalyst SnTPP(Ada)..
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Figure E13. ESI-Mass spectrum of catalyst SnPc(OH):.
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Figure E15. *H NMR spectrum (400 MHz, 298 K) of PPIX-2CHs in CDCls.
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Figure E16. *H NMR spectrum (400 MHz, 298 K) of Sn(PPIX-2CH3)(OH) in CDCls.
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Figure E17. ESI-Mass spectrum of catalyst Sn(PP1X-2CH3)(OH)a.
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Figure E18. *H NMR spectrum (400 MHz, 298 K) of Ce6-3CHs in CDCls.
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Figure E20. *H NMR spectrum (400 MHz, 298 K) of Sn(Ce6-3CHs)(OH). in CDCls.

[M+H]*
791.1541

789.1713
787.1580

792.1795
795.1603

! o)
790.0 SnCe6(OH),
Simulated
791.2111
] T T T T I T T T T ] T T T
790.0

Figure E21. ESI-Mass spectrum of ligand Sn(Ce6-3CHj3)(OH)a.
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3. Kessil light spectrum and UV-vis absorption of photocatalysts
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Figure E22. Radiant flux spectrum of 640 nm Kessil light.
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Figure E23. UV-vis absorption spectra of red light photocatalysts in DMSO:PBS = 1:9 at 298
K ([photocatalysts] = 10 uM). The red dotted box is the spectrum overlap of catalysts and

Kessil light from 585 nm to 675 nm.
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4. Photocatalysis of Rho-Ns reduction reactions
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Figure E24. Reaction setup and conditions for Rho-N3 photoreduction reaction in tubes.
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Figure E25. (a) Fluorescence monitoring the different concentration of Rho 110 in PBS
containing 2.5% DMSO. (b) Calibration curve of Rho 110 at 520 nm.
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