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Over recent years, photocatalysis has progressed substantially with the utilization of red to near-infrared
(NIR) light to drive chemical transformations. Nevertheless, metal-based complexes continue to
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dominate this spectral region, despite their high cost and potential toxicity, which restrict their
application in large-scale processes and biological settings. The development of efficient metal-free
DOI: 10.1039/d6cc00622a organic photocatalysts capable of operating under red and NIR light therefore represents a compelling

research direction. This review surveys recent advances in red- and NIR-light-promoted reactions
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1. Introduction

Photocatalysis has garnered significant attention over the past
decade owing to its exceptionally mild operating conditions.'™°
The use of light as an abundant and renewable energy source
aligns closely with the core principles of green chemistry.""°
Both metal complexes (e.g., iridium, ruthenium) and organic
dyes (e.g., Eosin Y) have been demonstrated to effectively
harness visible light to drive catalytic transformations. How-
ever, visible-light-driven catalysis faces inherent limitations,
including low natural abundance of suitable wavelengths,”"
poor penetration in scattering media, and competitive
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enabled by metal-free organic photocatalysts.

absorption by substrates. These factors can promote side
reactions and hinder scale-up, ultimately restricting wider
adoption in synthesis and biological settings.

To address these challenges, research focus has shifted
toward longer-wavelength red and near-infrared (NIR) light.
Owing to its deep tissue penetration and low phototoxicity,>*
red and NIR irradiation enables scalable transformations
and intracellular catalysis,>*>” yet demands photocatalysts
with both appropriate excited-state properties and strong
absorption in this spectral range.?® ** Two principal strategies
are employed in red and NIR photocatalysis: (1) Triplet-triplet
annihilation upconversion (TTA-UC):**** an upconversion
system comprising a photosensitizer and an annihilator
absorbs NIR light and converts it into higher-energy visible
light. The process relies on multiple energy-transfer steps and
requires precise energetic matching between the sensitizer
and annihilator for efficient triplet-triplet energy transfer via
collisions.®*® (2) Direct red and NIR light absorption:
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photocatalysts directly absorb red or NIR photons to reach an
excited state, subsequently driving reactions via energy trans-
fer (EnT) or single-electron transfer (SET). This approach is
generally simpler and more operationally straightforward
than TTA-UC.

While metal complexes are widely employed as red and NIR
photocatalysts, their high cost and inherent toxicity limit their
utility in large-scale industrial processes and intracellular
catalysis.*>*® In contrast, metal-free organic photocatalysts
offer three distinct advantages: cost-effectiveness, biocom-
patibility, and synthetic accessibility (Fig. 1). This review high-
lights recent advances in red- and NIR-light-driven photocata-
lytic reactions catalyzed by metal-free organic photocatalysts.
It is organized into two main sections, focusing on red and NIR
light respectively, and each section is further subdivided
according to the structural class of the organic photocatalyst
employed.
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2. Red-light-driven
organophotocatalysis

2.1. Porphyrins and porphyrinoids

Porphyrins and porphyrinoids represent a prominent class of
metal-free organic photocatalysts for visible-light-driven trans-
formations.*>** Their extended conjugated macrocyclic archi-
tectures provide intense Soret-band absorption in the blue
region and characteristic Q-band absorption in the 600-
700 nm range, enabling efficient harvesting of red photons.
These compounds typically feature long-lived triplet excited
states and can participate in both SET and EnT pathways,
supporting diverse photocatalytic reactions including photoox-
idations, photoreductions, and radical-based transformations.

Structural modification of the porphyrin core provides a
straightforward strategy to enhance red-light absorption and
catalytic reactivity.*> For example, Derksen and co-workers
demonstrated that thiophene-substituted thiaporphyrins (S1TPP,
S2TPP) catalyze the photoreductive dehalogenation of o-halo-
ketones under red light irradiation (1 > 645 nm). The reaction
proceeds with catalyst loadings as low as 0.1 mol% in the absence
of any transition metal, employing Hantzsch ester (HEH) as the
reducing agent and DIPEA as an additive (Scheme 1).** A range
of aromatic substrates bearing electron-donating or electron-
withdrawing substituents are well tolerated under the optimized
conditions. Mechanistic studies indicate that the reaction pro-
ceeds via a sequential SET/hydrogen atom transfer (HAT) pathway
rather than a radical-chain process, establishing metal-free
porphyrinoids as competent photocatalysts for reductive trans-
formations under red light. Under standard conditions, bro-
moacetophenone (1a) was converted to acetophenone (2a) in
25% yield after 5 min of red-light irradiation, with no further
conversion was observed after an additional 17 h in the dark.
Based on these experimental observations, a plausible catalytic

You-Quan Zou completed his PhD
studies in 2014 under the super-
vision of Professor Wen-Jing Xiao
at the Central China Normal
University. From November 2014
to October 2017 he worked as an
Alexander von Humboldt post-
doctoral fellow with Professor
Thorsten Bach at the Technische
Universitdt Miinchen. He then
took up a SAERI postdoctoral
position with Professor David
Milstein at the Weizmann Insti-
tute of Science from November
2017 until October 2019. He has continued to work as a SAERI
research associate with Professor Jonathan Nitschke at the
University of Cambridge till April 2021. You-Quan Zou is
currently working as a professor at the Wuhan University. His
research interests focus on bioorthogonal photocatalysis and
medicinal chemistry.

You-Quan Zou

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cc00622a

Open Access Article. Published on 24 February 2026. Downloaded on 6/19/2026 3:40:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

ChemComm Review Article

(a) Porphyrins and porphyrinoids
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Fig. 1 Organic photocatalysts used in Red/NIR photocatalysis.

cycle was proposed. Upon red-light excitation, the porphyrin  photocatalyst SITPP. Hydrogen atom transfer from HEH®® to
photocatalyst SITPP is promoted to its excited state SITPP*, this carbon-centered radical intermediate ultimately yields the
which subsequently undergoes SET with HEH to generate the corresponding dehalogenated ketone product 2a.

radical anion S1TPP*~ and the radical cation HEH®'. The The Gryko group systematically expanded the scope of red-
o-haloketone 1a is then reduced by SITPP*™ via SET to afford light photocatalysis using metal-free porphyrins, demonstrat-
a carbon-centered radical intermediate and regenerate the ing their dual capacity to function as both photooxidants and
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Scheme 1 Photoreductive dehalogenation of a-haloketones catalyzed
by S1TPP.

photoreductants within photoredox cycles.** These catalysts
enable a diverse array of transformations, including the
single-electron reduction of aryl diazonium salts for heteroar-
ene arylation (Scheme 2), a-alkylation of aldehydes (Scheme 3),
thiol-yne additions (Scheme 4a), and decarboxylative alkynyla-
tion of N-hydroxyphthalimide (NHPI) esters (Scheme 4b).

In their red-light-induced C-H arylation of heteroarenes,
porphyrin derivatives such as H,TPPg serve as efficient photo-
catalysts, overcoming the traditional limitation that porphyrin-
based systems are predominantly employed under blue or
green light. This protocol provides a mild and operationally
simple strategy for heteroarene C-H arylation. The system
exhibits a broad substrate scope, accommodating heteroarenes
including furan and coumarin. In this transformation, aryl
diazonium salts serve as aryl radical precursors; aryl radicals
are generated via SET from the excited-state porphyrin to the
diazonium salts, followed by addition to the heteroarene to
furnish the arylated product.”” Notably, naturally occurring
protoporphyrin IX (PPIX) could replace synthetic porphyrins
to afford comparable yields, substantially reducing catalytic
cost. Importantly, porphyrin catalysts operate synergistically
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Scheme 3 Red-light-induced a-alkylation of aldehydes catalyzed by
porphyrins.

with palladium in dual catalytic C-C bond-forming reactions
without undergoing metallation-induced deactivation, as exem-
plified by the formation of product 5c¢, highlighting their
stability in multi-catalytic environments (Scheme 2).
Metal-free porphyrins also serve as efficient photooxidants
under red light irradiation. Using 3-phenylpropanal (6) and
ethyl diazoacetate (7) as model substrates in a DMSO/acidic

This journal is © The Royal Society of Chemistry 2026
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(a) Thiol-yne reaction
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Scheme 4 Porphyrins-catalyzed red-light-induced photoredox reactions.

buffer medium, the desired a-alkylated product 8 was obtained
in 75% yield (Scheme 3), which is comparable to that achieved
under traditional blue light irradiation.*® The reaction pro-
ceeds via a reductive quenching pathway. Upon red-light irra-
diation, ground-state H,TPP is promoted to its excited state
(H,TPP*), which initiates two key parallel processes simulta-
neously. First, the enamine intermediate formed in situ via the
condensation of aldehyde 6 with morpholine is oxidized
through SET, generating the H,TPP radical anion (H,TPP*")
and an enamine radical cation. Secondly, it interacts with ethyl
diazoacetate (7) via EnT, triggering nitrogen extrusion and
generating a triplet carbene intermediate. The enamine radical
cation subsequently couples with this carbene to form a new

This journal is © The Royal Society of Chemistry 2026
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carbon-centered radical intermediate. The H,TPP radical anion
(H,TPP* ") then transfers an electron to this intermediate,
accompanied by protonation, delivering the desired o-alky-
lated aldehyde product 8 and regenerating the H,TPP photo-
catalyst, thus closing the catalytic cycle.

The Gryko group further extended this red-light-driven
porphyrin photocatalytic system to thiol-yne addition reactions
(Scheme 4a). The system exhibits excellent substrate compat-
ibility and scalability; primary, secondary and tertiary thiols all
participate smoothly, with secondary and tertiary thiols afford-
ing higher yields than primary thiols. The reaction proceeds via
a reductive quenching pathway. Upon red-light irradiation,
ground-state H,TPP is promoted to its excited state (H,TPP*)
and undergoes SET with the thiol, followed by deprotonation to
generate a thiyl radical. This radical adds to the alkyne triple
bond to form a vinyl radical intermediate, which is subse-
quently converted to the corresponding addition product
through hydrogen atom transfer.*’

This catalytic system is also applicable to decarboxylative
alkynylation reactions. The addition of Hantzsch ester (HE) and
N,N-diisopropylethylamine (DIPEA) as reducing agents signifi-
cantly enhances reaction efficiency (Scheme 4b). Notably, this
system exhibits excellent biocompatibility: catalytic activity is
retained when synthetic porphyrins are replaced with naturally
occurring heme-derived protoporphyrin IX (PPIX) and when
DMSO/PBS (v/v = 4:1) is used as the reaction solvent. A variety
of NHPI esters and p-toluenesulfonyl alkynes are well tolerated,
demonstrating broad substrate scope. Moreover, this protocol
is successfully applied to the late-stage decarboxylative alkyny-
lation of bioactive molecules such as deoxycholic acid and
indomethacin. The reaction follows a reductive quenching
mechanism. Upon red-light excitation, the porphyrin photoca-
talyst H,TPP undergoes SET with HE to generate the HE radical
cation, which subsequently reduces the NHPI ester, triggering
decarboxylation to form a carbon-centered radical. This carbon-
centered radical adds to the alkyne triple bond of the p-toluene-
sulfonyl alkyne, followed by desulfonylation to afford the
alkynylated products.*®

Gryko and co-workers further developed a porphyrin-
mediated photosensitization strategy that activates aryl diazo-
esters via EnT under red light, generating reactive triplet
carbenes.*® This approach enabled B-ketoester synthesis under
aerobic conditions, as well as carboxylic acid O-H insertion and
olefin cyclopropanation under anaerobic conditions (Scheme 5).
Under aerobic conditions, the excited-state porphyrin converts
ground-state molecular oxygen to singlet oxygen (*0,) via EnT.
The resulting 'O, undergoes cycloaddition with aryl diazoesters
to form an unstable five-membered peroxyisoxazole inter-
mediate, which rapidly decomposes with release of N,O and
ultimately rearranges to afford p-ketoester products (Scheme 5a).
Under anaerobic conditions, competitive oxidative pathways are
suppressed. The excited porphyrin transfers energy directly to aryl
diazoesters via EnT, generating triplet aryl diazoesters that extrude
dinitrogen to form carbene species. These carbenes insert effi-
ciently into carboxylic O-H bonds, exhibiting excellent sub-
strate compatibility across diverse aryl diazoester scaffolds and

Chem. Commun., 2026, 62, 6073-6090 | 6077
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Scheme 5 Red light-induced photosensitized transformations of diazo
compounds.

delivering the corresponding O-H insertion products in high
yields (Scheme 5b). This system is also applicable to olefin
cyclopropanation. The mechanism parallels that of O-H insertion:
triplet-state porphyrin engages in EnT with the aryl diazoester,
triggering nitrogen extrusion to generate a carbene, which under-
goes addition to alkene double bond to form cyclopropane rings.
The reaction displays broad substrate scope, accommodating
both electron-rich and electron-poor styrenes as well as internal
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(a) Photocatalyzed synthesis of y-oximino esters
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Scheme 6 Diazo compounds as radical precursors in red light-mediated
photochemical transformations.

olefins. Notably, cyclopropanation proceeds most efficiently with
electron-poor aryl diazoesters (Scheme 5c).

Leveraging the photoredox properties of porphyrins, the
same team achieved radical activation of o-diazoesters via a
proton-coupled electron transfer (PCET) mechanism (Scheme 6).*°

This journal is © The Royal Society of Chemistry 2026
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This PCET strategy enabled the synthesis of y-oximino esters
from a-diazoesters, styrenes, and tert-butyl nitrite (TBN), as well
as the construction of phenanthridines from a-diazoesters and
isocyanobiphenyls. A wide range of o-diazoesters (20) and
styrenes (21) delivered y-oximino esters (22) in yields compar-
able to those obtained under blue light using Ru(bpy)s(PFs), as
the photocatalyst.”® Similarly, diazoalkanes (23) and isocyano-
biphenyls (24) furnished phenanthridines (25) with efficiency
equal or superior to Xuan’s conventional blue-light system
employing Eosin Y as the photocatalyst, and with excellent
substrate tolerance.>® Mechanistically, a reductive quenching
cycle was proposed for the synthesis of y-oximino esters. The
excited state H,TPP* is reductively quenched by DIPEA to
generate H,TPP*~, which subsequently reduces a-diazoesters
via PCET. This process triggers dinitrogen extrusion and proton
abstraction from methanol, furnishing highly reactive carbon-
centered radicals. These carbon radicals undergo addition to
styrenes, and the resulting adducts are subsequently treated
with tert-butyl nitrite to afford the y-oximino esters via nitroso
intermediates. In contrast, an oxidative quenching cycle was
proposed for the construction of phenanthridines. The excited
state H,TPP* mediates single-electron reduction of a-diazo-
esters through a PCET process, leading to dinitrogen release
and generation of carbon-centered radicals. These radicals
undergo a cascade of radical addition and intramolecular
cyclization with 2-isocyanobiphenyl. Subsequent redox events
ultimately deliver the phenanthridine products and regenerate
the photocatalyst.

Furthermore, diazo compounds participate in oxidative cou-
pling reactions with tetrahydroisoquinolines and reductive
coupling reactions with N-hydroxyphthalimide (NHPI) esters,
enabling the efficient construction of B-amino-a-diazoesters
and hydrazones (Scheme 7).*° Under porphyrin-catalyzed
red-light photooxidation, tetrahydroisoquinolines 26 undergo
single-electron oxidation followed by dehydrogenation to gen-
erate iminium ion intermediates. These intermediates undergo
nucleophilic addition by ethyl diazoacetate (7), and subsequent
protonation affords the corresponding B-amino-a-diazoester
products 27. Tetrahydroisoquinolines bearing various substitu-
ents furnished the target products in good yields (53-78%).
In parallel, alkyl radicals generated from NHPI esters were
added to various donor/acceptor diazoalkanes to form hydra-
zones. This transformation exhibits excellent substrate compat-
ibility, delivering the target products in moderate to good
yields. Upon red-light irradiation, the porphyrin photocatalyst
H,TPP is promoted to its excited state H,TPP* and undergoes
reductive quenching by HEH to generate H,TPP*", which
induces the formation of carbon-centered radicals via single-
electron transfer with NHPI esters. These radicals undergo
addition to the diazo double bond, and the target products
are formed through subsequent protonation, with the diazo
group remaining intact throughout the reaction.

Beyond conventional porphyrins, their structural analogues
such as phthalocyanines and subphthalocyanines also exhibit
strong absorption in the red-light region. Shibata and co-
workers designed a metal-free trifluoroethoxy-decorated boron

This journal is © The Royal Society of Chemistry 2026
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(a) Photocatalyzed synthesis of B-amino-a-diazo esters
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Scheme 7 Diazo compounds as radical acceptors in red light-mediated
photocatalyzed transformations.

subphthalocyanine (SubPC) that acts as an efficient red-light
photocatalyst for trifluoromethylation and perfluoroalkylation
of alkenes and alkynes (Scheme 8).>> Using CF;l as the fluoro-
alkyl source, a wide variety of terminal, internal and exocyclic
alkenes bearing diverse functional groups, such as hydroxyl,
tosylate and carbamate substituents, as well as alkynes,
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Scheme 8 Trifluoromethylation of alkenes catalyzed by trifluoroethoxy-
coated subphthalocyanine under red-light irradiation.

underwent smooth atom-transfer radical addition (ATRA)
under red-light irradiation. The corresponding trifluoromethyl-
ethyl iodides and perfluoroalkylated products were obtained in
good to high yields with excellent regioselectivity. This work
constitutes the unprecedented example of a metal-free organic
photocatalyst enabling red-light-driven fluoroalkylation, over-
coming the long-standing reliance on metal complexes in
this field. Mechanistic investigations confirm that the trans-
formation requires both photocatalyst and light irradiation.
Photoexcitated subphthalocyanine catalyst SubPC* accepts an
electron from sodium ascorbate to form the radical anion
SubPC* ™, which reduces CF;I to generate the CF; radical. This
radical adds to the carbon-carbon double bond of alkene to
form a carbon-centered radical intermediate, which then
reduces photoexcited SubPC* to regenerate SubPC®~ while
forming a carbocation intermediate. The carbocation is trapped
by iodide anion to afford the final product. An alternative
mechanism involves a self-propagating radical chain: the
carbon-centered radical abstracts the iodine atom from CF;l
to generate the product and a CF; radical, with light required
for both initiation and maintenance of chain propagation.
Amara and co-workers demonstrated that silicon phthalo-
cyanines could serve as highly efficient and sustainable metal-
free photocatalysts for red-light-driven aerobic photooxidations,
offering a robust alternative to conventional precious metal
complexes.”® In the model oxidation of B-citronellol, a key step
in the synthesis of rose oxide, representative silicon phthalocya-
nine derivatives (Si(CI),PCy’Bu, and Si(OH),PCyBu,) achieved
87% and 84% conversion, respectively, at sub-ppm catalyst load-
ings (Scheme 9). Despite possessing relatively low singlet oxygen
quantum yields (®4 =~ 0.27), these silicon phthalocyanines
exhibit exceptional photostability and pronounced resistance to
photobleaching, enabling prolonged catalytic activity without
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Scheme 9 Red-light-driven aerobic photooxidations of B-citronellol.

degradation. This robustness translates into outstanding turnover
numbers (TONs) of 52500-54375, significantly exceeding the
performance of both ZnPCy'Bu, (TON = 3750) and H,PCy'Bu,
(TON = 11380). Moreover, these catalysts operate effectively
under solvent-free conditions and maintain high efficiency in
multigram-scale continuous-flow processes, highlighting their
potential for scalable, sustainable industrial photooxidations.

Overall, owing to their tunable electronic structures, strong
red-light absorption, and ability to operate via both energy- and
electron-transfer pathways, porphyrins and their analogues
have emerged as one of the most representative classes of
photosensitizers in metal-free red-light photocatalysis. Future
advances through precise structural modifications to regulate
their redox potentials, triplet energy levels, and solubility are
poised to further broaden their utility across organic synthesis,
chemical biology, and sustainable chemistry.

2.2. Methylene blue

Methylene blue (MB), a classic metal-free organic photosensi-
tizer, has attracted sustained interest in red-light-driven photo-
catalysis owing to its favorable excitation profile (A ~ 630-
660 nm), excellent photostability, commercial availability, and
low cost.>**® Early work by Ferroud and co-workers demon-
strated that MB could catalyze the photocyanation of tertiary
amines using trimethylsilyl cyanide (TMSCN) as the cyanide
source and molecular oxygen as the oxidant under red light
irradiation (4 > 630 nm).>® Under these conditions, N-aryl-
aminopiperidines and N-arylaminopyrrolidines (34) undergo
photocyanation to afford the corresponding a-hydrazino-
nitriles (35) in moderate to good yields. The reaction proceeds
with high regio- and stereoselectivity; notably, in unsymmetri-
cal hydrazine substrates, cyanation occurs preferentially at the
more substituted carbon atom (e.g., 35a). Mechanistically, the
transformation is proposed to involve a single-electron transfer
(SET) pathway initiated either by the excited photosensitizer
(MB*) or by singlet oxygen (*O,), the latter generated through
energy transfer (EnT) from excited triplet-state methylene blue
to ground-state molecular oxygen (Scheme 10a).

Subsequently, the same group extended this methodology to
the MB-catalyzed ring-opening of N-arylaminopiperidines and
N-arylaminopyrrolidines (34) under analogous conditions.””
Employing water or an alcohol (ROH) as the nucleophile in
place of TMSCN, the SET-mediated photooxidation delivered
the corresponding aminoaldehydes or aminodialkylacetals (36)
in good yields with high regioselectivity. In unsymmetric

This journal is © The Royal Society of Chemistry 2026
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Scheme 10 Red-light-driven photooxidation of N-arylaminopiperidines
and N-arylaminopyrrolidines catalyzed by methylene blue.

substrates, ring-opening occurred preferentially via cleavage
of the C-N bond adjacent to the less-substituted carbon.
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Mechanistically, these one-pot transformations are proposed
to involve three distinct steps. Initially, oxidation at the carbon
a to the ring nitrogen generates a hydrazinium alkylidene
cation. Nucleophilic attack by ROH on this electrophilic inter-
mediate then furnishes an oxidized hemiaminal. In the sub-
sequent steps, the reaction pathway is proposed to involve
cleavage of the hemiaminal C-N bond to afford an arylhydra-
zine, which is then photooxidized in situ to yield the final
product. However, the precise sequence of these latter two
steps remains to be conclusively established (Scheme 10b).

This reactivity was further extended to a two-step sequential
photooxidation.”® Employing TMSCN followed by water as
nucleophiles, the substrates (34) were converted to the corres-
ponding lactams (37) in 45-95% yields. The process proceeds
via initial MB-mediated SET to generate an o-hydrazinonitrile
intermediate, which undergoes aerobic photooxidation to fur-
nish the lactam. Specifically, oxidation of the hydrazino group
forms a hydrazinium radical cation. Deprotonation of this
species by O,°~ generates an o-hydrazino (or hydrazyl) radical,
which is rapidly oxidized to the hydrazinium alkylidene cation.
This cation exists in tautomeric equilibrium with the 1,1-dialkyl-2-
phenyldiazenium cation. Subsequent nucleophilic attack by water
yields a cyanohydrin intermediate, which affords the target lactam
product with concomitant elimination of HCN (Scheme 10c).

Beyond amine functionalization, MB has also been applied
in photouncaging chemistry. Hosoya and co-workers developed
3-acyl-2-methoxyindolizine-based caged compounds for the
controlled release of carboxylic acids and alcohols (Scheme 11).>°
Upon irradiation with red light at 660 nm, MB sensitizes the
generation of singlet oxygen (*O,), which undergoes electrophilic
addition to the C3 position of the indolizine core. The resulting
adduct undergoes intramolecular rearrangement, resulting in oxi-
dative ring cleavage and the rapid release of the caged substrates.
This system enables the efficient release of functional molecules,
including the anticancer agent bexarotene and the fluorescent dye
4-methylumbelliferone within five minutes. Notably, it retains high
performance even in serum-containing media, highlighting its
potential as a biocompatible tool for light-controlled release in
biomedical applications.

2.3. Helical carbenium ions

As an emerging class of metal-free red-light photocatalysts,
helical carbenium ions have garnered significant attention
owing to their distinctive conjugated helical architecture and
versatile photoredox properties.®®® Their rigid helical frame-
works not only promote strong absorption of red light, but also
modulate the excited-state electronic structure, endowing them
with tunable redox activity that enables both oxidative and
reductive quenching pathways under mild conditions.

In 2020, the Gianetti group reported the helical carbenium ion
N,N'-di-"propyl-1,13-dimethoxyquinacridinium (“Pr-DMQA") tetra-
fluoroborate as a versatile organic photocatalyst operating under
red-light (/max = 640 nm) (Scheme 12).°> Employing dual catalytic
systems, "Pr-DMQA" enabled Pd-catalyzed C(sp®)-H arylation and
Au-catalyzed terminal alkyne C(sp)-H arylation via oxidative
quenching, as well as intermolecular atom-transfer radical
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Scheme 11 Uncaging of alcohols and carboxylic acids by red light-
induced photooxidation.

addition (ATRA) reactions. Furthermore, the catalyst mediated
aerobic oxidative hydroxylation of arylboronic acids and oxidative
amidation of benzylic C(sp*)-H bonds through reductive quench-
ing pathways, demonstrating broad applicability across both
oxidative and reductive photocatalytic manifolds.

Two distinct catalytic cycles involving oxidative and reduc-
tive quenching have been proposed for ["Pr-DMQA*][BF, ].
In the oxidative pathway for Pd-catalyzed C(sp®)-H arylation,
photoexcited "Pr-DMQA** reduces an aryl diazonium salt via
oxidative quenching, generating an aryl radical and the radical
cation "Pr-DMQA***. The aryl radical adds to a Pd(u) inter-
mediate (formed by C-H activation), yielding a Pd(in) species,
which is oxidized by "Pr-DMQA**" to regenerate the ground-
state photocatalyst and produce a Pd(iv) complex. Reductive
elimination from this Pd(wv) intermediate delivers the arylated
product. In the reductive pathway for aerobic oxidative hydro-
xylation, photoexcited "Pr-DMQA™* undergoes reductive
quenching by 'Pr,NEt, affording the helicene radical "Pr-
DMQA* and an ammonium radical cation. The helicene
radical then reduces O, to superoxide (O,°* ) while regenerat-
ing "Pr-DMQA". Subsequent oxidative attack of the superoxide
on the arylboronic acid, followed by hydrolysis, yields the
phenol product.

They also utilized Umemoto’s reagent as the trifluoromethyl
source to achieve ["Pr-DMQA"|[BF, ]-catalyzed red-light-mediated
trifluoromethylation/dearomatization cascade reactions of indole
derivatives. This process efficiently affords CF;-containing 3,3-
spiroindoline skeletons, a privileged scaffold in drug discovery
(Scheme 13). The reaction tolerates indole derivatives bearing
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Scheme 12 ["Pr-DMQA*][BF, ]-Catalyzed C—H arylation and aerobic
oxidative hydroxylation under red light.

functional groups such as cyano, nitro, and halides, delivering the
desired products in yields of 35-87% with excellent diastereo-
selectivity (exclusively trans isomers).®®> Mechanistically, under red
light irradiation, the organic photocatalyst ["Pr-DMQA'][BF, ] is
excited to "Pr-DMQA™*, which reduces Umemoto’s reagent via an
oxidative quenching pathway to generate the key CF; radical and
the oxidized catalyst species "Pr-DMQA®*". The CF; radical adds
to the indole derivative, forming the dearomatized radical inter-
mediate I. Subsequent single-electron transfer (SET) between I
and "Pr-DMQA""" regenerates the ground-state photocatalyst and
affords the carbocation intermediate II. Intermediate II then
undergoes a stereoselective intramolecular cyclization to yield
the CF;-containing 3,3-spirocyclic indoline product as a single
anti diastereomer (path a). An alternative oxidation pathway for

This journal is © The Royal Society of Chemistry 2026
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Scheme 13 Red-light-induced ["Pr-DMQA*][BF, ]-catalyzed cascade
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the conversion of radical I to carbocation II involving direct
oxidation by Umemoto’s reagent cannot be entirely excluded
(path b).

To construct cyclopentane/cyclopentene scaffolds, the group
developed a ["Pr-DMQA‘][BF, J-catalyzed, red-light-mediated
[3+2] cycloaddition between N-aryl-cyclopropylamines and
alkenes/alkynes (Scheme 14).** The reaction tolerated a variety
of electronic substituents on the cyclopropylamine aryl
ring, including methyl, trifluoromethyl and chloro, as well as
alkenes/alkynes bearing functional groups such as cyano, ester
and pyridine, affording cycloadducts in 60-95% yields
for alkenes and 33-81% yields for alkynes. Mechanistically,
photoexcitation of "Pr-DMQA" generates the excited state ™Pr-
DMQA"™*, which undergoes single-electron transfer with the
cyclopropylamine 46a to form a nitrogen radical cation. The
inherent strain of the cyclopropane ring promotes p-scission of
this intermediate, yielding a f-carbon radical iminium species.
This species adds to styrene 47a to generate a distonic radical
cation, which then undergoes intramolecular radical addition
to the iminium moiety to furnish a second nitrogen radical
cation. Reduction of this intermediate by the helicene radical

This journal is © The Royal Society of Chemistry 2026
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Scheme 14 Red-light-induced "Pr-DMQA*-catalyzed [3+2] cycloaddi-
tion of cyclopropylamines with alkenes or alkynes.

"Pr-DMQA* delivers the final product 48a and regenerates
ground-state "Pr-DMQA", thereby completing the photocataly-
tic cycle.

In 2024, the Gianetti group reported a wavelength-regulated
chromoselective C(sp*)-X bond activation strategy employing the
helicenium photocatalyst ["Pr-DMQA'][BF, ] (Scheme 15).%°
Under red light irradiation (640 nm), low-bond-energy C(sp>)-I
bonds are selectively cleaved via a halogen-atom-transfer (XAT)
pathway initiated by an o-amino radical, generating key aryl-
radical intermediates while leaving C(sp®)-Br bonds intact. Con-
versely, blue light irradiation triggers a consecutive photoinduced
electron transfer (conPET) mechanism that reduces and activates
the more challenging C(sp®)-Br bonds. This chromoselectivity
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enables divergent functionalization of multihalogenated arenes,
as demonstrated in the wavelength-dependent a-arylation of cyclic
ketones. The approach facilitates sequential, light-gated dual
functionalization: red light-mediated XAT first functionalizes the
iodo site, after which blue light-driven conPET or transition metal
catalysis can modify the retained bromo substituent. The pre-
served bromo functionality thus serves as a handle for subsequent
diversification, providing modular access to differentially substi-
tuted aromatic scaffolds from a common halogenated precursor
and demonstrating light wavelength as a precise external control
in photocatalytic bond activation.

In 2025, the Shaikh group reported a red light-mediated C3
formylation of indoles catalyzed by the helical carbenium ion
"Pr-DMQA" using 2,2-dimethoxy-N,N-dimethylethanamine as
the formyl source (Scheme 16).°® This protocol exhibits broad
substrate scope under mild conditions and is readily scalable
for the synthesis of C3-formylated indoles. It accommodates
various N-protected (alkyl, benzyl, allyl) and N-H indoles
bearing halogen, methyl, or methoxy substituents, and pro-
duces 3-formylindoles in 50-95% yields. Mechanistic investi-
gations, including radical-trapping, Stern-Volmer quenching
and light on/off experiments, supported a pathway initiated by
reductive quenching of the photoexcited "Pr-DMQA™ via
SET with the amine 53. This generates an amine radical cation
that undergoes f-scission to release a dimethoxymethyl
carbon radical, which adds to the C3 position of the indole.
The resulting adduct then aromatizes and hydrolyzes to
deliver the 3-formylindole product 54. HRMS data also sug-
gested an alternative pathway, whereby the amine radical
cation loses a hydrogen to form a dimethoxymethyl iminium
ion. This species attacks the indole electrophilically, and after
a second photoredox cycle, yields a more labile iminium
intermediate that hydrolyzes to produce the same aldehyde
product 54.
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Scheme 16 Red-light mediated formylation of indoles using a helical
carbenium ion as a photoredox catalyst.

3. NIR-light-driven photocatalysis

3.1. Cyanine dyes

Cyanine dyes are widely used in photodynamic therapy.®”-°®

In 2021, Goddard and co-workers pioneered the use of cyanine
dyes as metal-free photoredox catalysts under NIR irradiation.®
A panel of stable commercial cyanines was evaluated, with the
aza-Henry-type reaction selected as the model system. Among
these catalysts, Cy746 exhibited exceptional efficiency in the
reaction of tetrahydroisoquinolines 55 with diverse nucleo-
philes under mild 810 nm irradiation, enabling the formation
of various C-C and C-P bonds (Scheme 17). Mechanistically,
this reaction proceeds via SET process: under 810 nm NIR
irradiation, Cy746 is excited to its excited state Cy746*, which
undergoes reductive quenching by tetrahydroisoquinolines 55
to generate the Cy746°  radical anion and amino radical
cations. Cy746° "~ is then reoxidized to ground state by O,, with
the concomitant generation of superoxide anion O,° . The
superoxide anion subsequently abstracts hydrogen from amino

This journal is © The Royal Society of Chemistry 2026
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Scheme 17 The aza-Henry-type reaction catalyzed by the photocatalyst
Cy746.

(tcy4s1)

radical cations to form iminium salts, and nucleophilic addi-
tion to these iminium salts affords the final tetrahydroisoqui-
noline products 56.

Furthermore, Cy746 proves effective in diverse other organic
transformations, including photoredox oxidation, photosensi-
tization, and alkene trifluoromethylation, highlighting its ver-
satility as a NIR photocatalyst (Scheme 18).%° Specifically, it
catalyzes the oxidative cycloaddition of N,N-dimethylaniline 57
with maleimide 58 to afford tetrahydroquinoline 59, oxidative
dimerization of thioamide 60 to 1,2,4-thiadiazole 61, and
oxidation of boronic acid 42a to phenol 43a. Under 810 nm
NIR irradiation and O, atmosphere, it mediates the oxidation of
furfural 62 and tetraphenylcyclopentadienone 64 via singlet
oxygen generation, giving products 63 and 65 in 45% and
81% yields, respectively. It also enables the photosensitization
of vinyl azide 66, producing disubstituted pyrrole 67 in 68%
yield. Notably, Cy746 also mediates reductive processes: under
anaerobic conditions, it reduces Umemoto’s reagent to gener-
ate trifluoromethyl radicals for trifluoromethylation, with
yields of 50-66% depending on the olefin substrate. This
NIR-photoredox system is compatible with aqueous media,
enabling the formation of hydroxytrifluoromethylation adduct
69 in 46% yield via a CF; radical addition/oxidation/water
addition sequence. Collectively, these results establish cyanines
as one of the first classes of metal-free NIR photocatalysts to
promote organic transformations.
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Scheme 18 Selected examples of NIR-triggered reactions catalyzed by
Cy746.

To further optimize catalytic performance and expand
structure-activity insights, a library of cyanine-based near-
infrared photocatalysts was constructed and fully charac-
terised, including the determination of photophysical and
redox properties.”’ The performance of the catalysts was
evaluated in two model redox reactions under NIR irradiation.
Cyanines with an amino group on the heptamethine chain
(e.g., Cy637) were found to be the most effective catalyst for
the oxidative aza-Henry reaction. In contrast, the extended-
conjugation derivative Cy997 was identified as the optimal
catalyst for alkene trifluoromethylation via Umemoto salt
reduction due to its enhanced stability under reaction conditions.
These findings collectively delineate clear structure-activity
relationships: amino substitution on the heptamethine chain
enhances oxidative photocatalytic activity, whereas extended
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conjugation is pivotal for maintaining stability and efficiency in
reductive transformations.

3.2. Squaraine dyes

To further expand the toolbox of organic NIR photocatalysts,
Goddard and co-workers investigated squaraine dyes (Sq) as
effective candidates.”” Among the evaluated derivatives, Sq687
emerged as the most efficient photocatalyst, successfully mediat-
ing a range of transformations including the oxidative aza-Henry-
type tetrahydroisoquinolines, [4+2] cycloadditions, and trifluoro-
methylation reactions under NIR irradiation (Scheme 19).

Mechanistic studies established SET as the dominant cata-
lytic pathway, with EnT playing a negligible role in these
processes. To investigate the potential involvement of singlet
oxygen in the photocatalytic transformation, the authors examined
the [4+2] cycloaddition between tetraphenylcyclopentadienone and
'0,. The starting material was nearly fully recovered, indicating that
Sq687 does not generate significant concentrations of "0, under
the reaction conditions. To further confirm that a SET mechanism
predominates, molecular dioxygen was replaced with 1,3-
dinitrobenzene as an alternative co-oxidant, which can regenerate
the photocatalyst without producing '0,. After 24 h of irradiation at
810 nm under these conditions, conversion of 55a to 56a reached
62%, supporting a SET-based pathway.

3.3. Planarized xanthene derivatives

Building upon cyanine dyes, structural modification of estab-
lished organic scaffolds provides an alternative strategy for

Nu (2-10 equiv)
$q687 (5 mol%)

CQ\I\N =810 nm, DMSO, air,

—_—_—
rt, 6-30 h Nu

: IQ - EO\ - I
NO, OMe NO F NO,

56a, 70% yield

@(;N @?N “CL
N \©\ Eto—P:o\©\ N I OMe
OMe OEt e

56d, 72% yield

56b,62% yield

56e, 79% yield

Scheme 19 The aza-Henry-type reaction catalyzed by the photocatalyst
$q687.
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A (2-PhNOy) : B (4-PhNO,)=1: 3

71e, 57% yield (830 nm)
A (2-PhNO,) : B (4-PhNO,)=3: 2

Scheme 20 Arylation of arenes with aryldiazonium salts catalyzed by BEY
under NIR light.

achieving NIR photoredox activity. Eosin Y (EY), a widely used
visible-light photocatalyst lacks NIR absorption due to the
orthogonal arrangement of its xanthene and benzene rings,
which disrupts full n-conjugation.”” To overcome this limita-
tion, Kamino and co-workers synthesized a planarized, fully
bridged analogue BEY from EY in concentrated sulfuric acid at
180 °C in 95% yield (Scheme 20).”® This structural modification
extends the conjugated system, resulting in a significant batho-
chromic shift in its absorption and emission spectra and
imparting solvent-dependent photophysical properties, thereby
activating BEY for NIR photocatalysis. As a NIR-active photo-
catalyst, BEY efficiently mediates the arylation of arenes with
aryldiazonium salts, affording biaryl products in up to 82%
yield under 521-730 nm light irradiation, with appreciable
yields retained at longer wavelengths (57% at 830 nm and
28% at 940 nm). A key advantage of this NIR-driven system is
its compatibility with colored substrates, such as fluorescein
and rhodamine B, under 830 nm light irradiation. The trans-
formations in conventional visible-light photocatalysts are hin-
dered by competitive light absorption.

Employing a planarization strategy analogous to that used
for BEY, the Kamino group synthesized coerulein B (CB) from
fluorescein (FL) via heating in sulfuric acid; CB exhibits strong
NIR absorption. As an effective NIR photocatalyst, CB mediated
the arylation of furan with aryl diazonium salt 70a in organic
media, affording product 71a in 63% yield at 730 nm and 42%
yield at 830 nm (Scheme 21).”* Owing to its compact structure
and inherent water solubility, CB also served as a competent
aqueous-phase photocatalyst, enabling the NIR-light-driven
arylation of pyridine hydrochloride with aryl diazonium
salt 70a to furnish product 71h in 43% yield, albeit with an
extended reaction time.

3.4. BODIPY derivatives

Boron-dipyrromethene (BODIPY) derivatives constitute a promi-
nent class of metal-free organic photocatalysts, distinguished by
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Scheme 21 Arylation of arenes with aryldiazonium salts catalyzed by CB
under NIR light irradiation.

their high molar extinction coefficients, excellent photostability,
and readily tunable photophysical properties.”>”® Their conju-
gated heterocyclic framework provides a flexible structural basis
for the precise regulation of frontier molecular orbital energies.
Strategic modifications such as terminal substitution, conjugation
extension or ring fusion can be employed to tailor these catalysts
to meet NIR light response requirements.

In 2022, the Duan group reported carbazole-substituted
iodinated BODIPY (BDP) as an efficient catalyst for NIR-
driven photooxidation reactions under 720 nm irradiation
(Scheme 22).”” BDP mediated the benzylamine coupling reac-
tion with high efficiency (Scheme 22a), and its superiority was
highlighted by scale-up experiments: whereas the conversion
rate of the benchmark Ru(bpy);Cl, catalyst dropped sharply to
38% when scaling the reaction from 1 mL to 20 mL, BDP
retained a high conversion rate of 88%. This performance
benefit stems from the excellent penetration ability of NIR light
in reaction solutions. BDP also exhibited remarkable solvent
tolerance for benzylamine coupling, achieving high conversion
rates across diverse polar solvents-outperforming Ru(bpy);Cl,,
which showed 100% conversion in acetonitrile but only 5% in
dichloromethane. Substrate scope exploration revealed that the
reaction proceeded smoothly regardless of whether electron-
donating or electron-withdrawing groups were attached to the
benzene ring. Notably, BDP was also integrated with copper
catalysis to couple NIR-generated Schiff bases with 4-tert-
butylphenylacetylene in toluene, affording alkyne-substituted
secondary amines in 80% isolated yield, demonstrating the
compatibility of NIR photoredox catalysis with other catalytic
systems.

Mechanistic studies indicated that BDP can generate singlet
oxygen via energy transfer or superoxide anion via electron
transfer upon NIR excitation. Upon absorption of NIR light,
BDP is promoted to its singlet excited state (‘[BDP]*), which
undergoes intersystem crossing (ISC) to the triplet excited
state (}[BDP]*). Triplet-triplet energy transfer from *[BDP]* to
molecular oxygen yields singlet oxygen. Benzylamine is then
oxidized by '0,, producing hydrogen peroxide and an imine
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Scheme 22 NIR-driven BDP-catalyzed photooxidation.

proposed mechanism

3BDP]"

intermediate that condenses with a second equivalent of ben-
zylamine to form the final Schiff base.

Beyond benzylamine coupling, BDP also oxidizes sulfides to
sulfoxides and arylboronic acids to phenols (Schemes 22b
and c) and enables traceless deprotection of prodrugs under
NIR irradiation. This photolytic activation represents a clean,
green alternative to conventional acid/base- or redox-mediated
deprotection methods.

3.5. Two-photon absorption (TPA) sensitizers

In addition to catalysts that operate via direct NIR absorption,
two-photon absorption (TPA) offers an alternative strategy for
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Scheme 23 Photocatalytic homocoupling of benzylamines using dBIP as
the photosensitizer.

NIR photoredox catalysis. The Sun group developed a series of
benzothiazole-core organic TPA sensitizers (dBIP, dBIP-NMe,
and dBIP-OMe) featuring electron-donating termini (Fig. 1).”®
Photophysical characterization showed that dBIP exhibits a
two-photon absorption cross-section (s,) > 1200 GM in the
825-855 nm range, whereas dBIP-NMe, displays a higher &, of
2000 GM under the same conditions. The latter also possesses a
longer fluorescence lifetime and a higher singlet oxygen yield,
which are attributed to the stronger electron-donating charac-
ter of its terminal groups. Both dBIP and dBIP-NMe, efficiently
catalyze benzylamine coupling under 850 nm irradiation, with
the reaction tolerating electron-donating and electron-
withdrawing substituents on the benzylamine aromatic ring
(Scheme 23). On/off irradiation cycles confirmed the excellent
photo-responsiveness and stability of dBIP: product formation
occurred only during light-on periods. A ten test-tube penetra-
tion experiment further highlighted the advantage of NIR light:
whereas 456 nm visible light failed to drive the reaction beyond
the third tube, 850 nm NIR light still afforded 26% yield in the
tenth tube. Moreover, dBIP-OMe was employed as a catalyst
for the hydroxytrifluoromethylation of styrene under 720 nm
irradiation.”

4. Summary and outlook

The photocatalysts discussed in this review exhibit marked
differences in commercial availability and synthetic complexity.
Within the porphyrin and porphyrinoid family, H,TPP, H,TPPg,
and the naturally occurring protoporphyrin IX (PPIX) are read-
ily obtainable from commercial suppliers. In contrast, S1ITPP,
S2TPP, the subphthalocyanine SubPC, and the silicon phthalo-
cyanines (Si(CI),PCy’Bu, and Si(OH),PCy‘Bu,) have limited
commercial sources and typically require custom synthesis
via cyclization of thiophene precursors or multi-step functio-
nalization at the silicon center, presenting moderate to high
synthetic difficulty. Methylene blue (MB), a thiazine dye, stands
out as one of the most cost-effective and commercially acces-
sible photosensitizers. Among cyanine dyes, Cy746 is commer-
cially available. The squaraine dye Sq687 can be obtained
commercially or synthesized through a two-step condensation
reaction between squaric acid and aniline derivatives, with
moderate operational simplicity. For BODIPY-based photocatalysts,
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while basic derivatives are commercially accessible and can be
prepared via condensation of pyrroles with aldehydes followed
by borylation, the long-chain-substituted BODIPY derivative BDP
highlighted in this review possesses structural specificity that
necessitates in-house synthesis. Other important classes, includ-
ing the helical carbenium salt [*Pr-DMQA*][BF, ], the planarized
xanthlene derivatives (BEY and CB), and various two-photon
absorption (TPA) sensitizers, currently lack commercial sources.
Their preparation involves multi-step sequences.

In summary, significant advances have been made in the
field of metal-free red-to-NIR photocatalysis, driven by the
development of various organic photocatalysts that facilitate
efficient photon capture and redox cycling under long wave-
length light. Representative structural scaffolds, including por-
phyrinoids, methylene blue, helical carbenium ions, cyanines,
squaraines, planarized xanthenes, BODIPYs and two-photon
absorption sensitizers, have been adapted or engineered to
mediate a wide array of synthetically useful transformations.
These systems exploit the intrinsic benefits of red and NIR
irradiation, including deep penetration, low phototoxicity and
minimal competitive absorption, thereby facilitating the devel-
opment of scalable and potentially biocompatible photocataly-
tic protocols.

Several strategic directions will be pivotal for further pro-
gress. Currently, the field still relies heavily on the modification
of existing dye frameworks. The de novo design of organic
chromophores with tailored excited-state properties, strong
absorption across the red-to-NIR window, and improved photo-
stability remains a core challenge. Future work should prior-
itize establishing clear structure-property-activity relationships
to guide rational catalyst development. It is essential to expand
the reaction scope to include more demanding bond-forming
and activation processes, especially those pertinent to complex-
molecule synthesis and late-stage functionalization. Integrating
red-to-NIR photocatalysis with other catalytic processes, such
as transition-metal catalysis, organocatalysis or biocatalysis,
could lead to new synergistic reactions. Furthermore, translat-
ing these methodologies into practical settings, such as
continuous-flow reactors, industrial-scale synthesis and spa-
tially resolved biological applications, is a significant frontier.
Overcoming these challenges will establish red-to-NIR organo-
photocatalysis as an indispensable tool in sustainable chemical
synthesis and beyond.
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