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Abstract In recent years, advancements in photocatalysis have al-
lowed for a plethora of chemical transformations under milder condi-
tions. Many of these photochemical reactions utilize hydrogen atom
transfer processes to obtain desired products. Hydrogen atom transfer
processes can follow one of two unique pathways: the first, a direct
path and the second, an indirect path. In this paper, we highlight the
ability of eosin Y to act as a direct hydrogen atom transfer catalyst from
both synthetic and computational chemistry perspectives.

Key words hydrogen atom transfer, Eosin Y, photocatalysis, visible
light, computational study

Introduction

In recent years, visible-light photocatalysis has seen

much advancement.1 It offers a promising synthetic organic

methodology that enables previously inaccessible transfor-

mations.2 Compared to high-energy UV light, visible light is

more sustainable, as it is cheaper to produce and easy to

handle.3 Since most organic compounds are not able to ab-

sorb visible light, photoredox catalysts (PC) such as poly-

pyridyl metallic complexes of ruthenium or iridium4 and

metal-free catalysts5 such as organic dyes like eosin Y,6 are

usually required to sensitize organic molecules.

Upon light irradiation, a photocatalyst (PC) can promote

both direct and indirect hydrogen atom transfer (HAT) pro-

cesses.7 For a direct HAT pathway, the excited photocatalyst

(PC*) abstracts a hydrogen atom from a substrate to gener-

ate the active radical species.8 In indirect HAT processes,

the excited photocatalyst is able to activate another addi-

tive or co-catalyst by a single electron transfer (SET) or en-

ergy transfer (ET) process, after which the additive/co-cata-

lyst will promote the HAT process, which abstracts the hy-

drogen atom from the substrate.9 Among these pathways,

the direct HAT is the most attractive approach as it is the
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most reagent- and redox-economical method, while other

pathways require additional additives/co-catalysts.10 How-

ever, the applications of direct HAT are limited by the fact

that the number of available direct HAT photocatalysts is

low.11 Photocatalysts that are able to perform direct HAT

processes under visible-light induced conditions are re-

stricted to the families of benzophenones, quinones, and

polyoxometalates.11 Recently, evidence has been found that

one of the most widely used organic dyes, eosin Y (Figure

1), can serve as a direct HAT photocatalyst for the function-

alization of C–H bonds.12

Figure 1  Eosin Y and its photoredox potentials

Eosin Y, a xanthene dye, is inexpensive and easy to han-

dle, absorbs strongly in the visible spectrum, and exhibits

excellent photocatalytic performance.13 Eosin Y can exist in

eosin Y-H2 and eosin Y-Na2 (disodium salt) forms (Figure 1).

Estimated redox potentials of eosin Y in the excited state

are shown in Figure 1.14 Since Wu’s first report of eosin Y as

a direct HAT catalyst,12,15 many studies have been published

following this new mechanism. To illustrate the potential of

eosin Y as a direct HAT agent, we have summarized various

works that highlight the synthetic applications and mecha-

nistic studies of eosin Y as a HAT catalyst.

Synthetic Applications of Eosin Y as Direct 
HAT Catalyst

In 2018, Wu and co-workers reported the alkylation of

C–H bonds by use of eosin Y as a direct HAT catalyst

(Scheme 1).12 A variety of important synthons were suc-

cessfully synthesized using this alkylation of C–H bonds

with electron-deficient alkenes. In this study, tetrahydrofu-

ran (THF) was used as both the C–H partner and solvent,

along with electron-deficient alkenes which are irradiated

with white LED light. Under these conditions, 2 mol% eosin

Y was found to catalyze the transformation efficiently to

give the products in quantitative yield. Fluorescein,

rhodamine B, and the dianionic form of eosin Y as catalysts

resulted in low product yield. The scope of C–H and olefin

partners was expanded, demonstrating the broad substrate

scope and excellent functional group compatibility of this

transformation. To demonstrate the synthetic applicability

of the method, Wu and co-workers carried out a scale-up

reaction to gram quantities using flow chemistry; these re-

actions were further improved in this process with water

being used as a viable solvent.

Scheme 1  Functionalization of C–H bonds catalyzed by eosin Y
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A plausible mechanism was proposed based on a variety

of mechanistic studies to elucidate the HAT mechanism

(Scheme 1). The carbon-centered radical 1A was generated

by a HAT process with visible-light-activated eosin Y*. The

resulting carbon radical 1A was trapped by an electro-defi-

cient alkene to form radical 1B. The authors suggested two

competing pathways (A and B) for the reverse hydrogen

atom transfer (RHAT) process, which regenerates the pho-

tocatalyst eosin Y-H•. In the first mechanism (pathway a)

the carbon radical eosin Y-H• reacts with 1B to form the ad-

dition product plus the photocatalyst eosin Y. In the second

mechanism (pathway b), 1B abstracts a hydrogen from THF

as part of a radical chain process to form the addition prod-

uct and the radical 1A. The radical chain process is then ter-

minated and the photocatalyst is regenerated by the RHAT

reaction between 1A and eosin Y-H•. Wu’s computational

studies to elucidate this mechanism are discussed in a sub-

sequent section. Wu’s study represents the first suggestion

of xanthene dyes acting as direct HAT photocatalysts.

In 2019, Wu and co-workers reported the asymmetric

synthesis of 1,4-dicarbonyl compounds from aldehydes

through HAT photocatalysis, using eosin Y and chiral Lewis

acid (Scheme 2).16 Enantioenriched 1,4-dicarbonyl com-

pounds are highly versatile structural motifs in drug scaf-

folds and natural products.17 Wu and co-workers discov-

ered that acyl radicals can be generated from aldehydes cat-

alyzed by eosin Y-induced HAT photocatalysis, which can

be merged with chiral rhodium-based Lewis acid catalysis

to deliver 1,4-dicarbonyl compounds in good yields and

with high enantioselectivity. Additionally, the substrate

scope of the reaction was extended to other types of C–H

bonds such as THF, 1,3-dioxolane, acyclic and cyclic tertiary

amines, sulfonic acid, and hydrophosphine oxide. A few of

these substrates are shown in Scheme 2. Moreover, this

method can be easily scaled up to gram-scale reactions and

the product can be converted into a 2,3-disubstituted 1,4-

dicarbonyl compound as a single isomer.

Wu and co-authors proposed a dual catalytic mecha-

nism for this transformation (Scheme 2). Acyl radical 2A is

thought to be generated by a polarity-matched HAT18 be-

tween photoactivated eosin Y and an aldehyde. Radical 2A

then adds to N,O-rhodium-coordinated N-acyl pyrazole

substrate 2B to generate the secondary radical intermediate

2C. Reverse HAT of intermediate 2C with eosin Y-H turns

over the HAT catalytic cycle. In addition, ligand exchange

between intermediate 2D and the starting unsaturated am-

ide delivers the chiral product and regenerates the active

complex 2B. This method is operationally simple, atom eco-

nomic, and generates products in high yields (up to 99%)

and with high enantioselectivity (up to 99% ee).

In 2020, Wu and co-workers expanded their C–H func-

tionalization protocol using neutral eosin Y as a direct HAT

photocatalyst on a cascade radical process for the prepara-

tion of functionalized isothiazolidin-3-one 1,1-dioxides

with excellent diastereoselectivity (Scheme 3).19 In fact, the

cascade reaction involves various processes, which include:

a visible-light-induced HAT, 1,4-addition, Smiles rearrange-

ment, 5-endo-trig cyclization, and reverse HAT process to

afford the final product. Furthermore, the isothiazolidin-3-

one 1,1-dioxide moiety has been shown to exhibit potential

anti-cancer activity.20 As such, discovery of a facile method

to synthesize these compounds would be highly beneficial.

By subjecting aldehydes or phosphine oxides along with N-

arylsulfonyl propiolamides to neutral eosin Y-based direct

HAT photocatalytic conditions, a variety of unique func-

tionalized isothiazolidin-3-one 1,1-dioxides were success-

fully synthesized with good yield, excellent functional

group compatibility and diastereoselectivity. In addition,

gram-scale cascade reactions were conducted to demon-

strate the synthetic utility of the established protocol. A

plausible mechanism was proposed based on the experi-

mental results and on literature reports (Scheme 3). The ex-

cited eosin Y* undergoes a HAT with aldehyde to deliver an

acyl radical 3A, which participates in a 1,4-addition to N-ar-

ylsulfonyl propiolamides, Smiles rearrangement, and 5-

endo-trig cyclization to form a benzylic radical 3D. The ben-

zylic radical 3D regenerates eosin Y via a reverse HAT and

forms the desired product.

Scheme 2  Asymmetric synthesis of 1,4-dicarbonyl compounds cata-
lyzed by eosin Y
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Scheme 3  A radical Smiles rearrangement promoted by neutral eosin Y

Wu and co-workers also developed a new approach to

access silyl radials using photocatalytic Si–H activation pro-

moted by eosin Y for the synthesis of valuable chlorosilanes

in 2019 (Scheme 4).21 Chlorosilanes are widely used re-

agents in organic chemistry and materials science.22 How-

ever, Si–H activation as a method of synthesizing value-

added silicon compounds by modern photocatalysis has not

been extensively explored.23 Wu’s research group success-

fully applied their direct HAT photocatalysis strategies on

Si–H bonds and accessed reactive silyl radicals for the syn-

thesis of chlorosilanes. Their study showed that silane chlo-

rination can be achieved by the use of blue LED light, 1

mol% of neutral eosin Y, and DCM as both a chlorinating

agent and solvent under ambient temperature. This method

also exhibits broad substrate scope with exclusive Si–H ac-

tivation in the presence of activated C–H bonds such as

benzylic C–H bonds. Moreover, selective di- and trihydrosi-

lane chlorination were achieved by using continuous-flow

micro-tubing reactors. Based on all the experimental data

and on computational studies, a plausible mechanism was

proposed (Scheme 4). The silyl radical 4A was generated by

the HAT from excited eosin Y* and hydrosilane. The result-

ing silyl radical 4A then abstracted the chloride from DCM

to produce the silyl chloride product and the chloromethyl

radical 4B. RHAT between 4B and eosin Y-H regenerated

ground-state eosin Y and chloromethane.

Scheme 4  Silane chlorination catalyzed by neutral eosin Y

In 2020, Xing and co-workers discovered a mild and ef-

ficient method of obtaining a wide array of benzylic hy-

droperoxides with the use of neutral eosin Y as a direct HAT

photocatalyst in the presence of blue LED light and molecu-

lar oxygen (Scheme 5).24 Peroxides, including hydro- and

endo-peroxides, are present in many naturally occurring

compounds and are known to possess antimalarial, antibac-

terial, cytotoxic, as well as other biological activities.25 Pri-

mary, secondary, and tertiary hydroperoxides as well as si-

lyl, benzyl, and acyl peroxides were successfully prepared

with good yields and excellent functional group compatibil-

ity in this study. Compounds that contain more than one

benzylic position were also investigated, with both mono-

and di-hydroperoxides being formed. Furthermore, the re-

action is thought to proceed through a direct HAT pathway

in which neutral eosin Y serves as HAT photocatalyst. Ini-

tially, eosin Y enters the excited state upon light irradiation

to form eosin Y*. Then, eosin Y* abstracts a hydrogen atom

from a benzylic C–H bond to generate a benzylic radical 5A

and eosin Y-H. Molecular oxygen traps benzylic radical to

produce a peroxy radical 5B. A retro-HAT from eosin Y-H to

the peroxy radical finally gives hydroperoxide product and

regenerates eosin Y back into the catalytic cycle. Of course,

Wu 2020 (ref. 19)
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there is likely a completing radical chain mechanism in

which the peroxy radical abstracts a benzylic hydrogen

from the starting material to generate 5A. This method pro-

vides a mild, sustainable, and metal-free approach for the

synthesis of benzylic hydroperoxides and several endo-per-

oxides.

Scheme 5  Benzylic hydroperoxidation catalyzed by eosin Y

In 2019, Singh and co-workers reported a one-pot pho-

tocatalyzed eosin Y mediated C(sp3)–H alkylation of amine

substrates utilizing eosin Y as the catalyst through direct

HAT (Scheme 6).26 Amines are valuable substituents in vari-

ous active biological compounds with a wide range of bio-

logical activities.27 In fact, it was discovered that carbon-

centered radicals, which are adjacent to nitrogen atoms of

amines, can be generated via neutral eosin Y induced HAT

photocatalysis. Sequential addition of the carbon-centered

radical to functionalized styrene afforded the desired al-

kylation products in good yields and functional group com-

patibility. A plausible mechanism was proposed as follows:

eosin Y is converted into its excited state eosin Y* via a visi-

ble-light-induced HAT process, forming the carbon-cen-

tered radical 6A. An electron-deficient styrene trapped the

carbon radical previously formed to create adduct 6B. A

RHAT process between eosin Y-H and radical 6B produced

the desired product and regenerated eosin Y (pathway a). A

second pathway (b) involves another possible RHAT process

between an amine molecule and radical 6B to deliver the

desired product, which is followed by a RHAT process be-

tween the amine radical 6A and eosin Y-H to regenerate the

ground-state eosin Y catalyst.

In 2019, Singh and co-workers reported a visible-light-

mediated synthesis of 1,2,4-dithiazolidines from -keto-

thioamides via a HAT photocatalytic approach of the cata-

lyst, eosin Y (Scheme 7).28 Derivatives of 1,2,4-dithizoles are

important scaffolds that can be utilized in numerous ways

in pharmaceutical sciences.29 Thiyl radicals were generated

in situ from -ketothioamides via an eosin Y catalyzed HAT

photocatalytic pathway under irradiation with green LED

light. Dimerization/deaminative cyclization cascade of thiyl

radicals enabled the reaction of dithiazolidine ring through

successive formation of S–S and N–C bonds. Moreover, this

method provides an efficient protocol to access highly func-

tionalized 1,2,4-dithiazolidines exhibiting excellent func-

tional group compatibility with electron-rich/electron-de-

ficient arenes and heteroarenes. Three representative sub-

strates are shown in Scheme 7.

A plausible mechanism was proposed as follows

(Scheme 7): Eosin Y is converted into its excited state eosin

Y* via visible-light irradiation, which extracts a hydrogen

atom from -ketothioamides, generating the thiyl radical

7A and eosin Y-H. Radical A undergoes dimerization to pro-

duce disulfide-tethered enamine intermediate 7B, which

then proceeds through deaminative cyclization to produce

the desired product 1,2,4-dithiazolidine. Eosin Y-H then

goes through aerial oxidation to regenerate the ground-

state eosin Y for the next catalytic cycle. Given the low con-

centration of the radical 7A, we thought radical dimeriza-

Xing 2020 (ref. 24)
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tion may not give sufficient yields of the reaction. Also, the

sulfur-centered radical may easily be trapped by molecular

oxygen.

In 2020, Zhang and co-workers published a one-pot

synthesis of spiro[4H-pyran-oxindole] using eosin Y-Na2 as

a HAT photocatalyst (Scheme 8).30 Spiro[4H-pyran-oxin-

dole] derivatives present an assortment of biological activi-

ties which include anticancer, antifungal, antibacterial, an-

tioxidant, spasmolytic, diuretic, and antianaphylactic prop-

erties.31 Additionally, this three-component reaction of

isatins, linear 1,3-dicarbonyl compounds and malononi-

triles generates a variety of spiro[4H-pyran-oxindole] de-

rivatives in good yield and with excellent functional group

compatibility. Zhang’s report also included a proposed

mechanism for the reaction (Scheme 8). First, malononitrile

goes through a tautomerization in the presence of aqueous

ethyl lactate (EL) producing 8A, which undergoes a Knoeve-

nagel condensation with isatin to produce intermediate 8B.

Following this, the -carbonyl carbon-centered radical 8C is

generated by visible-light-activated eosin Y-Na2* via a HAT

process. Radical 8C is then added onto electron-deficient 2-

(2-oxoindolin-3-ylidene) 8B to form radical 8D. A RHAT

process between eosin Y-Na2-H and radical adduct 8D re-

generates the ground-state eosin Y-Na2 and intermediate

8E. Finally, intermediate 8E undergoes an intramolecular

cyclization to create the desired product. Alternatively, it is

possible that these products are formed by an acid/base

process that is initiated by a photochemically induced pro-

ton transfer. Ionic eosin Y could serve as a photoacid15 and

react with 1,3-dicarbonyl compound to generate a nucleo-

philic anion, which would then add to 8B.

Scheme 8  Eosin Y catalyzed one-pot synthesis of spiro[4H-pyran-oxin-
dole]

Advances in theoretical and computational methods

have enabled the simulation of photochemical reactions

with ever increasing levels of realism.32 In the following sec-

tion, we review computational elucidation of the light-in-

duced HAT activity of eosin Y, and also describe state-of-

the-art ab initio molecular dynamics methods that allow

elucidation of the detailed dynamics of photochemical

transformations that we believe may be brought to bear on

light-induced HAT catalysis in the future.

Computational Elucidation of the HAT Activi-
ty of Eosin Y

Light-induced atom transfer is one of multiple mecha-

nisms through which photocatalysts convert light into

chemical energy for selective molecule activation. Eosin Y

Scheme 7  Synthesis of 1,2,4-dithiazolidines from -ketothioamides
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has been found to facilitate a light-induced HAT mechanism

in several C–H functionalization reactions. The HAT activity

of eosin Y was first reported by Wu and co-workers in

2018.15 In their report, eosin Y was found to be effective at

C–H bond functionalization through direct HAT catalysis.

Wu and co-workers utilized electronic structure theory

to investigate two possible light-induced HAT mechanisms

in conjunction with their experimental work. In particular,

they used density functional theory at the M06/cc-pVTZ

level to identify critical structures associated with both re-

action pathways and to compute Gibbs free energies for

these critical structures, including reactant structures,

product structures, and transition states.15,30,33 A C-PCM

model of acetone as solvent was used for both the geometry

optimizations and Gibbs free energy calculations.30,15 Fur-

thermore, the M06-2X functional has been shown to com-

pare favorably to coupled-cluster theory specifically for

noncovalent interactions, which are crucial for elucidating

the reaction paths for atom-transfer reactions where many

of the critical structures involve bimolecular interactions.34 

In these computationally investigated schemes, the ini-

tial HAT step involved TS-A, with an activation energy of

16.9 kcal/mol, followed by the addition of carbon-centered

radical THF A to alkene 1 through TS-B (7.1 kcal/mol)15 (see

Figure 2). These steps, supported by computed energies,

were also backed up by experimental data.

Figure 2  Illustration of critical structures and their relative Gibbs free 
energies (computed at the M06-2X/cc-pVTZ level of theory with a C-PCM 
solvation model) for several putative light-initiated HAT pathways of 
Eosin Y. Reproduced with permission from Angew. Chem. Int. Ed. 2018, 
57, 8514. Copyright Wiley-VCH 2018.

Additionally, the reverse hydrogen atom transfer (RHAT)

process had two plausible pathways – one through a single

transition-state complex TS-C (herein referred to as path-

way a) and a two-step pathway (herein referred to as path-

way b) that proceeds through two transition-state com-

plexes, TS-D and TS-E (Scheme 9). In pathway a, a direct,

one-step RHAT occurs in which radical B directly abstracts

a hydrogen atom back from eosin Y-H II to generate product

2 and regenerate eosin Y. Moreover, direct RHAT is associat-

ed with high activation energy of 32.3 kcal/mol, and hence

involves a substantial energetic barrier. In pathway b, two

steps are involved. First, radical B and THF form radical A

and product 2 via TS-D. Then, through TS-E, eosin Y-H II

and radical A regenerate eosin Y and THF. These two steps

are both more energetically feasible (19.2 and 19.9

kcal/mol, respectively) than the single step of pathway a

(32.3 kcal/mol) (Scheme 9).

It should be noted that there exists a competing mecha-

nism to the proposed hydrogen atom transfer (HAT) reac-

tion mechanism between the photoexcited state (eosin Y*)

and substrate to form the radical A and EosinY•-H (Scheme

9). In this competing view, the direct hydrogen atom trans-

fer to a photoexcited state like eosin Y* should not be kinet-

ically competent due to the short half-life of the photoex-

cited state. That is to suggest that the HAT process should

be slow compared to the relaxation of the excited state (eo-

sin Y* back to eosin Y) and any competing single-electron

transfer reaction (SET). In this alternative mechanism

(Scheme 9), a much faster SET reaction could occur be-

tween the short-lived photoexcited state (eosin Y*) and the

substrate (THF) to form a radical cation (THF+•) radical an-

ion pair (eosin Y–•). A subsequent proton-transfer reaction

between this ion pair would give the same HAT products (A

+ EosinY•-H). It is important to note that this issue with life-

times only holds for the HAT reaction with the photoexcit-

ed state; the subsequent hydrogen-atom transfer reactions

between ground state are well precedented.14 While this

mechanistic distinction might not appear significant, this

difference is important for the selectivities in the C–H ab-

straction reaction. In this regard, Wu’s deuterium labeling

study show isotope effects that would be considered small

for a direct HAT reaction in the selection steps.12

These different mechanistic proposals highlight the dif-

ficulty in unambiguously identifying photocatalytic mecha-

nisms based on consideration of the energetics of critical

structures only. A far richer picture of computational pho-

tochemistry is becoming possible; these new methods

combine ab initio electronic structure theory with molecu-

lar dynamics, allowing for the success of previously unat-

tainable computations.

Recent advances in the efficiency of high-accuracy elec-

tronic-structure methods have enabled the simulation of

the dynamics of photochemical and photocatalytic trans-

formations, which promise richer mechanistic insights than

the static/structural studies. In such simulations, electron-
© 2021. Thieme. All rights reserved. Synthesis 2021, 53, 2183–2191
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ic-structure calculations are used to derive the internuclear

forces arising from excited-state potential energy surfaces,

and, typically, classical equations of motion are used to de-

termine the motion of the nuclei.35 Broadly speaking, these

types of mixed quantum–classical simulations fall into two

categories: adiabatic dynamics simulations, where the in-

ternuclear forces are derived from a single electronic poten-

tial energy surface (whether ground- or excited-state sur-

face, see Hohenstein36 for an example of the latter), or non-

adiabatic dynamics simulations, where the impact of multi-

ple electronic surfaces is accounted for.15 One example that

captures many of the salient features of light-initiated HAT

was the study of the photoacidity of methylviologen using

excited-state molecular dynamics simulation.36 In this

study, the internuclear forces on the S1 state were comput-

ed using the Fractionally Occupied Molecular Orbital Com-

plete Active Space Configuration Interaction (FOMO-CASCI)

approach.37 Furthermore, the electronic structure method

provides a balanced description of ground- and excited-

electronic states, which is critical for being able to compare

the excited-state dynamics on the ground-potential energy

surface. In this study, 100 water molecules were included in

the explicit FOMO-CASCI computations, and a larger solva-

tion shell was included using the transferable interatomic

potential (TIP3P) model.38 In addition, this study provided a

real-time view of covalent bond formation between a sol-

vent water molecule and methylviologen in its S1 state, and

then the subsequent proton abstraction by a second water

molecule from the solvation shell, thus leading to a free hy-

dronium and hydroxide covalently bound to methylviolo-

gen. Studies of this kind will no doubt have a transforma-

tive impact on the study of photochemical and photocata-

lytic mechanisms, since they provide dynamical

information and also allow for the evolution of chemical

species to be averaged over a suitable distribution of initial

conditions rather than making inferences based on a small

handful of static structures.

Conclusion

Visible-light photocatalysis has emerged as a powerful

tool for organic synthetic transformations. The direct HAT

pathway in photocatalysis is a highly attractive approach

due to its reagent- and redox-economy.10 Eosin Y, as a direct

HAT catalyst, has received much attention because it is easy

to handle, less expensive, environmentally friendly, non-

toxic, and highly efficient. This review summarized several

synthetic applications of important synthetic motifs and

biologically active structures catalyzed by eosin Y induced

direct HAT photocatalysis.

While the organic chemistry toolkit does not allow full

investigation of proposed reaction mechanisms, it does pro-

vide support based on what may be deciphered from syn-

thetic, analytical, and instrumental methods. Moreover, the

coupling of organic chemistry toolkits with that of compu-

tational chemistry allows chemists to delve deeper into

mechanistic details to obtain data on static/dynamic struc-

tures from calculations based on well-established theories.

Thus, this combination of techniques allows for a better un-

derstanding of reaction mechanisms and helps fuel the dis-

covery of new chemical reactivities. This review highlights

the computational studies of the mechanisms using eosin Y

as a HAT photocatalyst.
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Scheme 9  HAT versus SET in the radical initiation step
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