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Abstract
Graphitic carbon nitride (g-C3N4) was synthesized by heating urea at different temperatures (773–923 K) in air, and was examined

as a photocatalyst for CO2 reduction. With increasing synthesis temperature, the conversion of urea into g-C3N4 was facilitated, as

confirmed by X-ray diffraction, FTIR spectroscopy and elemental analysis. The as-synthesized g-C3N4 samples, further modified

with Ag nanoparticles, were capable of reducing CO2 into formate under visible light (λ > 400 nm) in the presence of

triethanolamine as an electron donor, with the aid of a molecular Ru(II) cocatalyst (RuP). The CO2 reduction activity was im-

proved by increasing the synthesis temperature of g-C3N4, with the maximum activity obtained at 873–923 K. This trend was also

consistent with that observed in photocatalytic H2 evolution using Pt-loaded g-C3N4. The photocatalytic activities of RuP/g-C3N4

for CO2 reduction and H2 evolution were thus shown to be strongly associated with the generation of the crystallized g-C3N4 phase.
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Introduction
Carbon nitride is one of the oldest synthetic polymers [1], and

has several allotropes. Among them, graphitic carbon nitride

(g-C3N4) is the most stable form and is an emerging material as

an organic semiconductor photocatalyst active for various kinds

of reactions such as water splitting, CO2 reduction, and degra-

dation of harmful organic compounds, because of its non-toxic,

stable, and earth-abundant nature [2-7].

Our group has developed photocatalytic CO2 reduction systems

using g-C3N4-based materials, in combination with functional

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Scheme 1: Synthesis of g-C3N4 by thermal heating of urea and application to photocatalytic CO2 reduction with a mononuclear Ru(II) complex (RuP).

metal complexes [8-16]. For example, mesoporous g-C3N4

(mpg-C3N4) modified with a mononuclear Ru(II) complex,

such as trans-(Cl)-Ru{(PO3H2)2bpy(CO)2Cl2} (bpy: 2,2’-

bipyridine), abbreviated as RuP, is capable of photocatalyzing

CO2 reduction into formate with high selectivity under visible

light irradiation, as confirmed by isotope tracer experiments

with 13CO2 [8-12]. After the first report of a metal complex/

C3N4 hybrid for CO2 reduction, several groups have presented

similar reports using cobalt-based metal complexes as reduc-

tion cocatalysts [17-20].

In these systems, structural properties of g-C3N4 such as specif-

ic surface area and porosity have a strong impact on activity,

because they strongly affect the efficiency of electron/hole

utilization to the surface chemical reactions [21,22]. Apart from

mpg-C3N4 that is usually prepared by a hard-template method

with multistep procedures [9,23], g-C3N4 having a relatively

higher surface area can be readily prepared by heating urea,

which is an inexpensive and readily available precursor, in air

[14,24]. In fact, the urea-derived g-C3N4 exhibited an enhanced

activity for CO2 reduction compared to mpg-C3N4, when modi-

fied with Ag nanoparticles and a binuclear Ru(II) complex [14].

Thermal heating of urea results in decomposition and forma-

tion of g-C3N4, whose physicochemical properties should be

dependent on the heating temperature. In this work, we investi-

gated photocatalytic activities of g-C3N4, which was synthe-

sized by heating urea at different temperatures, for visible-light

CO2 reduction with the aid of a mononuclear Ru(II) complex,

RuP (see Scheme 1). As mentioned earlier, g-C3N4 has been

studied as a visible-light-responsive photocatalyst mostly for

H2 evolution from aqueous triethanolamine (TEOA) solution

[2,3,5]. The present work also compares the activities for

CO2 reduction with those for H2 evolution in order to obtain a

better understanding on photocatalytic activities of g-C3N4 for

different kinds of reactions.

Results and Discussion
Synthesis of g-C3N4 by thermal heating of
urea at different temperatures
Figure 1 shows XRD patterns of g-C3N4 samples synthesized at

different temperatures. Two peaks are observed at 2theta = 13

and 27.4°, which are assigned to an in-planar repeating motif

and the stacking of the conjugated aromatic system, respective-

ly [25]. This result confirms the successful synthesis of g-C3N4
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Table 1: Results of elemental analysis and specific surface area measurements.

synthesis temperature [K] composition [wt %] specific surface area [m2 g−1]

C N H O

773 32.68 59.60 1.78 4.98 38
823 33.29 59.97 1.53 4.58 36
873 33.64 60.38 1.26 4.15 56
923 34.29 61.14 1.09 2.90 54

ideal C3N4 39.13 60.87 0 0 –

at the present temperature range examined. With increasing

temperature, the intensity of these peaks became stronger, indi-

cating that the formation of g-C3N4 was facilitated at higher

temperatures. It is, however, noted that the high-temperature

heating also caused the loss of the product mass due to the de-

composition of g-C3N4 itself [25].

Figure 1: XRD patterns of g-C3N4 synthesized at different
temperatures. A broad peak at around 22 degree, indicated by #,
in XRD patterns originated from a glass folder for the measurement.

FTIR spectra for the same set of the samples are shown

in Figure 2. Characteristic peaks can be seen in the

1650–1200 cm−1 region. The peaks at 1322 and 1243 cm−1 are

assigned to the stretching vibration of connected units of

C–N(–C)–C (full condensation) or C–NH–C (partial condensa-

tion) [26,27]. The leftovers of 1641, 1569, 1462 and 1412 cm−1

are assigned to stretching vibration modes of heptazine-derived

repeating units, and are sharper with increasing temperature.

This further indicates the production of g-C3N4 at elevated tem-

peratures, consistent with the XRD analysis (Figure 1). The

812 cm−1 peak is attributed to the out-of-plane bending vibra-

tion characteristic of heptazine rings.

Figure 2: FTIR spectra of g-C3N4 synthesized at different
temperatures. Each spectrum was acquired by a KBr method
in N2 atmosphere.

The results of elemental analyses for the as-prepared g-C3N4

samples were listed in Table 1. In all cases, not only carbon and

nitrogen, which are the main constituent elements of g-C3N4,

but also hydrogen and oxygen were detected. As the synthesis

temperature increased, the compositions of carbon and nitrogen

became closer to the ideal values, although the carbon content

was obviously lower. The hydrogen and oxygen impurities were

also reduced with an increase in the synthesis temperature.

These results indicate that rising temperature is important to

obtain purer g-C3N4 in terms of the chemical composition.

TEM images of the same samples are shown in Figure 3. The

sample synthesized at 773 K had a lot of circular voids having

50–100 nm in size. At 823 K, this void structure was less

prominent, and sheet-like morphology started to appear. With a

further increase in the synthesis temperature, the synthesized

samples consisted of disordered nanosheets. This change in par-
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Figure 3: TEM images of g-C3N4 synthesized at different temperatures.

ticle morphology is in qualitative agreement with that in the

specific surface area (see Table 1).

Figure 4 shows the UV–visible diffuse reflectance spectra of

g-C3N4 synthesized at different temperatures. All of the sam-

ples exhibited an absorption edge at 420–450 nm, attributed to

electron transitions from the valence band formed by nitrogen

2p orbitals to the conduction band formed by carbon 2p orbitals

[25]. The band gaps of the synthesized g-C3N4 were estimated

to be ca. 2.8–3.0 eV, from the onset wavelength of the diffuse

reflectance spectra. This value is consistent with that reported

previously [24]. As the synthesis temperature increases, the

onset wavelength is shifted to longer wavelengths (i.e., band

gap is decreased), with more pronounced tailing absorption

extending to 550 nm that is assigned to n−π* transitions involv-

ing lone pairs on the edge nitrogen atoms of the heptazine rings

[28,29]. While the n−π* transitions are forbidden for perfectly

symmetric and planar heptazine units, they become partially

allowed with increasing the condensation of layers in g-C3N4,

which results from an increase in the synthesis temperature.

Figure 4: UV–visible diffuse reflectance spectra of g-C3N4
synthesized at different temperatures.
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Table 2: Photocatalytic activities of g-C3N4 synthesized at different temperatures for CO2 reduction and H2 evolution under visible light (λ > 400 nm)a.

synthesis temperature [K] CO2 reductionb [µmol] H2 evolutionc [µmol]

formate CO H2

773 2.8 0.2 0.1 7.0
823 3.0 0.2 0.1 9.7
873 5.2 0.1 0.1 17.9
923 5.1 0.1 0.1 18.6

aReaction conditions: photocatalyst (4.0 mg); reactant solution (4.0 mL); light source, 400 W high-pressure Hg lamp with a NaNO2 aqueous solution
filter. Reaction time: 5 h. bWith 2.0 µmol g–1 RuP and 5.0 wt % Ag. Performed in a DMA/TEOA mixed solution (4:1 v/v). cWith 3.0 wt % Pt. Performed
in a water/TEOA mixed solution (9:1 v/v).

Photocatalytic activities for CO2 reduction
and H2 evolution
Using the as-prepared g-C3N4, CO2 reduction was conducted

with the aid of RuP cocatalyst and Ag promoter in a N,N-

dimethylacetamide (DMA)/TEOA mixed solution under visible

light (λ > 400 nm). Here TEOA works as an effective electron

donor that scavenges holes generated in the valence band of

g-C3N4 [25]. The use of DMA as the solvent for CO2 reduction

using RuP/mpg-C3N4 has previously been shown to be the best

choice of solvents to maximize the photocatalytic activity [10].

Because RuP does not absorb visible light efficiently, the

g-C3N4 component can be activated selectively by visible light

[10]. Our previous study also indicated that the amount of a mo-

lecular cocatalyst is very important in this kind of mononuclear-

complex/C3N4  hybrid photocatalyst for visible-light

CO2 reduction [8]. To eliminate any other effects other than

heating temperature of urea, we fixed the amount of RuP in this

study. Ag nanoparticles loaded on mpg-C3N4 serves as a

promoter of electron transfer from mpg-C3N4 to RuP, as dis-

cussed in our previous work [13]. TEM observation indicated

that the loaded Ag is in the form of nanoparticles of 5–10 nm in

size (Figure 5). Without Ag (i.e., RuP/g-C3N4), formate produc-

tion was clearly observable, but the activity was typically 20%

that of RuP/Ag/g-C3N4. Hence we employed Ag as an addition-

al promoter in all cases. It should be also noted that no reaction

took place using only g-C3N4.

As listed in Table 2, the main product during the reaction was

formate with 90–95% selectivity. Minor products were CO and

H2. With increasing the synthesis temperature, the formate

generation activity was improved to reach a maximum

at 873–923 K, while almost unchanging the CO and

H2 evolution. The catalytic turnover number of formate

generation calculated based on the mole amount of RuP at the

optimal conditions reached 650, which confirms the catalytic

cycle of the reaction.

Figure 5: A typical TEM image of Ag-loaded g-C3N4. The synthesis
temperature of g-C3N4 was 873 K in this case.

H2 evolution was also conducted in a mixed solution of water

and TEOA. It is also noted that Pt was in situ loaded on g-C3N4

as a cocatalyst to facilitate H2 evolution. As listed in Table 2, all

of the synthesized samples produced H2. Similar to the trend in

CO2 reduction, the H2 evolution activity was enhanced as the

synthesis temperature was increased.

The results of the photocatalytic reactions thus indicated that

photocatalytic activities of g-C3N4 derived from urea were de-

pendent on the heating temperature of urea. The trend of activi-

ty observed in both CO2 reduction and H2 evolution could be

explained in terms of the formation of the g-C3N4 structure.

Physicochemical analyses indicated that increasing the synthe-

sis temperature of g-C3N4 promotes conversion of urea into

g-C3N4 (Figure 1 and Figure 2), which has even better visible-
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light absorption (Figure 4). The better light absorption profile as

well as higher specific surface area of the g-C3N4 samples syn-

thesized at elevated temperatures would have a positive impact

on the activity to a certain extent. It is also noted that the photo-

catalytic activity for CO2 reduction was much lower than that

for H2 evolution, even though the same electron donor, TEOA,

was employed. This in turn implies that there still remains much

room for the improvement of CO2 reduction activity, for exam-

ple, if a proper modification method, which allows for more

efficient electron transfer, is developed. This is now under in-

vestigation in our laboratory.

Conclusion
Heating urea in air at 773–923 K resulted in the formation of

g-C3N4 ,  which exhibited photocatalytic activity for

CO2 reduction into formate under visible light with the aid of a

molecular Ru(II) cocatalyst. Experimental results highlighted

that higher heating temperature for the synthesis led to the pro-

duction of more crystallized g-C3N4 with higher specific sur-

face area and more pronounced visible-light absorption, which

was preferable for photocatalytic reactions of both

CO2 reduction and H2 evolution. However, too high synthesis

temperature causes a mass loss of g-C3N4 due to thermal de-

composition, which is not practically desirable.

Experimental
Materials and reagents
g-C3N4 samples were synthesized by heating 10 g of urea

(99+%, Wako Chemicals Co.) in air at a ramp rate of

2.3 K min−1 to a given temperature (773–923 K), keeping that

temperature for 4 h, then cooling without temperature control.

Ag (5.0 wt %) was loaded as a promoter onto the surface of

g-C3N4 by an impregnation method using AgNO3 (>99.8%,

Wako Pure Chemicals Co.) as the precursor according to the

previous method [13]. g-C3N4 (50 mg) was dispersed in an

aqueous AgNO3 solution (10 mL). The water content was

subsequently removed under reduced pressure at 317 K.

The resulting solid sample was heated under a H2 stream

(20 mL min−1) at 473 K for 1 h.

RuP was synthesized according to methods reported in our

previous paper [10]. Adsorption of RuP onto Ag/g-C3N4 was

conducted by dispersing 40 mg of Ag/g-C3N4 in an acetonitrile

(MeCN) solution (20 mL) of RuP. The suspension was stirred

overnight at room temperature in the dark to allow for the

adsorption/desorption equilibrium, followed by filtration and

washing with acetonitrile. The filtrates were collected and

concentrated to a volume of 30 mL. The amount of the

ruthenium complex absorbed was calculated based on the

UV–vis spectrum of the filtrate, using Equation 1:

(1)

where Abefore and Aafter are the absorbance of the solution

before and after the adsorption procedure, respectively, and C is

the initial concentration of RuP.

Organic solvents used in this work were subject to purification

prior to use. DMA was dried over molecular sieves 4 Å (which

was heated at 373 K under reduced pressure (<1 Torr) overnight

for several days), and distilled under reduced pressure

(10–20 Torr). MeCN was distilled over P2O5 twice, and then

distilled over CaH2 prior to use. TEOA was distilled under

reduced pressure (<1 Torr). The distilled DMA and TEOA were

kept under Ar prior to use.

Characterization
The prepared materials were characterized by X-ray diffraction

(XRD) (MiniFlex600, Rigaku; Cu Kα radiation), Fourier-trans-

form infrared (FTIR) spectroscopy (FTIR-610, Jasco), transmis-

sion electron microscopy (TEM) (JEM-2010F, JEOL), and

UV–visible diffuse reflectance spectroscopy (DRS) (V-565,

Jasco). The Brunauer–Emmett–Teller (BET) surface area

of each specimen was determined using a BELSOEP-mini

instrument (BEL Japan) at liquid nitrogen temperature. The

amount of  carbon,  ni trogen,  hydrogen and oxygen

were determined by elemental analysis (MICRO CORDER

JM10, J-SCIENCE) by Suzukakedai Materials Analysis

Division, Technical Department, Tokyo Institute of Technolo-

gy.

Photocatalytic reactions
Reactions were performed at room temperature (298 K) using

an 8 mL test tube containing 4 mL of solution by dispersing

4 mg of photocatalyst powder. For H2 evolution, a mixed solu-

tion of water and TEOA (9:1 v/v) was used as the reactant solu-

tion, which was in prior purged with Ar for 20–30 min to

remove residual air. Pt (3.0 wt %) was loaded in situ using

H2PtCl6 (>98.5%, Wako Pure Chemicals Co.) as the precursor.

For CO2 reduction, a mixed solution of DMA and TEOA

(4:1 v/v) was used. Prior to irradiation, the suspension was

purged with CO2 (Taiyo Nippon Sanso Co., >99.995%) for

20–30 min. A 400 W high-pressure Hg lamp (SEN) was used as

a light source, in combination with a NaNO2 solution as a filter

to provide visible light irradiation (λ > 400 nm). The gaseous

reaction products were analyzed using a gas chromatograph

with a thermal conductivity detector (GL Science, Model

GC323). The formate generated in the liquid phase was
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analyzed via a capillary electrophoresis system (Otsuka Elec-

tronics Co., Model CAPI-3300).
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Abstract
The focus of this review is to provide an overview of the field of organocatalysed photoredox chemistry relevant to synthetic me-

dicinal chemistry. Photoredox transformations have been shown to enable key transformations that are important to the pharmaceu-

tical industry. This type of chemistry has also demonstrated a high degree of sustainability, especially when organic dyes can be

employed in place of often toxic and environmentally damaging transition metals. The sections are arranged according to the

general class of the presented reactions and the value of these methods to medicinal chemistry is considered. An overview of the

general characteristics of the photocatalysts as well as some electrochemical data is presented. In addition, the general reaction

mechanisms for organocatalysed photoredox transformations are discussed and some individual mechanistic considerations are

highlighted in the text when appropriate.

2035

Review
1 Introduction
1.1 Main advantages of organocatalysed
photoredox chemistry
Photoredox catalysis is an emerging field in organic synthesis

and has been the subject of many reviews in recent years [1-9].

Some cover the manipulation or installation of various func-

tional groups [10-17], the synthesis of particular bonds (C–C or

C–N etc.) [18-21] or the synthesis of natural products or hetero-

cycles [22-27]. Others provide an overview of catalysts and the

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:michael.bogdos.2014@uni.strath.ac.uk
https://doi.org/10.3762%2Fbjoc.14.179
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Figure 1: Depiction of the energy levels of a typical organic molecule and the photophysical processes it can undergo. A – absorption and emission,
F – fluorescence, IC – internal conversion (non-radiative), ISC – intersystem crossing, P – phosphorescence.

transformations they enable [28-33]. The most relevant review

that links photoredox synthesis and medicinal chemistry is that

of Stephenson [34].

Organocatalysis in general offers several advantages over tran-

sition metal-mediated catalysis. For example, removal of the

catalyst during purification is much more straightforward.

Furthermore, the organic molecules employed are typically

much less environmentally damaging and toxic to various life

forms.

Photochemistry also offers benefits compared to conventional

thermally driven processes. Several transformation processes

that utilise sunlight as the energy source to drive a particular

reaction have been reported and some reactions presented in

this review achieve this as well. This is the most energetically

sustainable way possible to carry out a chemical transformation.

A result of this use of the energy of photons is that photochemi-

cal transformations often require fewer and/or less reactive

(which correlates to toxicity and environmental impact) compo-

nents than traditional reactions.

Organocatalysed photoredox catalysis combines the advantages

of both these fields. Thus, it is not only a new field filled with

exciting discoveries, but also is sustainable and beneficial in the

long term.

1.2 General characteristics of photocatalysts
1.2.1 Brief photophysical overview. There are several factors

that affect the ability of an organic molecule to act as a photo-

catalyst. In a typical organocatalysed photoredox reaction, the

photocatalyst transitions from a singlet ground state (S0) to a

long-lived and relatively stable excited state, either a singlet

excited state (S1) or a triplet excited state (T1), by absorption of

a photon with energy hν, which then undergoes photoinduced

electron transfer (PET). Following this, the photocatalyst is

reduced or oxidised accordingly, such that it returns to its

ground state and native oxidation state (Figure 1 and Figure 2).

Figure 2: General catalytic cycle of a photocatalyst in a photoredox
organocatalysed reaction. [cat] – photocatalyst, [cat]*x – photocatalyst
in x (x = S0, S1, T1) state, ox – oxidised, red – reduced. ISC does not
always occur.

It is ideal if a photocatalyst has a local absorbance maximum

(λmax) at a relatively long wavelength. Lower energy photons

avoid exciting other reactants and prevent competing photo-

chemistry from occurring, cf. ultraviolet light. However, the

energy of the absorbed photon also determines the energy of the

excited state of the catalyst. Catalysts with a λmax at a longer

wavelength have excited states at relatively low energy and

therefore do not have very strong oxidising or reducing capabil-

ities. A good balance is achieved by molecules which have λmax

in the visible region. Many organic molecules have some

UV absorbance, but little or no absorbance in the visible part of

the spectrum, hence excitation of other reactants is unlikely.

Visible light photons are high enough in energy to produce

excited states of sufficient reactivity to undergo PET.

Once a molecule is electronically excited, there are multiple

pathways through which it can decay back to S0. The excited
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state can decay via non-radiative processes, such as vibrational

relaxation. It can also return to S0 via fluorescence or non-radia-

tive emission. While in S1 (or T1) Förster resonance electron

transfer (FRET) can occur, a process through which energy is

transferred between chromophores via non-radiative

dipole–dipole coupling.

It is generally assumed that the non-radiative processes occur at

a much slower rate than radiative processes. As such, the life-

time of S1 (τs1) is roughly equal to the lifetime of fluorescence

(τf). In general, if a molecule is to participate in a reaction in the

S1 state, its τf must be greater than 1 ns; N.B. the diffusion rate

constant (kdiff) is ≈1–2 × 1010 s−1.

The fluorescence quantum yield (Φf) is another key parameter

to consider when determining whether the S1 state of a mole-

cule is likely to be involved in PET. A molecule with a low Φf

will be unlikely to be found in the S1 state, as this state will be

highly susceptible to other decay pathways in the timescale of

PET.

For a molecule to undergo PET when in the T1 state, the inter-

system crossing quantum yield (ΦISC) must be comparable to or

larger than the Φf and, more importantly, the rate constant for

ISC (kISC) must be similar to the rate constant for fluorescence

(kf). The lifetime of the T1 state (τT1) is generally orders of

magnitude longer than the timescale of electron transfer (ET),

meaning that τT1 does not alter the efficiency of the PET

process.

The decay of T1 is negligible as the processes which bring this

about (phosphorescence mainly) are symmetry forbidden and

hence very slow. Therefore, if a molecule can reach the T1 state

through excitation with visible light then it is one which can be

considered as a photoredox catalyst, as it will likely be able to

participate in ET.

1.2.2 Brief electrochemical overview. In this review, the nota-

tion proposed by Nicewicz in his comprehensive review is

adopted [35]. Therefore, all reduction potentials will be re-

ferred to using notation of the form Ex (Ox/Red) where

x = “red” or “ox” and the species in the brackets refer to the

reactant and product of the half reaction (Equation 1).

(1)

where Ox = oxidised form and Red = reduced form of the

species in question.

The half reaction is always assumed to be written in the direc-

tion where reduction occurs.

(2)

So, for example in half reaction (2) the redox potential is re-

ferred to by the notation Ered (Eosin Y/Eosin Y•−). The symbol

“*” serves to denote when a species is in an excited electronic

state, which then leads the general format adopted in this review

to describe redox potentials of photocatalysts to become E*
x

(Ox/Red).

The electrochemical data of a photocatalyst and a substrate

which is to undergo PET allow for the estimation of the feasi-

bility of the PET.

The following equations can be used to estimate whether PET

from a substrate to an excited state photocatalyst is possible:

Conversely, the following equations can be used for predicting

whether PET from an excited state photocatalyst to a substrate

is spontaneous:

In both cases ΔGPET is the free energy change during PET, F is

the Faraday constant and E0,0 is the energy of the excited state.

From these equations one can conclude that for PET to take

place such that the excited catalyst is reduced, E*
red (cat*/cat•−)

must be greater (more positive) than Eox (sub•+/sub). Converse-

ly, for PET to occur from the excited photocatalyst (oxidation)

to the substrate, E*
ox (cat•+/cat*) must be more negative than

Ered (sub/sub•−).

Where comments or suggestions are made about the reducing or

oxidising power of a photocatalyst, comparisons of relevant

data and these electrochemical considerations have been under-

taken.

1.3 Most common catalysts employed
The following photocatalysts are frequently encountered in the

literature presented in this review. Here some basic data of

these photocatalysts are presented, to serve as an easy reference

to the reader, with respect to their structure, electrochemical and

photophysical properties.

Figure 3 shows the structures of the various compounds that are

used on multiple occasions as photocatalysts in the reactions

presented in this review. In cases where photocatalysts other
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Table 1: Electrochemical data for the four catalysts (I to IV) most commonly encountered in the reaction reported herein [33,35-37]. All values are with
respect to the saturated calomel electrode (SCE).

catalyst
ground state redox potential excited state redox potential

excited state absorbance
maximum (λmax)Ered (cat/cat•−) Eox (cat•+/cat) E*

red (cat*/cat•−) E*
ox (cat•+/cat*)

Eosin Y (I) −1.08 V +0.76 V +0.83 V −1.15 V triplet 520 nm
methylene blue (II) −0.30 V +1.13 V +1.14 V −0.33 V triplet 650 nm
Rose Bengal (III) −0.99 V +.84 V +0.81 V −0.96 V triplet 549 nm
MesAcr (IV) −0.46 V to −0.79 V – +2.32 V – singlet 425 nm

than these are used, their structure will be given in the reaction

scheme.

Figure 3: Structures and names of the most common photocatalysts
encountered in the reviewed literature.

In Table 1 the redox potentials for the ground and excited states

of these catalysts are shown.

Examination of these data reveals how excitation of these com-

pounds changes their properties and makes them capable of

redox chemistry. In some cases, e.g., MesAcr, the produced

excited state is only strongly oxidising, in others the excited

state is a molecule which can both reduce and oxidise different

species, depending on their relative redox potentials.

1.4 General mechanism for organophotoredox-
catalysed reactions
The general catalytic cycle of a photocatalyst in any given

organocatalysed photoredox reaction (Figure 2) can be cate-

gorised based on the direction of ET involving the excited cata-

lyst. If ET occurs such that the catalyst is reduced, the cycle is

classed as a reductive quenching cycle (Figure 4). In a reduc-

tive quenching catalytic cycle, a species must act as an oxidant

to return the photocatalyst to its native oxidation state.

Figure 4: General example of a reductive quenching catalytic cycle.
[cat] – photocatalyst, [cat]* – photocatalyst in excited state,
[sub] – substrate, [red] – reductant, [ox] – oxidant.

If ET occurs such that the catalyst is oxidised, the cycle is

classed as an oxidative quenching cycle (Figure 5). In an oxida-

tive quenching catalytic cycle, a species must act as a reductant

to return the photocatalyst to its native oxidation state.
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Figure 5: General example of an oxidative quenching catalytic cycle.
[cat] – photocatalyst, [cat]* – photocatalyst in excited state,
[sub] – substrate, [red] – reductant, [ox] – oxidant.

The reducing and oxidising species can be the substrate or an

additive, since the classification of a catalytic cycle as either re-

ductive or oxidative quenching considers only the ET with

respect to the excited photocatalyst.

Photoredox reactions can also be classified with respect to the

substrate. Depending on the change in oxidation state of the

substrate, a photoredox reaction can be classified as either net

oxidative, net reductive or redox neutral. The net result of the

reaction is not dependent on the catalytic cycle characterisation

– either reductive or oxidative quenching.

Net oxidative reactions require the presence of an oxidising

agent. The advantage of photoredox net oxidative reactions,

compared to conventional oxidation reactions, is that much

milder oxidants are employed. For example, the oxidation of

alcohols to carbonyls traditionally requires strong oxidants

(Cr(VI) species, IBX, DMP), whereas similar reactions using

photochemical methods can utilise oxygen (O2) as the oxidising

agent. The oxidising agent can accept electrons either from the

excited photocatalyst or the radical anion catalyst in the cata-

lyst turnover step. Irrespective of its role, the reaction is still

classed as net oxidative.

Similarly, net reductive transformations require a reducing

agent as an additive. As with net oxidative reactions, the reduc-

tant can act at any point in the catalytic cycle, which itself can

be classed either as reductively or oxidatively quenched.

Net redox neutral processes see the substrate remain at the same

oxidation state overall. These transformations are generally

more complex, and the additives required as well as their mode

of action vary in each case.

1.5 Scope, aim and selection criteria for presented
publications
Unless otherwise stated, control experiments were completed to

prove the necessity of the light source, photocatalyst and all ad-

ditives in the reported reactions. In addition, unless otherwise

stated, optimisation of the reaction conditions was carried out

for all components of the reactions presented.

Only selected mechanisms are reported, as the focus is on the

applications of the presented reactions in the synthesis of mole-

cules for the purposes of medicinal chemistry. For the sake of

brevity, most mechanisms are omitted completely, as they can

be correctly inferred by the reagents, conditions and general

mechanisms described previously (section 1.4). If the mecha-

nism contains information vital to the understanding of various

results, the key steps which contain this information will be

presented and discussed.

This review aims to function as a kind of synthetic medicinal

chemists’ guide to organocatalysed visible light photoredox

chemistry. For this reason, the review is structured such

that reactions that fall under a broad category are grouped

together. The main text is separated into three sections,

which correspond to reactions frequently used in medicinal

chemistry.

The existing literature on the topic is extensive. The papers

reviewed were selected on the following criteria:

• The reactions described must not be extremely common,

easy to undertake using more traditional methods or

overly simplistic, e.g., simple functional group transfor-

mations.

• The publication presents a new idea or breakthrough that

can potentially significantly impact the field of medici-

nal chemistry or synthetic organophotoredox catalysis.

• The conditions reported offer a distinct, unique or signif-

icant advantage over non-photocatalytic or transition

metal photocatalysed processes.

• The reported chemistry has no precedent in the literature

and is only possible using organophotoredox chemistry.

• The products presented must always be somehow impor-

tant in medicinal chemistry.

• A combination of some of the above conditions.

As such, the number of research papers reviewed and presented

is by no means exhaustive but is an attempt to present the

content which is most relevant.
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Scheme 1: Oxidative coupling of aldehydes and amines to amides using acridinium salt photocatalysis.

2 Coupling reactions
In this section, the bonds formed during the reactions are high-

lighted in red, as they are not always immediately and easily

identifiable.

2.1 Peptide-type linkages
Medicinal chemists often draw inspiration from nature for the

design of their molecules. With the exception of certain natural

products, most naturally occurring biologically active mole-

cules contain amides. The formation of the amide functional

group is the most utilised reaction in medicinal chemistry. This

is a reflection of the tendency of synthetic bioactive molecules

to exhibit peptidomimetic properties. Though there is a vast

number of procedures that generate amide bonds, an interesting

approach is taken by Leow, who has demonstrated the synthe-

sis of amides through the oxidative coupling of aromatic alde-

hydes and a wide range of secondary amines, using mesitylacri-

dinium salts as the photocatalysts (Scheme 1) [38].

The main advantage is the use of air as the oxidant, which

converts the formed α-hydroxy amine into the desired amide.

This makes for a much more atom economical and environmen-

tally benign process, when compared to traditionally used

amide coupling methods where acid activating agents are

needed, e.g., HATU or DCC, as the only byproduct is water.

Only arylaldehydes can be converted into amides and all but

one of the examples of the amines used are secondary cyclic

amines. Aliphatic aldehydes gave poor yields, with sterically

hindered examples not reacting at all. The author attributed this

to the formation of enamines. Under the reported reaction

conditions primary aliphatic and aromatic amines all produced

imines.

The benzamide moiety is somewhat common in biologically

active molecules. Leow recognised this and provided some ex-

amples which are currently on the market or under investiga-

tion (Figure 6) [39]. An example of the formation of these

bonds using his protocol would serve as a demonstration

of utility of the reaction to complex, biologically relevant

systems.

Figure 6: Biologically active molecules containing a benzamide
linkage.

Naturally occurring amino acids, e.g., glycine, are often used in

medicinal chemistry as linkers, structural components of scaf-

folds or even as precursors to useful building blocks.

Wallentin and co-workers have described a method for the re-

ductive decarboxylation of amino acids, using bis(4-chloro-

phenyl)disulfide (empirical name – dichlorodiphenyl disulfide,

abbreviated as DDDS), 2,6-lutidine and acridinium salts under

blue LED irradiation, providing access to precious, non-com-

mercially available and multifunctional amine building blocks

in one step (Scheme 2) [40].

The group demonstrated the synthesis of protected naturally

occurring amines such as GABA and phenylethylamine as well

as diamines with orthogonal protecting groups, cf. product 2c.
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Scheme 2: The photocatalytic reduction of amino acids to produce the corresponding free or protected amines.

Scheme 3: The organocatalysed photoredox base-mediated oxidation of thiols to disulfides.

The combination of this protocol with the diastereoselective re-

ductive amination reported by Hughes and Devine [41],

provides access to very high value chiral α-trifluoromethyl-

amines, which are attractive due to their low basicity, ability to

act as amide bioisosteres [42] and higher metabolic stability.

The number of medicinal chemists who specialise in peptides

has been increasing in recent years. This is largely due to the in-

creasing interest in macrocyclic peptides. A key structural char-

acteristic of peptides is the disulfide bridge formed by cysteines.

This functional group is much more prevalent in peptide medic-

inal chemistry.

Noël et al. have published a protocol for the aerobic oxidation

of thiols to disulfides, using Eosin Y photocatalysis and

TMEDA (Scheme 3) [43].

The reaction specifically investigated the dimerization of thiols.

Some of the experiments carried out by the group were in a

flow chemistry set up, exemplifying the scalability of the proce-
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Scheme 4: C-Terminal modification of peptides and proteins using organophotoredox catalysis.

dure. In addition, the oxidant that achieves the transformation is

molecular oxygen, making this a very sustainable route, in a

similar manner to the amide coupling by Leow.

The demonstrated oxidation of the free thiols to a disulfide to

afford oxytocin (3c) as the product in quantitative yield shows

the value of this procedure. Medicinal chemists who specialise

in creating artificial peptides could find much use for such a

mild and selective oxidation.

MacMillan and co-workers have recently developed a method

for the bioconjugation of peptides by radical decarboxylation of

the C-terminus of peptides and subsequent Giese-type addition

to Michael acceptors. This is performed under blue light irradia-

tion, using lumiflavin (3Lum Ered*(cat/cat•−) ≈ +1.5 V vs SCE)

as the photocatalyst in aqueous buffer (Scheme 4) [44].

This work highlights the great biocompatibility of organopho-

toredox methodology and also is an excellent demonstration of

the type of chemoselectivity achievable using these methods.

Apart from the immediately obvious application of this biocon-

jugation to biochemistry and molecular biology as a tool for

protein labelling, it could also be used as a convenient tool for

peptide chemists in medicinal chemistry programs for modifica-

tion of peptides.

2.2 C(sp2)–C(sp2) bond formation
Suzuki–Miyaura and related transition metal-catalysed

C–C bond forming reactions are in the top 5 most used reac-

tions in medicinal chemistry [45]. Therefore, the development

of metal-free variants of these types of reactions is a very attrac-

tive goal.

An interesting approach was taken by König et al., who

report the reduction of aryl halides to the corresponding

non-halogenated aromatics. This was extended to the

coupling of aryl halides to a variety of substituted pyrroles,

using N,N-bis(2,6-diisopropylphenyl)perylene-3,4,9,10-

bis(dicarboximide) (PDI) as the photocatalyst, under blue LED

irradiation, in DMSO and in the presence of triethylamine

(Scheme 5) [46].

The biggest breakthrough in this case is the excitation of PDI by

two photons, creating a radical anion in an excited state, giving

the catalyst a much higher reducing power, allowing the reduc-

tion of aryl chlorides (see product 5b). This is the first report of

the reduction of aryl chlorides without the use of a strong

base, UV radiation or highly reactive neutral organic reducing

agents.

The PDI catalytic cycle is different to the general catalytic cycle

presented in the introduction and is presented in Figure 7.
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Scheme 5: The reduction and aryl coupling of aryl halides using a doubly excited photocatalyst (PDI).

Figure 7: Mechanism for the coupling of aryl halides using PDI, which is excited sequentially by two photons.

The group also showed that it is possible to carry out these reac-

tions using sunlight as the source of photons, leading them to

term their newly discovered photocatalyst a “minimalistic

chemical model of the Z-scheme in biological photosynthesis”.

The König group has contributed a more traditional methodolo-

gy as well, publishing a protocol for coupling simple five-mem-

bered heterocycles to substituted benzenes, using Eosin Y as the

photocatalyst, starting from arenediazonium salts (Scheme 6)

[47].

The scope of the reaction is limited to N-Boc-pyrroles, furans

and a couple of simple substituted thiophenes with respect to

the heterocycle, and the benzene moiety can tolerate all manner

of substituents in all positions, however, only mono-substituted

systems are explored. This is a powerful procedure, which

allows for the circumvention of traditional Pd or Cu catalysed

couplings of heteroarenes, which are notoriously difficult.

A publication by Kundu and Ranu provides a way of arylating

the C2 position of electron-rich five-membered heterocycles,

using anilines as the coupling partner. tert-Butyl nitrite

(t-BuONO) is used as a diazotizing agent to generate di-

azonium salts transiently in situ. The reaction is catalysed by

Eosin Y under irradiation with blue LEDs at room temperature

(Scheme 7) [48].
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Scheme 6: The arylation of five-membered heteroarenes using arenediazonium salts under organophotoredox conditions.

Scheme 7: The C–H (hetero)arylation of five-membered heterocycles under Eosin Y photocatalysis.

The authors report that in general their procedure allowed for

better transformation of electron-poor anilines compared to

their electron-rich counterparts. Unfortunately, it is also re-

ported that the scope of the reaction cannot be extended to elec-

tron-poor heterocycles under the current conditions. However,

the aniline coupling partner opens up a huge variety of

opportunities, as arylamines and heteroarylamines are widely

available.

Scaffolds such as 7b have lots of potential for further elabo-

ration. In addition, the presence of electron-poor pyridines,

cf. 7e, is also very encouraging, as these find widespread

use in pharmaceuticals as benzene isosteres, which are

more polar and metabolically stable, but lack the – often

problematic – basicity of regular pyridines. Compounds such as

7c are not commonly encountered, but definitely have

the potential to be of interest if explored further. The

good physical chemical properties of thiazoles, as well as

their ability to act as isosteres to thiophenes, carbonyls

and pyrazoles [49,50] make this scaffold an intriguing novel

motif.

2.3 C(sp2)–X bond formation
The obvious extension after considering C–C coupling reac-

tions, is to consider the ability of organocatalysed photoredox

reactions to perform reactions which create C–X (X = N, O, S)

bonds, in reactions analogous to Buchwald or Chan–Lam

couplings.

An example of the creation of C–S bonds is given by Wang and

co-workers, who have reported the formation of aromatic

thioethers by functionalising C–H bonds of imidazo[1,2-

α]pyridines and benzo[d]imidazo[1,2-b]thiophenes using Eosin

B and sulfinic acids (Scheme 8) [51].
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Scheme 8: The C–H sulfurisation of imidazoheterocycles using Eosin B-catalyzed photochemical methods.

The manipulated heterocycles, particularly the imidazopy-

ridines, are motifs which are commonly encountered in medici-

nal chemistry. The formation of the thioether is also quite inter-

esting, due to the possibility of accessing sulfones, which are

abundant in drugs and drug-like molecules.

The scope of the reaction covers the basics in terms of substitu-

ents on both reactants and investigates various substitution

patterns. Most of the reactions proceed in good yields. The use

of tert-butyl hydroperoxide as the oxidant likely prohibits the

use of oxidation-sensitive functional groups, such as alkenes or

aldehydes. Use of a milder oxidant, e.g., oxygen – seen many

times in this review, could help broaden the functional group

compatibility.

Hajra et al. have reported the direct C–H thiocyanation of

substituted imidazo[1,2-a]pyridines, using ammonium thio-

cyanate, in combination with Eosin Y under irradiation by blue

LEDs (Scheme 9) [52]. This is another photoredox example of

C–S bond formation, in this case to a highly versatile thio-

cyanate functional group, which is a precursor group to many

sulfur-containing functional groups, as well as heterocycles

such as thiazoles and isothiazoles.

The imidazo[1,2-a]pyridine core is a particularly interesting

drug-like structure, e.g., electron poor, polar, of low basicity,

etc. The scope of the modified substituted imidazo[1,2-

a]pyridines contains scaffolds commonly found in pharmaceuti-

cals, such as sulfones 9a and trifluoromethyl groups 9b.

Scheme 9: The introduction of the thiocyanate group using Eosin Y
photocatalysis.

Hence, this publication provides an easy route to access scaf-

folds with diverse aromatic systems, allowing for the construc-

tion of interesting molecules.

An interesting report of C–N bond formation is seen in König

and co-workers’ method for the formation of sulfonamidated

pyrroles, using acridinium salts as photocatalysts, in the pres-

ence of oxygen and sodium hydroxide (Scheme 10) [53].
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Scheme 10: Sulfonamidation of pyrroles using oxygen as the terminal oxidant.

Scheme 11: DDQ-catalysed C–H amination of arenes and heteroarenes.

Unfortunately, this protocol was investigated for its use in the

sulfonamidation of other heterocycles and was not successful.

The authors attribute this lack of reactivity to the limited

oxidising power of the excited acridinium salts and to the rela-

tive instability of the heterocyclic radical cation, which is a key

intermediate in the proposed mechanism. Considering

that Ered*(cat/cat•−) is greater than +2 V (vs SCE) for

acridinium salts, the limited oxidising power is not the

most probable explanation. Instability of the heteroaromatic

radical  cat ion seems more plausible .  The authors

explore both aromatic and heteroaromatic pendant

groups on the sulfonamide, as well as aliphatic chains.

Unsurprisingly, esters and other base labile groups are not en-

countered.

A recent publication by König and his group shows the

DDQ catalysed (3DDQ Ered*(cat/cat•−) ≈ +3.18 V vs SCE)

C–H amination of arenes and heteroarenes using weakly

nucleophilic species such as carbamates, urea and non-basic

heterocycles (Scheme 11) [54].

The scope covers a multitude of electron-poor and electron-rich

arenes which can be reacted with carbamates, urea, pyrazole

and triazole derivatives to furnish aminated products. The

authors address the various reactivities observed with respect to

both the electronics of the arene and the nucleophilicity of the

amine. Particularly electron-rich arenes such as N-methylindole

are not tolerated, as is the case for relatively nucleophilic

amines such as imidazoles, anilines or alkylamines.
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Scheme 12: Photoredox-promoted radical Michael addition reactions of allylic or benzylic carbons.

The reported substrates are particularly valuable to medicinal

chemistry, since electron-deficient systems, as well as polar but

weakly basic nitrogen atoms possess molecular properties

desired in biologically active molecules.

More C(sp2)–N bond forming reactions are reported in the liter-

ature; however, they are encountered further in this review, as

they are better suited to be included in the late stage functionali-

sation (LSF) section.

2.4 Reactions manipulating hydrocarbon backbones
The reactions of hydrocarbons are central to building the scaf-

folds of molecules. This is also true in medicinal chemistry.

There are countless C–C bond-forming reactions using tradi-

tional chemistry and organophotoredox synthesis can offer

some interesting options as well.

Wu et al. reported the alkylation of unfunctionalised allylic and

benzylic sp3 C–H bonds by reaction with Michael acceptors,

using blue LEDs and acridinium salts (Scheme 12) [55]. The

main advantage is the absence of strong bases like tert-butyl-

lithium (t-BuLi).

A very broad scope of Michael acceptors, allylic and benzylic

substrates is reported, with an equally broad range of yields

achieved (10–99%). Some selectivity is observed when asym-

metric alkenes are used. The key to this selectivity is likely the

proposed intermediate Int 8, which is formed selectively by

SET from the alkene to the excited photocatalyst, in a reductive

quenching of the catalytic cycle (Figure 8).

The more stable intermediate Int 8 is formed selectively by the

SET and the allylic radical species that is formed from the less

hindered and more reactive, less substituted position of its two

canonical forms.

In a similar manner, Rueping et al. demonstrated the functional-

isation of C–H bonds α to tertiary amines with various nucleo-

philes. They also reported the formation of C–C bonds from

α-amino C–H bonds using an organophotocatalytic version of

the Ugi reaction. These procedures were undertaken in a flow

chemistry set-up, using irradiation by green LEDs and Rose

Bengal as the photocatalyst (Scheme 13) [56].

The scope of the reaction is fairly broad, especially considering

the method was developed in a flow chemistry set-up, which

requires a large amount of optimisation itself. A range of

nucleophiles including nitroalkanes, cyanides, malonates and

phosphonates are used to modify different N-aryltetrahydroiso-

quinolines. These products have the potential for quite a range

of subsequent reactions for elaboration and their core structural

characteristics are quite drug like.

The products of the Ugi-type reaction the group report are also

interesting. The functional group (FG) compatibility of the reac-

tion is very good, as many of the FGs tolerated can be further
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Figure 8: Proposed mechanistic rationale for the observed chemoselectivities.

Scheme 13: The photocatalytic manipulation of C–H bonds adjacent to amine groups.

functionalised in a plethora of different ways. Examples of

heterocyclic (e.g., pyridinyl) anilines would be more relevant to

the pharmaceutical industry.

Medicinal chemistry often requires particularly furnished

hydrocarbon backbones as bioisosteric replacements. One such

interesting group is the difluoromethyl group. Akita et al. have

described a novel difluoromethylating agent which was used to

simultaneously install a difluoromethyl and an acetamide group

on various styrene-type derivatives, under perylene-catalysed

(Eox* (cat+•/cat) = −2.23 V vs ferrocene in acetonitrile)

photoredox conditions (Scheme 14) [57].

For the most part, the scope of the reaction is limited to relative-

ly simple styrenes, however, some rather interesting substrates

are reported, as shown in Scheme 12, in addition to some

others, e.g., meta-aldehyde or para-bromo substituents. These

types of motifs have the potential to be elaborated into very

drug-like molecules.

Overall, this presents a decent method for the introduction of

the typically difficult to introduce CF2H group. However, this

method is applied to quite simple substrates and so use of this

protocol is limited to the early steps in the synthesis of com-

pounds. The ability to extend this procedure to encompass
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Scheme 14: The perylene-catalysed organophotoredox tandem difluoromethylation–acetamidation of styrene-type alkenes.

Figure 9: Examples of biologically active molecules containing highly functionalised five membered heterocycles.

structurally diverse and relatively delicate scaffolds, making it

suitable for LSF, would make this an incredibly valuable tool to

the medicinal chemist.

3 Heterocycle formation
The importance and prevalence of heterocyclic systems in me-

dicinal chemistry cannot be overstated. Although reactions for

the formation of heterocycles are decreasing in frequency [45],

the presence of heterocycles in drugs on the market is still

extremely high. The former is more a reflection of the fact that

heterocyclic building blocks are now more readily available as

starting materials, so chemists opt to construct them less

frequently.

Many biologically active synthetic compounds contain highly

substituted five-membered heterocycles. In particular, pyrroles

and oxazoles are quite commonly encountered (Figure 9)

[58,59].

Xiao and co-workers have shown that highly substituted

pyrroles can be synthesised by the [3 + 2]-cycloaddition of elec-

tron-poor alkynes and 2H-azirines [60]. The reaction is per-
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Scheme 15: The [3 + 2]-cycloaddition leading to the formation of pyrroles, through the reaction of 2H-azirines and alkynes via organophotoredox
catalysis.

Figure 10: Proposed intermediate that determines the regioselectivity of the reaction.

formed under blue LED irradiation and using acridinium salts

as a photocatalyst (Scheme 15).

With respect to 2H-azirine the scope of the reaction is demon-

strated to be relatively broad, with aromatics, heteroaromatics

and aliphatics all seen. However, the variation in the alkyne

partner is limited, with only examples of esters and nitriles

shown. The yields are variable (15–98%), with no general ex-

planation being offered to rationalise this by the authors. An ex-

ample of the reaction of two asymmetric substrates is provided

and the reaction demonstrates reasonable regioselectivity

(6.5:1). The synthesis of 15c, a precursor to an active pharma-

ceutical ingredient (API), by the authors demonstrates how this

method is immediately useful in the synthesis of biologically

active molecules. Although the authors offer no direct explana-

tion for the observed regioselectivity, the mechanism of the

reaction could provide some insight. The key step of the reac-

tion, which sets the regiochemistry of the product is seen in

Figure 10.

The intermediate cation radical Int 10 and the stability of the

positive charge in the iminium radical cation are the keys in

the mechanism and to understanding the selectivity of the reac-

tion.

In an unsymmetrical reactant, the iminium carries most of the

partial positive charge on the benzylic carbon (Figure 11). The

radical is not stabilised by being borne on the benzylic carbon,

as the aromatic ring must lie in conjugation with the iminium

double bond, making the orbitals of the ring orthogonal to the

orbital in which the unpaired electron resides.

The Xiao group have also published a method for making

oxazoles using conditions that are very similar to those de-
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Figure 11: Comparison of possible pathways of reaction and various intermediates involved.

Scheme 16: The acridinium salt-catalysed formation of oxazoles from aldehydes and 2H-azirines.

scribed above (Scheme 16). The reaction uses 2H-azirines and

aldehydes to access the functionalised heterocycles [61].

Unlike the pyrrole-forming reaction, this protocol requires an

oxidising agent, DDQ, for the desired oxazole to be obtained.

This means that access to the corresponding 2,5-oxazolines is

also possible. Aliphatic and heteroaromatic substituents on the

2H-azirine were not tolerated. The aldehyde substituents are

much more diverse, with a variety of substituted benzenes,

heteroaromatics, carbonyls and aliphatic side chains under-

going the cycloaddition.

Overall, these two methods provide much more mild, scalable

and environmentally friendly reaction conditions than the tradi-

tional methods employed for making these highly substituted

heteroaromatics.

Access to the saturated oxazolines and thaziolines from amides

and thioamides, respectively, has been described by Nicewicz

who used acridinium salt photocatalysts in cooperation with a

disulfide cocatalyst, which is converted to the corresponding

thiol and serves as a source of hydrogen atoms for the reduc-

tion of the double bond (Scheme 17) [62].
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Figure 12: Biologically active molecules on the market containing 1,3,4-oxadiazole moieties.

Scheme 18: The synthesis of 1,3,4-oxadiazoles from aldehyde semicarbazones using Eosin Y organophotocatalysis.

Scheme 17: The synthesis of oxazolines and thiazolines from amides
and thioamides using organocatalysed photoredox chemistry.

The scope of the reaction is not particularly broad; electron-

withdrawing groups such as pyridyl or trifluoromethyl are not

tolerated. No functional group tolerance towards other

carbonyls such as esters or aldehydes is demonstrated. The use

of terminal or trisubstituted alkenes is limited and the reaction

times are long.

However, the authors do report that the reaction is somewhat

diastereoselective, favouring the anti-configuration in all cases.

In addition, the option for oxidation to the oxazole or thiazole is

always enticing as a way of easily accessing a diverse set of

molecules.

Immediately akin to the oxazole moiety is the oxadiazole

heterocycle, which exhibits similar properties. There are several

examples of drugs on the market containing such heteroaro-

matics (Figure 12).

Yadav et al. reported the synthesis of 1,3,4-oxadiazoles from

aldehyde semicarbazones, using CBr4, green LEDs and Eosin Y

as the photocatalyst, at room temperature, in the presence of air

(Scheme 18) [63].

This procedure offers a much milder route to these heterocycles

than traditional synthetic methodologies, which typically use

harsh conditions. Semicarbazones are readily synthesised from

the corresponding aldehydes, so these starting materials are

easily accessible. The yields are very good to excellent

(86–96%), while the variation on the ligands of the aromatic

ring covers a sensible range. The 4-pyridyl 18a example is par-

ticularly interesting, as is the hindered 2,6-disubstituted ring

system 18b. Only the synthesis of 2-amino-1,3,4-oxadiazoles is
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Scheme 20: The radical cycloaddition of o-methylthioarenediazonium salts and substituted alkynes towards the formation of benzothiophenes.

reported, which although useful building blocks, are not

extremely common in drugs.

The Yadav research group have also published the homocou-

pling of primary thioamides for the formation of symmetrical

1,2,4-thiadiazoles, using visible light and Eosin Y as the photo-

catalyst, in air at room temperature (Scheme 19) [64].

Scheme 19: The dimerization of primary thioamides to 1,2,4-thia-
diazoles catalysed by the presence of Eosin Y and visible light irradia-
tion.

The immediately obvious limitation of this reaction is the iden-

tical nature of the substituents on the product. This severely

limits its potential applications, and the usefulness of this

protocol is likely limited to the creation of linkers or pendant

groups.

Benzo-fused five-membered heterocycles also find widespread

use in medicinal chemistry, with indoles, benzothiophenes and

benzimidazoles seen in many drugs. In another demonstration

of the value of diazonium salts, the König group have published

a protocol for the synthesis of substituted benzothiophenes

using Eosin Y photocatalysis, starting from o-methylthioarene-

diazonium salts and substituted alkynes (Scheme 20) [65].

The scope of the substrates demonstrated is quite broad, with

substituted aromatic and aliphatic alkynes being used and a

variety of substituents tolerated on the diazonium salt starting

material. Terminal alkynes selectively formed 2-substituted

benzothiophenes, whereas the regioselectivity of unsymmetri-

cal disubstituted alkynes was not explored. It is important to

note the role of DMSO, which acts as a demethylating agent as

well as solvent. Even so, the benzothiophene cores constructed

by the authors are still valuable, as molecules such as 20b can

be further elaborated in many ways and 20c is a precursor to an

API.

Another method for benzothiopene construction is seen in

Kumar and co-workers’ report describing a dehydrogenative

oxytrifluoromethylation cascade reaction of 1,6-enynes, cata-

lysed by phenanthrene-9,10-dione (PQ) (Ered*(cat/cat•−) +1.6 V

vs SCE) using visible light (Scheme 21) [66]. However, benzo-

furans and, most importantly, indoles are also accessible

through this cascade.

The authors demonstrated the synthesis of an array of different,

potentially drug-like compounds. The authors also showed the

accessibility of their starting materials by synthesising the 1,6-

enynes from the corresponding 2-halogenated phenols,

benzenethiols or anilines, via a simple substitution–elimination–

Sonogashira synthetic sequence. In addition, the group has syn-

thesised trifluoromethylated modified versions of certain drugs

(Figure 13).

Variations on the classical benzofused heterocycles (indole etc.)

– such as benzimidazoles or tetrazolopyridines are often seen in
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Scheme 21: The dehydrogenative cascade reaction for the synthesis of 5,6-benzofused heterocyclic systems.

Figure 13: Trifluoromethylated version of compounds which have known biological activities.

medicinal chemistry. Singh et al. reported a method for prepar-

ing 3-arylnitrobenzimidazoles from 2-aminopyridines and nitro-

alkanes, using green LED Eosin Y photocatalysis, with molecu-

lar oxygen as the oxidant (Scheme 22) [67].

Heterocycles in drugs are not only restricted to five-membered

rings. Pyridines, pyrazines, pyrimidines, pyridazines are all

common functional groups in biologically active compounds.

Liu et al. have published the visible light-catalysed oxidation of

dihydropyrimidines (DHPMs) using atmospheric oxygen as the

stoichiometric oxidant, TBA-Eosin Y photocatalysis and

carbonate as the base at room temperature (Scheme 23) [68].

The group also reported that this transformation is possible

using sunlight as the source of photons, with a yield compa-

rable to that obtained when blue LEDs were employed. Though

the scope of the reaction is quite broad, variation is only investi-

gated in the C4 and C5 positions of the DHPMs. Variability at

C1 and C6 are not investigated. The variation of the ester and

the C4 ligands, however, is good, with some interesting prod-

ucts being presented.

The authors do not justify the selection of the particular substi-

tution pattern with the C6 methyl and the C2 heteroatom

methyl, e.g., ease of access to this type of DHPM core. There-

fore, it would be interesting to see whether this method is com-

patible with other DHPM systems.

In the same publication, the group described the use of similar –

also mild – reaction conditions to synthesise benzoxazoles from

2-substituted phenolic imines (Scheme 24). This implies that

the DHPM manipulation was perhaps a preliminary study that

served to optimise mild oxidation conditions.
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Scheme 22: Eosin Y-catalysed photoredox formation of 3-substituted benzimidazoles.

Scheme 23: Oxidation of dihydropyrimidines by atmospheric oxygen using photoredox catalysis.

Scheme 24: Photoredox-organocatalysed transformation of 2-substituted phenolic imines to benzoxazoles.
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Scheme 25: Visible light-driven oxidative annulation of arylamidines.

Tang et al. reported a procedure for performing a visible light-

driven oxidative cyclisation of arylamidines using Rose Bengal

as the photocatalyst, in the presence of base and CBr4 as the

oxidant (Scheme 25) [69].

The scope of the reaction is restricted to mono-substituted

benzenes and lacks any carbonyl derivatives as ligands. The

reaction conditions are relatively harsh (high temperature) com-

pared to the typical conditions encountered so far.

Overall, the synthesis of many of the most common hetero-

cyclic systems has been reported using organophotocatalytic

conditions, which offer several advantages over their tradi-

tional counterparts. Mainly, milder conditions are employed and

easily elaborated structures are accessed in one step.

4 Late stage functionalisation
In this section, the bonds formed during the reactions are high-

lighted in red, as they are not always immediately and easily

identifiable.

Late stage functionalisation (LSF) is a relatively new concept. It

is the name given to the synthetic strategy in medicinal chem-

istry where lead structures are diversified by transformation of

unactivated C–H bonds. In LSF C–H bonds are treated as

distinct functional groups. This approach allows for diversifica-

tion of lead structures without having to devise alternative syn-

theses [70].

There are numerous examples of novel methodologies for LSF

published in recent years. The general theme is that these proto-

cols employ mild conditions that are widely functional

group-tolerant, as they usually operate on highly elaborate

structures.

LSF can either be guided, e.g., selective fluorination of a mole-

cule or can also follow an unselective approach, e.g., fluori-

nation in various positions, but in either case the goal is explo-

ration of SAR directly on a lead structure and easy diversifica-

tion. In addition, LSF can explore the addition of small groups,

e.g., methyl, fluoro, chloro, trifluoromethyl etc., or can be

aimed at installing larger functional groups, e.g., heterocycles,

amides or long alkyl chains.

The previous two sections outlined how mild the reaction

conditions employed in visible light organophotoredox cataly-

sis usually are, making it a uniquely suited method for LSF. For

example, Scaiano et al. have demonstrated the direct C–H tri-

fluoromethylation of heterocycles using TMEDA, visible light

from white LEDs, Methylene Blue as the photocatalyst and

Togni’s reagent as the trifluoromethyl source (Scheme 26) [71].

The reaction is regioselective and follows the same substitution

pattern as the electrophilic substitution of electron-rich hetero-

cycles. Although highly elaborated structures are not presented,

the mild reaction conditions and general functional group

compatibility that the reaction exhibits make it well suited for

LSF purposes. In the same study, the hydrotrifluoromethylation

of terminal alkenes and alkynes is also reported and in this case

the amine base acts as the hydrogen atom source to complete

the reduction of the π-bond (Scheme 27).

The more electron-rich double bond is more reactive towards

the electrophilic trifluoromethyl radical, providing some selec-

tivity to the process, which indicates that it could be applied to a

guided LSF strategy.

Itoh and co-workers have described a procedure for the direct

C–H perfluoroalkylation of substrates, which can act as fluo-
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Scheme 26: Methylene blue-photocatalysed direct C–H trifluoromethylation of heterocycles.

Scheme 27: Photoredox hydrotrifluoromethylation of terminal alkenes and alkynes.

rous tags. The group utilised the corresponding fluoroalkyl

sulfinate salt as the fluoroalkyl source, in combination with

TFA and Acid Red 94 as the photocatalyst, under 22 W fluores-

cent lamp irradiation to perform the transformation (Scheme 28)

[72].

The substrate scope is limited to rather simple compounds, the

most structurally complex of which is caffeine. The yields are

good (44–92%), with regioselectivity being observed in a few

cases. As with the trifluoromethylation by Pitre et al., this pro-

cedure does fit all the criteria for LSF, as it is very mild and

simple, even though no complex structures are exemplified.

Although it does not fit the exact definition of a reaction em-

ployed in LSF, Jiang and co-workers have described a proce-

dure that allows the enantioselective aerobic olefination of

α-amino sp3 C–H bonds, using cooperative asymmetric and

organocatalysed photoredox catalysis (Scheme 29) [73].

This may not allow for direct diversification of leads, however,

the products shown can, in one or two steps, be converted into

functionalised versions of a lead compound (vide infra). The

study revolves around two types of substrates, tetrahydroiso-

quinolines (THIQs) and tetrahydro-β-carbolines (THCs), both

of which are scaffolds encountered in biologically active mole-

cules.

This reaction was included due to the ability to introduce

chirality into lead structures, something that is valuable in me-

dicinal chemistry. The straightforward synthesis of isoxazoline
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Scheme 29: The cooperative asymmetric and photoredox catalysis towards the functionalisation of α-amino sp3 C–H bonds with electron-deficient
olefins.

Scheme 28: Trifluoromethylation and perfluoroalkylation of aromatics
and heteroaromatics.

29a from the corresponding vinyl aldehyde is a perfect exam-

ple of the potential for application to LSF.

Leonori et al. have demonstrated the coupling of amide deriva-

tives to aromatics using aryloxy amides, under Eosin Y

photocatalysis with green LEDs and potassium carbonate

(Scheme 30) [74].

The reaction is well suited for LSF, as is demonstrated by the

authors in the diversification of derivatives of lysergic acid such

as 30c. The overall scope of the reaction is quite diverse with

respect to both the amide and aromatic coupling partner. The

authors also address the issue of availability of the starting

aryloxy amides by accessing their starting materials in two

simple steps.

Molander and his group report the selective, direct C–H alkyl-

ation of various heterocycles, using their staple BF3K salts,

visible light, persulfate and acridinium salts as the photocata-

lyst (Scheme 31) [75].

The scope of the reaction is truly exceptional, with a wide

variety of heterocycles, ranging from nicotinamides to highly

functionalised quinolines, such as the antimalarial drug quinine.

The ability of this protocol to tolerate such highly function-

alised molecules, with such a variety of functional groups

present, really justifies the claims of the authors that this

protocol is ideal for LSF in drug discovery programs.

The scope of the alkyl chains is also tremendous, with primary,

secondary and tertiary alkyl trifluoroborates being used. The

team also addresses the availability of these substrates, showing
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Scheme 30: Organophotoredox-catalysed direct C–H amidation of aromatics.

Scheme 31: Direct C–H alkylation of heterocycles using BF3K salts. CFL – compact fluorescent lamp.

how these can be easily made in one step from the correspond-

ing alkyl bromides, using a method published by Cook [76].

The authors also further establish the immediate value of the

procedure to LSF by exploring SAR of camptothecin, a mole-

cule identified as an anticancer drug candidate. The authors

selectively manipulated the C-7 position, which has been shown

to improve efficacy when alkylated (Figure 14) [77].

Nicewicz and co-workers have published a procedure for the

aerobic C–H amination of aromatics, using acridinium salts

as the photocatalyst under blue LED irradiation (Scheme 32)

[78].

The authors have demonstrated a truly extensive scope for their

protocol, subjecting a range of aromatics, heteroaromatics and

fused aromatic and heteroaromatic systems with a variety of

substituents to C–H amination using a wide range of hetero-

cyclic amines. The functionalisation of molecules that are

natural product-like such as 32c is demonstrated by the authors,

which is an excellent example of how this protocol translates

seamlessly to drug discovery in the LSF strategy.

In a method that is complementary to their C–H amination

strategy, Nicewicz et al. have reported the SNAr-type addition

of nucleophiles to methoxybenzene derivatives at the ipso posi-

tion, as opposed to the C–H amination that operates on the
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Figure 14: The modification of camptothecin, demonstrating the use of the Molander protocol in LSF.

Scheme 32: Direct C–H amination of aromatics using acridinium salts.

ortho- and para-position of such EDGs. The reaction is cata-

lysed by acridinium salts under anaerobic conditions and irradi-

ation by blue LEDs (Scheme 33) [79].

The scope of substrates able to undergo the transformation is

quite broad and many, if not all the substrates that the group

report are scaffolds and moieties seen in typical medicinal

chemistry syntheses. There are numerous examples of amino

acid-derived substrates, either as the methoxybenzene electro-

phile (tyrosine type derivatives) or as the nucleophile

(histidine and related structures such as the depicted triazole

33c).

Examples such as the synthesis of a modified structure of

naproxen, starting from the methyl ester of the well-known

NSAID, demonstrate the full power of the protocol for its use as

a LSF tool. The mild conditions, selectivity on certain sub-

strates and the great opportunity for diversification of sub-

strates make this an ideal method for introducing nucleophilic

ligands onto aromatic rings.

Another publication from the Nicewicz group demonstrates

the C–H direct cyanation of a variety of aromatic and

heteroaromatic substrates. TMSCN is employed as the

cyanide source, acridinium salts as the photocatalyst, under

irradiation from blue LEDs and aerobic conditions (Scheme 34)

[80]. The authors show a set of diverse molecules that under-

went the transformation cleanly. The group again demonstrated

the LSF applications by cyanating the methyl ester naproxen

derivative 34a.

In summary, organophotoredox chemistry has been developed

to be applied to medicinal chemistry in the context of LSF and

appears to be very broadly applicable and robust. As LSF

becomes more popular in the ensuing decades, procedures such

as the ones outlined above will become both more numerous

and powerful.

Conclusion
Overall, the presented literature demonstrates that the recent de-

velopments in organophotoredox catalysis are increasingly in



Beilstein J. Org. Chem. 2018, 14, 2035–2064.

2061

Scheme 33: Photoredox-catalysed nucleophilic aromatic substitution of nucleophiles onto methoxybenzene derivatives.

Scheme 34: The direct C–H cyanation of aromatics with a focus on its use for LSF.

line with the demands of medicinal chemistry. Not only

has it been shown to be highly sustainable, versatile and

mild, but in some cases, it enables transformations that are

notoriously challenging, cf. heteroaryl–heteroaryl coupling

(vide supra).

Possibly the most attractive application of these methods is

LSF. Medicinal chemists are constantly exploring SAR and

LSF is the concept that will expedite this process. Protocols that

can be used as tools for LSF are being rapidly developed and

organophotoredox catalysis is at an advantage when compared

to other approaches, due to its mild nature, as has been high-

lighted repeatedly.

Great advances are constantly being made in this emerging field

and even so, there are still numerous possibilities to be

explored. For example, stereoselective photoredox chemistry is

still quite sparse in the literature. Late-stage fluorination proto-

cols are also rare and would be exhaustively used by the phar-

maceutical industry. In addition, as has been pointed out in this

review, mostly electron-rich heterocycles are manipulated,

which are less valuable to the drug discovery process than their

electron-poor counterparts. The growing number of academic

and pharma laboratories entering organophotoredox catalysis

and the development of even stronger photocatalysts

ensures that the field will produce impactful research for years

to come.
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Abbreviations

Table 2: Abbreviations.

abbreviation explanation

API active pharmaceutical ingredient
BOC tert-butyloxycarbonyl
DCC dicyclohexyl carbodiimide
DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
DMP Dess–Martin periodinane
DMSO dimethyl sulfoxide
EDG electron-donating group
ET electron transfer
EWG electron-withdrawing group
GABA γ-aminobutyric acid
HATU 1-[bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate

IBX 2-iodoxybenzoic acid
LED light-emitting diode
LSF late stage functionalisation
MB methylene blue
MesAcr mesityl acridinium salt
NSAID non-steroidal anti-inflammatory drug
PET photoinduced electron transfer
SAR structure–activity relationship
SCE saturated calomel electrode
SET single electron transfer
TFA trifluoroacetic acid
TMEDA N,N,N′,N′-tetramethylethane-1,2-diamine
TMSCN trimethylsilyl cyanide
UV ultraviolet
X heteroatom
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Abstract
The development of efficient, robust and earth-abundant catalysts for photocatalytic conversions has been the Achilles’ heel of solar

energy utilization. Here, we report on a chemical approach based on ligand designed architectures to fabricate unique structural mo-

lecular catalysts coupled with appropriate light harvesters (e.g., carbon nitride and Ru(bpy)3
2+) for photoredox reactions. The

“Co4O4” cubane complex Co4O4(CO2Me)4(RNC5H4)4 (R = CN, Br, H, Me, OMe), serves as a molecular catalyst for the efficient

and stable photocatalytic water oxidation and CO2 reduction. A comprehensive structure–function analysis emerged herein, high-

lights the regulation of electronic characteristics for a molecular catalyst by selective ligand modification. This work demonstrates a

modulation method for fabricating effective, stable and earth-abundant molecular catalysts, which might facilitate further innova-

tion in the function-led design and synthesis of cubane clusters for photoredox reactions.
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Introduction
The direct conversion of solar energy into chemical fuels (e.g.,

H2, CO and hydrocarbons) through water splitting and carbon

fixation reactions is a sustainable solution to environmental

concerns and long-term access to adequate energy supplies

[1-7]. To realize these reactions, extensive studies have focused

on the design and synthesis of chemically stable light-

harvesting antenna materials and efficient cocatalysts,

and their assembly in integrated artificial photosynthetic

systems [8-13]. However, such target reactions are typical ther-

modynamically uphill reactions with large overpotentials,

leading to low conversion efficiency. Therefore, the search for

suitable cocatalysts to reduce the multielectron involved kinetic

barriers for water oxidation and CO2 reduction is regarded as a

critical step toward artificial photosynthesis, which can

boost the photoconversion efficiency (PCE) significantly

[14-19].

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:xcwang@fzu.edu.cn
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Figure 1: (a) Molecular structures of the Co4O4 cubane catalysts. (b) Ball-and-stick representation of complex 1-H; H atoms are omitted for clarity.

Molecular catalysts with complex and varied structural motifs

are a class of promising catalysts for solar energy conversion,

because of their well-controlled functions and tunable nature

[20,21]. Their topologies and electron structures can be

precisely engineered by ligand design, using the full arsenal of

organic chemistry [22,23]. These unique structures benefit not

only tailoring their redox and kinetic properties for catalysis,

but also providing valuable structural information to under-

stand the mechanistic insights of catalytic behavior [24-27]. In

addition, the molecular catalysts can either be dissolved in

liquids affording a homogeneous catalytic system [28,29], or

immobilized on solid surfaces for application in heterogeneous

catalysis [30-33], owing to their molecular nature with flexible

ligand architectures [34,35]. In this regard, extensive attention

has been contributed to the design and synthesis of molecular

catalysts [36]. Unfortunately, most of the high-activity molecu-

lar catalysts are typically based on noble metals (e.g., Ru, Ir)

[37-40], which seriously restricts their practical applications.

Therefore, the development of effective, stable and sustainable

molecular catalysts based on earth-abundant elements is highly

desirable [41-43].

Inspired by the molecular Mn4CaO5 cubane of oxygen-evolving

complex in photosystem II, there is an emerging number of mo-

lecular cubanes with metallic and heterobimetallic cores that are

designed and synthesized for photosynthesis and electrochem-

istry. Cobalt-based molecular catalysts [44], in particular the

ones containing a cubical Co4O4 core were studied extensively

as energy conversion catalysts, because of their cubical

topology that is structurally analogous to the biological

Mn4CaO5 cubane [45,46]. Driess et al. have reported the

smallest possible molecular building block “Co4O4” cluster

with a singly deprotonated dipyridyldiol (LH) as a chelating

ligand [47]. Generally, Co4O4-based molecular catalysts can be

easily tuned by ligand design, owing to their molecular nature

[48,49]. For example, Hill et al. demonstrated that using poly-

tungstate ligands to stabilize “Co4O4” cubane units can produce

a robust homogeneous catalyst for solar water oxidation [50].

After that, Berlinguette et al. reported that replacing the inor-

ganic ligand with an organic ligand, such as the pentadentate

Py5 ligand can also well stabilize the “Co4O4” unit to catalyze

water oxidation [51]. This finding is very important, which

means there is ample choice of organic ligand architectures to

tailor the electronic properties of the “Co4O4” unit for catalysis.

In this regard, Nocera et al. selected an organic ligand bearing

an electron-withdrawing group (fluorine) to optimize the

“Co4O4” cubane unit for electrocatalytic water oxidation [52].

As expected, the resultant catalyst exhibited a larger catalytic

current and an earlier onset potential with respect to its analogs

without a fluorine functional group. Thus, the control of catalyt-

ic properties via molecular design by tunable ligand substitu-

tion is essential in the development of Co4O4-based cubane

catalysts. However, most of the researches focused on the oxi-

dative properties of the Co4O4 core [53], and its use for reduc-

tion reactions is rarely covered. Theoretically, the redox poten-

tial of Co4O4 cubane clusters should be tuned by virtue of

different ligand substitutions, thus it is highly possible to

develop a Co4O4-based catalyst for reduction applications, such

as H2 evolution and CO2 fixation.

Herein, we demonstrate that molecular Co4O4 cubanes

(Figure 1) are readily and precisely manipulated to tune their

redox functions through regulating their electronic structures by

ligand engineering. The use of electron-withdrawing or donat-

ing ligands can easily adjust their catalytic properties for water

oxidation and CO2 reduction, respectively. For example,

organic ligands with strong electron-withdrawing groups

(R = CN, Br) enhance their oxidation capability for water oxi-
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Figure 2: UV–vis absorption spectra of 1-R in H2O based on measurements in 10−4 M solution. Inset: scale from 400 nm to 800 nm and the λmax for
1-R.

dation by reducing the overpotential of O–O bond formation. In

contrast, the incorporation of electron-donating groups (R = Me,

OMe) significantly increases the electronic density at the metal

centers, thus affording a Co4O4 core able to catalyze

CO2 reduction. This indicates that the change of substituents in

the pyridine ligand provides further insight into the factors that

affect the redox potential and tailor the catalytic performance.

Furthermore, by exploring the structure–function relationship at

the molecular level offers a useful guidance for the design and

construction of high-performance earth-abundant molecular

catalysts.

Results and Discussion
The molecular Co4O4 cubanes (1-R) were fabricated according

to the literature [54], and their identities were confirmed by
1H NMR and FTIR spectroscopy (see Supporting Information

File 1 for details). Taking catalyst 1-H as an example, it’s
1H NMR spectrum exhibits three sets of peaks at 8.20 (d, 8H),

7.71 (t, 4H) and 7.20 (t, 8H) ppm for the o-, p-, and m-ring

protons, respectively, of the equivalent pyridines and the methyl

protons of the acetate ligands appear as a sharp singlet at 2.06

(s, 12 H) ppm (see Supporting Information File 1, Figure S1). In

the FTIR spectrum, the bands in the region 1530–1538 cm−1 are

assigned to the νasym(COO) vibration and the stretching vibra-

tion of the pyridine ring [54], whereas the band at 1410 cm−1

designates to the δasym(CH3). The most characteristic feature of

the IR data is the appearance of a four-band pattern observed at

≈759, ≈692, ≈634 and ≈574 cm−1, corresponding to the

“Co4O4” cubane-like core present in the complex [54]. The

XRD patterns for 1-R cubanes are shown in Supporting Infor-

mation File 1, Figure S8. Moreover, as shown in Scheme S1

(Supporting Information File 1), all aqueous solutions of 1-R

are transparent, homogeneous and clear, indicative of their simi-

larities in structure. Based on the above analyses and compari-

son with the data in literatures [54,55], it is concluded that the

1-R cubanes have been successfully fabricated.

Next, to investigate the effect of different ligands on the optical

properties of the 1-R complexes, UV–vis absorption measure-

ments were conducted. As shown in Figure 2, three absorption

bands are observed in the UV–vis spectra. The lowest energy

absorption appearing as a shoulder at 645 to 660 nm, is

associated with the d–d transitions involving 1A1 → 1T1 and
1A1 → 1T2 for the approximately octahedral Co complex

[53-55]. As judged by the observed intensities, the other two

bands are attributable to absorptions rather than d–d transitions.

The bands in the range of 340 to 365 nm are likely due to a

charge-transfer transition involving the μ-O–Co moiety present

in these complexes [54,55]. The observed wavelength shift is

dependent on the nature of the substituent present in the p-posi-

tion of the pyridine-based ligand. As expected, the incorpora-

tion of the electron-withdrawing moiety R = CN reduces the
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Figure 4: Linear sweep voltammetry of 1-R (0.3 mM) or Co(NO3)2·6H2O (1.2 mM); (a) at a 100 mV/s scan rate in 0.2 M Na2SO4, (b) at a 50 mV/s
scan rate in MeCN (0.1 M TBAPF6) under CO2-saturated conditions. The working electrode used was 3 mm diameter glassy carbon electrode, the
counter electrode was a platinum foil and the reference electrode was a Ag/AgCl.

electron densities of the Co centers and thus facilitates the

charge-transfer transitions from μ-O atoms to the Co centers,

which leads to a modest bathochromic shift from 355 (R = H) to

365 nm, however, with a remarkably enhanced intensity. In ad-

dition, the highest energy band between 220–260 nm is believed

to be of ligand origin, most probably originating from the

π → π* absorption of pyridine [54]. Similarly, a red shift in the

order of 1-CN (256 nm) > 1-Br (251 nm) > 1-H (247 nm) >

1-Me (245 nm) > 1-OMe (223 nm) is observed based on the in-

creasing electron-withdrawing property of the ligands in these

complexes (Figure 2 inset) [55]. This indicates that the differ-

ent electronic properties have a significant influence on the

optical performances, thus underlining the tuning effect of suit-

ably substituted pyridine-based ligands for controlling the cata-

lysts functions.

The subsequent cyclic voltammetry (CV) experiments sup-

ported the above results, i.e., that the variation of the ligands

has a profound effect on the observed redox potentials. Figure 3

displays the plots of the Hammett σp parameters for the ligands

versus the half-wave potentials (E1/2) for 1-R complexes, and

the potentials increase linearly as a function of σp, giving an

indicator of the electronic influence of the substituents on E1/2.

The E1/2 values for the complexes increase in the following

order: 1-R, R = OMe < Me < H < Br < CN. The Hammett

analysis provides a positive slope value, indicating that the

E1/2 value is favored by electron-withdrawing ligands [48,55].

As the ligand becomes more electron withdrawing, the reduced

electron density at the metal center makes the Co center in the

complex easier to reduce and more difficult to oxidize [55].

Most surprisingly, the potentials could be predicted simply by

considering the Hammett σp values. Therefore, the observed

redox potentials reflect a dependence on the electronic proper-

ties of the ligand. This again underlines, that the ligands are

playing a significant role in the regulation of the redox proper-

ties of the 1-R complexes.

Figure 3: Correlation of Hammett constants σp for the different ligands
with midpoint potentials (E1/2) in complexes 1-R. aCV data for 1-R in
MeCN/0.1 M TBAP vs Fc+/Fc under saturated Ar atmosphere.

To further estimate the impact of ligand substitution, the com-

plexes were analyzed by linear sweep voltammetry (LSV). For

this, we chose complexes 1-CN, 1-H and 1-OMe to include

ligand substitutions with electron-withdrawing and electron-do-

nating properties (Figure 4). In Figure 4a, an abrupt onset of the

catalytic anode current at 0.7 V, 1.0 V and 1.3 V for 1-CN, 1-H

and 1-OMe is observed, respectively, which is ascribed to an

O2 evolution reaction. The ligand substituted with the electron-

withdrawing cyano (CN) group shows the lowest overpotential
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Figure 5: The activity of 1-R for (a) water oxidation and (b) CO2 reduction. (c) Long-time course of water oxidation for 1-CN under UV–vis light irradia-
tion (λ > 300 nm) in two recycling tests. (d) CO2 reduction for 1-OMe under visible light irradiation (λ > 420 nm) in four recycling tests. aWithout 1-R.

for water oxidation activities, exhibiting a much higher current

density compared to other cubane complexes and Co2+. Mean-

while, we also studied the electrochemical reduction in a CO2-

saturated system (Figure 4b). It displays that 1-OMe affords a

current density of 200 μA·cm−2 at −0.88 V, a 5.5-fold enhance-

ment over 1-CN (36 μA·cm−2). This suggests that the substi-

tuted ligand with the electron-donating group is suitable for the

electrochemical reduction. It is important to note that ligands

with different electronic structures exhibited starkly different

activities for redox reaction. The ligand with an electron-with-

drawing property favors water oxidation, and the one with elec-

tron-donating property is conducive to CO2 reduction. Such a

favorable electrochemical potential for 1-R with tunable ligand

substitutions suggests their great potential as redox catalysts for

water oxidation and CO2 reduction reactions.

Next, we studied the photocatalytic activity of a series of the

1-R molecular complexes in the water oxidation reaction to

release O2 gas and CO2-to-CO conversion (Figure 5). For the

water oxidation, we have chosen carbon nitride [56-60] coupled

with the 1-R molecular complexes to evaluate the oxygen

evolution performance. In Figure 5a, without the 1-R molecular

complexes, the O2 production rate is rather low (1.2 μmol·h−1).

However, after introducing the molecular complexes, the

oxygen evolution reaction is accelerated, and the reactivity of

the reaction is expected to be tuned by the ligand modification,

within the order of 1-CN (10.2 μmol·h−1) > 1-Br (5.9 μmol·h−1)

> 1-H (4.9 μmol·h−1) > 1-Me (4.5 μmol·h−1) > 1-OMe

Figure 6: Long-time course of water oxidation for 1-CN and Co2+

under UV–vis light irradiation (λ >300 nm).

(3.3 μmol·h−1), which is consistent with the effect of the substit-

uent groups on the pyridine ligand of 1-R on the electrochemi-

cal oxygen evolution. These results indicated that water oxida-

tion is favored by the presence of electron-withdrawing ligands.

Additionally, the activity of water oxidation over 1-R is much

higher than that over Co2+ ions, which may be due to the effect

of the ligand for enhancing the stability of the entire cobalt

metal center [48,49]. Furthermore, a long time course of water

oxidation for 1-CN and Co2+ are also compared in Figure 6. It

is obvious that the overall amount of the produced O2 gas for

1-R is higher than that for Co2+. As the reaction time increases,
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the decreasing trend of O2 evolution rate for Co2+ is more pro-

nounced than in case of 1-CN. This can be ascribed to the insta-

bility of Co2+ and the tendency of this metal to be oxidized to

form CoOx nanoparticles in the reaction mixture (Supporting

Information File 1, Figure S7). These results also support the

above discussion. The presence of 1-R with an enhanced elec-

tron-withdrawing ability can significantly reduce the overpoten-

tial for the O–O bond formation, and thus facilitates water oxi-

dation.

Besides the CO2 reduction performance of the molecular com-

plexes was evaluated by cooperation with a ruthenium photo-

sensitizer Ru(bpy)3
2+ (bpy = 2’,2-bipyridine) with visible light

irradiation [61-67]. As shown in Figure 5b, the activity of the

CO2 reaction is reduced with the increase of electron-with-

drawing ability of the ligand. In this case, 1-OMe exhibits the

highest CO2 photoreduction activity with a CO evolution rate of

38.5 μmol·h−1, together with a H2 generation rate of

83 μmol·h−1. The CO2-to-CO conversion rate of 1-OMe is 2.5-

fold enhanced than that of 1-CN (13.8 μmol·h−1). It is found

that the introduction of a simple substituent greatly influenced

the activity of CO2 reduction, that is, the ligand substitution

with an electron-donating property is more beneficial for the

CO2 reduction reaction. The above results demonstrate that the

1-R molecular complexes are highly active for both water oxi-

dation and CO2 reduction reactions, which is in good agree-

ment with the results of the optical, CV and LSV measure-

ments. Importantly, the photoredox functions of the molecular

complexes can be modulated deliberately by ligand substitu-

tions with different electronic properties.

The stabilities of the molecular catalysts for photoredox reac-

tions were also examined. Firstly, in 14 h long term water oxi-

dation tests for 2 cycles, the total O2 evolution in each run was

almost the same (Figure 5c). The gradually reduced reaction

rate after about 5 h is ascribed to the deposition of Ag particles

on the surface of polymeric carbon nitride (p-C3N4, PCN),

which leads to a light shading effect hindering optical absorp-

tion. In the stability test for CO2 reduction reactions, no notice-

able losses in the yields of CO and H2 were observed in

4 cycles (Figure 5d). The deactivation after 3 h reaction in each

case is due to photobleaching of the used dye photosensitizer.

Moreover, after water oxidation and CO2 reduction reactions,

the structures of 1-CN and 1-OMe were studied by 1H NMR

spectroscopy, and no obvious changes were observed com-

pared with the fresh samples (Supporting Information File 1,

Figure S6).

Conclusion
In summary, we have developed molecular cubane catalysts

with tunable redox potentials through the ligand architectures,

which are coupled with the light harvesters (e.g., carbon nitride

and Ru(bpy)3
2+) for photocatalytic water oxidation and

CO2 reduction. The electronic properties of the ligands have a

significant effect on the catalysts photoredox reaction. The

ligands with electron-withdrawing substituents are beneficial

for the water oxidation and the CO2 reduction is favored by the

presence of electron-donating ligands. The comparative study

reported here allows us to scrutinize the interplay between elec-

tronic effects and redox potential caused by ligand modifica-

tions within the series of Co4O4 cubane clusters. The ligand

modification strategy developed here provides a rational,

precise and cost-effective way for the chemical design

and synthesis of biomimetic cubane clusters with metal

cores (i.e., Co, Mn, and Ni) or even heterobimetallic cores

for a wide range of redox applications in catalysis and photo-

synthesis.

Experimental
Materials: All chemicals are commercially available and were

used without further purification. All solutions were prepared

with Milli-Q ultrapure water (>18 MΩ) unless otherwise stated.

Synthesis of p-C3N4: p-C3N4 was synthesized by annealing

urea (10 g) at 550 °C for 2 h under the muffle furnace with the

ramping rate at 5 °C/min, and the resulted buff powder was

collected and denoted as PCN.

Synthesis of ATCN/p-C3N4: The ATCN/p-C3N4 sample was

synthesized according to the literature procedures [68].

2-Aminothiophene-3-carbonitrile (ATCN, 10 mg) and 10 g urea

were mixed with 10 mL pure water, and stirring at room tem-

perature for 12 h and then stirring at 80 °C to remove water.

The mixtures were ground into powder and calcined at 550 °C

for 2 h under the muffle furnace with the ramping rate at

5 °C/min. The samples thus obtained were denoted as

ATCN/PCN.

Synthesis of Co4O4(O2CMe)4(NC5H5)4, 1-H: Complex 1-H

was synthesized according to the literature procedures

[30,48,54]. Typically, to a mixture of Co(NO3)2·6H2O (2.9 g,

10 mmol) and CH3CO2Na·3H2O (2.7 g, 20 mmol) in methanol

(30 mL) heated to refluxing temperature, is added pyridine

(0.8 mL, 10 mmol) while stirring. Then a portion of 30% hydro-

gen peroxide (v/v, 5 mL, 50 mmol) is slowly added to the reac-

tion mixture, and stirring under refluxing conditions is

continued for 4 h. After cooling to room temperature and

reducing the volume, the latter is placed in a separating funnel

and CH2Cl2 added. The pink aqueous phase was discarded,

while the dark green organic phase dried over anhydrous

Na2SO4 and filtered. After removal of the solvent, the residue

was purified by column chromatography on silica gel with
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CH2Cl2/CH3OH 15:1 (v/v) as the eluent to afford 1.50 g (70%)

of the pure complex as a dark green solid.

Synthesis of Co4O4(O2CMe)4(NC5H4-OMe)4, 1-OMe: The

same procedure as described above was adopted except

replacing pyridine with 4-methoxypyridine (1.02 mL,

10 mmol), to afford 2.07 g (85%) of the dark green product.

Synthesis of Co4O4(O2CMe)4(NC5H4-Me)4, 1-Me: A similar

procedure as described above was adopted using 4-methylpyri-

dine (0.98 mL, 10 mmol) to afford 1.82 g (80%) of the dark

green product.

Synthesis of Co4O4(O2CMe)4(NC5H4-Br)4, 1-Br: The same

procedure as described above was adopted except replacing

pyridine with 4-bromopyridine hydrochloride (1.94 g, 10 mmol)

to afford 0.9 g (31%) of the dark green product.

Synthesis of Co4O4(O2CMe)4(NC5H4-CN)4, 1-CN: The same

procedure as described above was adopted except replacing

pyridine with 4-cyanopyridine (1.04 mL, 10 mmol) to afford

2.01 g (84%) of the product as dark brown solid.

Characterization: The UV–vis absorption spectra were

measured on a SHIMADZU UV-1780 spectrometer (Kyoto,

Japan). Fourier transform infrared (FTIR) spectra were taken on

a thermo Nicolet Nexus 670 FTIR spectrometer with KBr as the

diluents. Electrochemical measurements were conducted with a

Biologic VSP-300 Electrochemical System in a conventional

three electrode cell. The 1H NMR experiments were performed

on Bruker AVANCE 400M spectrometers. Transmission

electron microscopy (TEM) was obtained using a FEI

TECNAIG2F20 instrument. Powder X-ray diffraction (XRD)

patterns were collected on Bruker D8 Advance diffractometer

with Cu K1 radiation (λ = 1.5406 Å).

Photocatalytic test for water oxidation system [69]: Photo-

catalytic O2 production was carried out in a Pyrex top-irradia-

tion reaction vessel connected to a glass closed gas circulation

system. For each reaction, PCN powder (50 mg) was well

dispersed in an aqueous solution (100 mL) containing AgNO3

(0.17 g) as an electron acceptor, La2O3 (0.2 g) as a pH buffer

agent and 1-R (0.25 μmol) or Co(NO3)2·6H2O (1.0 μmol). The

reaction solution was evacuated several times to remove air

completely prior to irradiation with a 300 W xenon lamp with a

working current of 15 A (Shenzhen ShengKang Technology

Co., Ltd, China, LX300F). The wavelength of the incident light

was controlled by applying some appropriate long-pass cut-off

filters (λ > 300 nm). The temperature of the reaction solution

was maintained at room temperature by a flow of cooling water

during the reaction. The evolved gases were analyzed in-situ by

gas chromatography equipped with a thermal conductive

detector (TCD) and a 5 Å molecular sieves column, using

Argon as the carrier gas.

Photocatalytic test for CO2 reduction system [70]: The pho-

tocatalytic test was performed in a Schlenk flask (80 mL) under

an atmospheric pressure of CO2. In the Schlenk flask, the pho-

tocatalytic CO2 reduction reaction was carried out by dispersing

Ru(bpy)3
2+  (7 .8 mg) in MeCN (4 mL) containing

triethanolamine (TEOA, 1 mL) and 1-R (0.25 μmol) or

Co(NO3)2·6H2O (1.0 μmol). This mixture was subjected to

vacuum degassing and then back filling with pure CO2 gas.

This process was repeated three times, and after the last cycle,

the flask was back filled with CO2 (1 bar). The temperature of

the reaction solution was maintained at 30 °C controlled by a

flow of warm water during the reaction. Then, the system was

irradiated with a 300 W Xenon lamp with a 420 nm cut-off

filter under vigorous stirring. The produced gases (CO and H2)

were detected using a gas chromatograph equipped with a

packed molecular sieves column (TDX-1 mesh 42/10); Argon

was used as the carrier gas.

Supporting Information
Supporting Information File 1
Additional data.
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Abstract
Herein we report an effective synthetic method for the direct assembly of highly functionalized tetracyclic pharmacophoric cores.

Coumarins and chromones undergo diastereoselective [4 + 2] cycloaddition reactions with light-generated photoenol intermediates.

The reactions occur by aid of a microfluidic photoreactor (MFP) in high yield (up to >98%) and virtually complete diastereocontrol

(>20:1 dr). The method is easily scaled-up to a parallel setup, furnishing 948 mg of product over a 14 h reaction time. Finally, a

series of manipulations of the tetracyclic scaffold obtained gave access to valuable precursors of biologically active molecules.

2418

Introduction
In recent years synthetic photochemistry has become highly

sophisticated [1]. The opportunity of using renewable energy

sources to transform and functionalize organic molecules is

receiving considerable interest from the scientific community

[2]. Thus, innovative light-driven metal-free synthetic methods

have been successfully developed [3]. More recently, the micro-

fluidic photoreactor (MFP) technology has revealed to be a key

technology applicable for diverse photochemical processes [4].

Microfluidic photoreactions allow an increased light penetra-

tion and surface-to-volume ratio together with a more uniform

and effective irradiation of the reaction system [5], thus result-

ing in highly improved synthetic performances compared to the

classical batch conditions. Recently, light-driven reactions of

2-methylbenzophenone (2-MBP) were reported to proceed

smoothly under a MFP setup, furnishing highly diversified mo-

lecular scaffolds with enhanced yields and selectivities [6]. The

chemistry is based on the ability of 2-MBP derivatives A of

generating, upon light-irradiation, the highly reactive photoenol

intermediate A' [7] and trapping of the latter by a competent

electron-deficient reaction partner (Figure 1). The synthetic ap-

proach is not only restricted to electron-poor dienophiles such

as maleimides B (see Figure 1a), but has also been imple-

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Figure 1: a) Light-driven reaction between 2-MBP A and maleimide B for the synthesis of C through a [4 + 2] cycloaddition manifold. b) Light-driven
reaction between 2-MBP A and 3-substituted coumarin D for the synthesis of E through a Michael addition manifold. c) Light-driven reaction between
2-MBPs 1 and coumarin (2a) or chromone (3a) for the synthesis of privileged tetracyclic scaffolds 4 or 5.

mented different reaction partners, allowing the light-promoted

construction of biologically active natural products [8]. With

this aim, electron-deficient chromophores, such as 3-coumarin-

carboxylates D, have been used as competent reaction partners

of 2-MBPs A, furnishing 3-benzylated chromanones E through

a Michael addition pathway (see Figure 1b) [6].

Prompted by the interest of developing novel light-driven

microfluidic methods for the construction of biologically rele-

vant molecular scaffolds, we investigated the reaction between

MBP 1 and 3-unsubstituted coumarin (2a) and chromone (3a,

Figure 1c). It was anticipated that the successful development of

these photoreactions would generate valuable privileged scaf-

folds, namely, naphthochromenones 4 and benzoxanthenes 5,

through a diastereoselective light-driven [4 + 2] cycloaddition

reaction. Interestingly, the tetracyclic scaffolds 4 and 5 are

embodied in different biologically active molecules, with

diverse pharmacological activities [9]. To the best of our know-

ledge, diastereoselective methods for the direct construction of

naphthochromenone 4 are still missing. On the other hand, the

reported construction of the benzoxanthene scaffold 5 relies on

the use of harsh reaction conditions (e.g., 250 °C), leading to a

mixture of regio- and diastereoisomers in moderate yields [10].

Hence, the development of an efficient synthetic method to

access these privileged motifs still represents an open task in

synthetic chemistry.

The method presented herein is suited for a broad range of

coumarins 2 and chromones 3, used as precursors for the direct

generation of the tetracyclic scaffold 4 and 5, with high synthe-

tic performances (up to >98% yield) and complete diastereo-

control (>20:1). Additionally, manipulations of the naphtho-

chromenone scaffold 4 give access to highly diversified molec-

ular architectures, which are valuable intermediates in the syn-

thesis of different biologically active molecules [11]. Note-

worthy, the photoreactions presented herein do not proceed
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Table 1: Light-driven reaction between 2-methylbenzophenone (1a) and coumarin (2a); selected optimization results.

entrya residence time (min) reactor volume (μL) reagent ratio (1a:2a) yield production
(mmol·h−1)

1 26.6 1000 1.5:1 57 0.077
2b 26.6 400 1.5:1 70c 0.063
3 26.6 1000 1:3 77 0.104
4 35 1000 1:5 >98%c 0.104
5d,e 480 1000 1:5 – –
6f 35 1000 1:5 – –

aUnless otherwise noted, reaction conditions were as follows: a degassed solution of 1a and 2a in toluene (0.06 M) was irradiated for the indicated
time at 25 ± 2 °C (see Supporting Information File 1 for details). All yields refer to NMR yields using trimethoxybenzene as the internal standard. The
dr was inferred by 1H NMR analysis on the crude reaction mixture and in all the cases resulted >20:1. bReaction conditions as described in [6].
cIsolated yield. dReaction performed in batch. eExtensive decomposition of both starting reagents 1a and 2a was observed by 1H NMR analysis of the
crude reaction mixture. fReaction performed under MFP setup in the absence of light. i.d. = internal diameter.

under conventional batch conditions, thus highlighting the

importance of the MFP method enabling novel light-driven syn-

thetic transformations.

Results and Discussion
The reaction between 2-methylbenzophenone (1a) and

coumarin (2a) was initially screened in a MFP of 1000 μL

volume, using 1.5 equiv of 1a and a residence time of 26.6 min

(Table 1 and Table S3 in the Supporting Information File 1).

Under these reaction conditions, product 4a formed in 57%

yield as a single detectable diastereoisomer with a production of

0.077 mmol·h−1 (entry 1 in Table 1). For comparison, in entry 2

of Table 1 are reported the reaction conditions previously de-

scribed for the synthesis of 4a [6]. Interestingly, a higher MFP

volume resulted in a higher productivity: 0.077 mmol·h−1 vs

0.063 mmol·h−1 (entry 1 vs entry 2, Table 1). Reversing the

reagents ratio, i.e., using a slight excess of coumarin (2a),

turned out to be highly beneficial, giving the cyclized product

4a in 77% yield (Table 1, entry 3). Notably, the optimal reac-

tion conditions for the light-driven [4 + 2] cycloaddition were

achieved within a 1000 μL MFP with a residence time set at

35 min forming product 4a in quantitative yield, complete dia-

stereocontrol and a productivity of 0.104 mmol·h−1 (Table 1,

entry 4). On the contrary, when the same reaction was per-

formed under batch conditions, the expected [4 + 2] cycloaddi-

tion product 4a was only formed in trace amounts along with

extensive product decomposition (Table 1, entry 5). The en-

hanced reactivity under the MFP compared to the batch setup

(Table 1, entry 4 vs entry 5) is attributed to the more efficient

illumination and the shorter irradiation time within the MFP [6],

thus successfully preventing the light-promoted product decom-

position [12]. In fact, the irradiation for 8 h of an authentic sam-

ple of 4a resulted in the formation of a series of undefined de-

composition products. Control experiments showed that in the

absence of light irradiation, the cyclization product was not

detected (Table 1, entry 6), confirming the photochemical

nature of the present reaction.

With the optimal reaction conditions in hand we next explored

the generality and limitations of the photochemical transformat-

ion (Figure 2). First, different substitutions on the 2-MBP scaf-

fold were evaluated. Electron-donating substituents on both aro-

matic rings gave excellent results, furnishing the corresponding

naphthochromenones 4b and 4c as single detectable diastereo-

isomers (>20:1 dr), with yields spanning from 53% to 83% and

short residence times (35 min). On the contrary, electron-with-

drawing substituents resulted in inferior synthetic performances.

Compounds 4d and 4e were isolated in 44% and 40%, respec-

tively within 60 min. The optimized reaction conditions were

also amenable to diverse coumarin scaffolds. Six and 7-substi-

tuted coumarins furnished the corresponding cyclic products

4f–h in moderate to excellent yields (41 to >98%) in a pure dia-

stereoisomeric form. As a limitation of the present microfluidic

photochemical method, thioxocoumarin 2e showed poor reac-
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Figure 2: Generality and limits of the light-driven [4 + 2] cyclization reaction between 2-MBP 1a–g and coumarins 2a–c under MFP setup. *Resi-
dence time was 60 min.

tivity under the titled reaction conditions, producing only traces

of the expected sulfur-containing adduct 4i. As a matter of fact,

compound 2e showed a high tendency to undergo a light-

promoted [2 + 2] dimerization reaction, thus preventing the

envisaged [4 + 2] cycloaddition pathway [13].

Next, the chromone scaffold 3a, which is a precursor of diverse

classes of biologically active molecules [14], was evaluated

under the developed MFP setup. Notably, the [4 + 2] cycloaddi-

tion product 5a formed in 72% yield and >20:1 dr, without the

need of further condition adjustments. The relative syn configu-

ration within 5a was inferred by 2D-NOESY experiments and

confirmed by X-ray analysis of a suitable single crystal

(Figure 3). Noteworthy, different 2-MBPs bearing electron-

donating or electron-withdrawing groups underwent the light-

driven [4 + 2] cycloaddition, affording the corresponding tetra-

cyclic products 5b–f with high dr and in good yields spanning

from 41% to 72% (Figure 3).

In order to demonstrate the easy scalability of the present

method (Scheme 1) two MFPs were used in a parallel setup pro-

ducing 948 mg of 4a after 14 h with an overall productivity rate

of 0.196 mmol·h−1 [15]. Subsequently, a series of manipula-

tions were conducted on product 4a. Its treatment with a solu-

tion of sodium hydroxide in water promoted a quantitative

lactone-opening/decarboxylation cascade sequence, yielding

2,4-dihydronaphthalene 6a in quantitative yield without the

need of chromatographic purification. Interestingly, scaffold 6a
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Figure 3: Generality and limits of the light-driven [4 + 2] cyclization reaction between 2-MBP 1a–f and chromone (3a) under MFP setup.

Scheme 1: MFP parallel setup for higher scale production of 4a (top) and different molecular scaffolds 6a–9a accessible after simple manipulation
(Ar = o-OH-C6H4).
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is a valuable intermediate for the synthesis of biologically

active natural compounds [16] and industrially relevant drugs

[17] reminiscent of the bioactive tetralinolic pharmacophore

core [18].

Acidic treatment of 4a generated, after a simple extraction, the

corresponding α,β-unsaturated compound 7a in 97% yield. A

further manipulation involved the treatment of 4a with

PhMgBr, converting the lactone moiety into the corresponding

aromatic ketone. Product 8a formed in 71% yield without dia-

stereoisomeric loss. Finally, LiAlH4 reduction of 4a furnished

the bicyclic 1,3-diol 9a in quantitative yield, again without the

need of chromatographic purification. Noteworthy, compounds

6a–9a embody different functionalities suitable for additional

synthetic transformations.

Conclusion
In conclusion we have developed an effective light-driven

microfluidic method for the synthesis of valuable tetracyclic

molecular architectures using commercially available precur-

sors and a common 365 nm bulb. The reaction does not proceed

under conventional batch conditions, highlighting the essential

role of the developed MFP. A wide series of naphtho-

chromenones and benzoxanthenes were synthesized in high

yields and excellent diastereoselectivity. Finally, the large-scale

production and subsequent manipulations of product 4a demon-

strated the high synthetic potential of the present MFP method,

which is well-suited for the construction of diverse biologically

active molecules.

Supporting Information
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Abstract
Electron-rich arenes react with aryl and alkyl disulfides in the presence of catalytic amounts of [Ir(dF(CF3)ppy)2(dtbpy)]PF6 and

(NH4)2S2O8 under blue light irradiation to yield arylthiols. The reaction proceeds at room temperature and avoids the use of

prefunctionalized arenes. Experimental evidence suggests a radical–radical cross coupling mechanism.

2520

Introduction
The generation of carbon–sulfur bonds is an important task in

organic synthesis, because of their abundance in target struc-

tures, such as natural products and drugs [1-3]. They are found

in organic semiconductors, antidepressant or antileukotriene

agents (Figure 1). Three of the five most selling drugs in 2015

were organosulfur compounds. The majority of methods for

C–S bond synthesis use transition metal-catalyzed cross cou-

pling of thiols and their derivatives with organohalides [4-6],

arylboronic acids [7], aryl triflates [8], and diazonium salts [9].

Typical metals used are palladium [10-13], copper [14-21],

nickel [22-24], iron [25-29], cobalt [30-32], and rhodium

[33,34]. Aryl sulfides are also synthesized by cross coupling of

thiols and aryl Grignard/arylzinc reagents [35,36]. However,

most of these methods require harsh reaction conditions,

external additives and high temperatures. The reactions need

prefunctionalized arenes, while a direct C–S sulfenylation by

C–H functionalization would be more desirable and cost effec-

tive. So far, only a few reports on direct C–H functionalization

using transition metals or metal free [37-39] conditions and dif-

ferent sources of sulfur, for example arylsulfonyl chlorides, so-

dium arylsulfinates, sulfinic acids and arylsulfonyl hydrazides

have been reported (Scheme 1). However, the protocols require

prefunctionalized sulfenylating reagents. Recently Lei and

co-workers reported a DDQ-mediated selective radical–radical

cross coupling between electron-rich arenes and thiols [40].

Miyake et al. reported the visible light-promoted cross-cou-

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:Burkhard.Koenig@chemie.uni-regensburg.de
mailto:Julia.Rehbein@chemie.uni-regensburg.de
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Figure 1: Selected examples of sulfenylated heterocycles used in pharmaceuticals and material chemistry.

Scheme 1: Synthetic routes to organosulfur compounds.

pling reaction between aryl halides and arylthiols via an inter-

molecular charge transfer using Cs2CO3 as base [41]. Two

recent reports showed the synthesis of C-3 sulfenylated indoles

and 3-sulfenylimidazopyridine via C–H functionalization using

Rose Bengal as photocatalyst [42,43]. In general, the arylation

reactions use the reductive cycle of the photocatalyst and for

this, electron poor arenes are required. In this article, we report

the development of a mild and efficient oxidative photocatalyt-

ic method of thiolation of electron-rich di- and trimethoxyben-

zene arenes with aryl disulfides and (NH4)2S2O8 as terminal

oxidant (Scheme 2).

Results and Discussion
1,2,4-Trimethoxybenzene and diphenyl disulfide were em-

ployed as the model substrates to test our proposal and to opti-

mize the reaction conditions. Our developed photocatalytic

method allows the activation of electron-rich alkoxyarenes for

the direct C–H sulfenylation reaction using visible light and

[Ir(dF(CF3)ppy)2(dtbpy)]PF6 as the photocatalyst. The reaction

was carried out under nitrogen under visible-light irradiation at

455 nm. The oxidation potential of this test arene is 1.02 V vs

SCE, which allows oxidation by [Ir(dF(CF3)ppy)2(dtbpy)]PF6

having an estimated excited state oxidation potential of 1.21 V

vs SCE. Other photocatalysts like Ru(bpy)3Cl2, Ru(bpz)3PF6,

DDQ, acridinium dyes, Eosin Y, Eosin Y disodium salt and

4-CzIPN were evaluated, but under our reaction conditions

either low substrate conversion or the degradation of

the photocatalyst was observed (see Supporting Information

File 1, Table S1). The organic dye 9-mesityl-10-phenylacri-

dinium tetrafluoroborate completely decomposed in the pres-

ence of excess disulfide within 30 minutes of irradiation.

[Ir(dF(CF3)ppy)2(dtbpy)]PF6 was found to be the best photocat-

alyst and in this case, CH3CN was the best solvent compared to

DMF, DMSO and DCE. When thiophenol was used as the
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Scheme 2: Aryl sulfide synthesis.

sulfur source, diphenyl disulfide was obtained as a major side

product, which in turn hindered the arylation process and

resulted in several other oxidized products of thiophenol. So,

the readily available diphenyl disulfide was added as the thio-

lating agent. Addition of excess disulfide (e.g., 5 equivalents)

resulted in the formation of thiophenol as a major side product

along with other oxidized sulfur species. The amount of disul-

fide was varied from 0.5 equivalents to five equivalents;

1.7 equivalents of disulfide gave the best result. The photo-

catalytic reaction was very slow when air was used as an

oxidant, also it led to various oxidation products of the sulfur

and the degradation of the photocatalyst was observed upon ir-

radiation. Therefore, (NH4)2S2O8 was used as terminal oxidant.

The addition of tert-butyl hydroperoxide (TBHP) as an oxidant

led to degradation of the reaction mixture, also when nitroben-

zene (PhNO2) was used as oxidant, trace amounts of product

were observed along with the formation of aniline, likely arising

from the regeneration of the catalyst. Control experiments con-

firmed that light and photocatalyst were essential for the aryl-

ation reaction (see Supporting Information File 1, Table S2).

With these conditions in hand, electron rich di- and trimethoxy-

arenes were reacted. The reactions were complete within 6 to

24 hours and the products were obtained in moderate yields.

The best yield of 85% was observed when the electron-rich

bis(4-methoxyphenyl) disulfide was employed as the thiolating

agent (3h). With symmetrical arenes, diarylation was observed.

The initially formed mono-arylated product is more reactive

than the starting material and reacts to the diarylthiol product.

When 1-phenyl-1H-pyrrole-2,5-dione was employed as the

arene, the sulfenylation occurred exclusively at the double bond

instead at the arene to give the product 3k in 58% yield and a

trace amount of diarylation product of the aromatic ring. When

the more difficult to oxidize 2-methoxynaphthalene was used as

substrate, the product 3l was obtained in only 30% yield indi-

cating the limit of the scope of the method. The substrate scope

is shown in Scheme 3. The structures of compounds 3a, 3d, 3e

and 3i in the solid state were determined by X-ray structure

analysis (Figure 2).

We performed various control experiments to support the pro-

posed reaction mechanism, which is shown in Scheme 4. Two

equivalents of 2,2,6,6-tetramethylpiperidyl-1-oxyl (TEMPO), a

radical scavenger were added to 1,2,4-trimethoxybenzene

(Scheme 4a), in the presence of [Ir(dF(CF3)ppy)2(dtbpy)]PF6,

ammonium thiosulfate and 455 nm LED irradiation. The reac-

tion mixture was analyzed by mass spectrometry, which showed

the molecular ion indicating the formation of the proposed

TEMPO adduct with the arene radical intermediate. Also, when

diphenyl disulfide was irradiated with TEMPO in the presence

and absence of the photocatalyst, (Scheme 4b and Scheme 4c)

the adduct 2,2,6,6-tetramethyl-1-((phenylthio)oxy)piperidine

was obtained in both cases. See Supporting Information File 1

for the HRMS analysis of the TEMPO adduct. These radical

trapping experiments show that initially a radical cation of the

arene is formed by the excited photocatalyst, which then is

trapped by the radical scavenger TEMPO. S–S bond cleavage

has been reported for alkyl and aryl disulfides in an oxidative

[44-46] and triplet sensitized mechanism [47]. It is also well

known in literature that aromatic disulfides are cleaved

homolytically under UV irradiation yielding the corresponding

radicals [48]. A recent study from Nicewicz showed that an aryl

disulfide could be cleaved by irradiation with visible light [49].

Some spectroscopic investigations (Figure 3) gave valuable

information about the mechanism of the photoredox catalytic

cycle. The luminescence intensity of [Ir(dF(CF3)ppy)2(dtbpy)]-
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Scheme 3: Substrate scope for arylthiol syntheses. The reaction was performed with 1a–g (0.1 mmol) and 2a–d (2 equiv), (NH4)2S2O8 (1.7 equiv)
and [Ir(dF(CF3)ppy)2(dtbpy)]PF6 (2 mol %) in 2 mL CH3CN. For reaction times see Supporting Information File 1.

Figure 2: Crystal structures of compounds 3a, 3d, 3e and 3i.
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Scheme 4: Radical trapping experiments.

Figure 3: (a) Changes in the fluorescence spectra (in this case intensity, λEx = 455 nm) of [Ir(dF(CF3)ppy)2(dtbpy)]PF6 upon the addition of 1,2,4-
trimethoxybenzene in CH3CN. (b) Changes in the fluorescence spectra upon the addition of diphenyl disulfide in CH3CN. (c) Stern–Volmer quenching
plot of iridium catalyst in the presence of 1,2,4-trimethoxybenzene and diphenyl disulfide. Kq (arene) = 318 ± 2.6 M−1 L and
Kq (disulfide) = 36 ± 0.7 M−1 L.

PF6 was quenched upon successive addition of 1,2,4-

trimethoxybenzene (oxidation potential 1.02 V vs SCE,

Figure 3a). The values are similar to the estimated excited state

oxidation potential of [Ir(dF(CF3)ppy)2(dtbpy)]PF6 ( +1.21 V

vs SCE in acetonitrile). On the other hand, the luminescence

was quenched negligible on addition of diphenyl disulfide
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Scheme 5: Proposed mechanism for visible light mediated direct C–H sulfenylation.

(Figure 3b). Stern–Volmer quenching studies showed that the

arene is quenched at a much higher rate than the disulfide

(Figure 3c). This indicates that the oxidation of the arene is the

key step in the C–H sulfenylation reaction. Anisole does not

quench the luminescence of [Ir(dF(CF3)ppy)2(dtbpy)]PF6

and also did not give a sulfenylated product under our photo-

catalytic conditions. This is rationalized by the oxidation

potential of anisole of 1.76 V vs SCE, which is higher than

the estimated excited state oxidation potential of the photocata-

lyst.

To elucidate, if the 1,3,5-TMB radical cation (1,3,5-TMB•+) is

formed indeed during the quenching process of the catalyst by

1,3,5-TMB (Scheme 5) ns-time-resolved transient absorption

spectroscopy was used [50]. To allow for a decomposition of

the multicomponent spectra we conducted laser flash photoly-

sis (LFP) experiments on the single components (I = [Ir],

II = 1,3,5-TMB, III = (PhS)2 in ACN, fpt-degassed) and the 2-

and 3-component mixtures (A = [Ir]/[TMB] = 1:1500;

B = [Ir]/[TMB]/[(PhS)2] = 1:1500:25 in ACN, fpt-degassed)

[51]. Analyzing the single component solutions by LFP experi-

ments with different time-resolutions and time-scales

(400 ps/div, 10 ns/div, 10µs/div; tmax = 3.5 µs to 10 µs) provi-

ded information on photophysics and photochemistry of the

single reactants. Figure 4 shows the strong luminescence of the

catalyst (red line) that overlaps with the transient absorption of

the postulated 1,3,5-TMB•+ in the 2-component mixture A [52].

The half-life time τ1/2 of the catalyst’s emission was deter-

mined to be 1.5 µs (mono-exponential fit at 520 nm) and corre-

sponds well with published data on related compounds [53-55].

The 1,3,5-TMB on its own did not show any transients initiated

by the 355 nm pulse. (PhS)2 produced under 355 nm irradiation,

a broad transient absorption from 300 nm to 390 nm that did not

decline over the measurement time (up to 10 µs, see Support-

ing Information File 1). In the UV–vis spectra recorded after the

LFP experiment a significant change in absorption in the

300–370 nm region was observed, indicating that probably a

fragmentation of the disulfide bond took place due to the laser

irradiation. Since this effect occurred also under reduced laser

power (70% of the original 58 mJ/pulse) we restricted the cur-

rent analysis to the two-component solution (A). Since 1,3,5-

TMB did not show any transient formation in solution II, the

deconvolution of the spectra of A were achieved with the help

of spectra derived of I. Taking the difference spectra on differ-

ent time intervals revealed a transient absorption spectrum that

corresponds to literature data of 1,3,5-TMB•+ (Figure 4). 1,3,5-

TMB•+ emerges within the first 20 ns and has a life-time of

around 4 µs. The presence of TMB led to a slower decay

kinetics at wavelength where both fluorescence of that catalyst

and the transient 1,3,5-TMB•+ occur, for instance at 447 nm

kdecay,I/kdecay,A = 1.4.

Based on the above experimental results, spectroscopic investi-

gations and literature reports, we propose a photocatalytic

mechanism (Scheme 5). Upon photoexcitation, [Ir(dF(CF3)-

ppy)2(dtbpy)]PF6 accepts an electron from the arene and

converts it into the corresponding radical cation 1. Ammonium

persulfate present in the reaction mixture could oxidize the

reduced photocatalyst and complete the catalytic cycle forming

the sulfate dianion 5 and sulfate radical anion 6. The phenyl

sulfide radical 2 formed upon homolytic cleavage of diphenyl

disulfide adds to the radical cation of the arene to form the

unstable cationic intermediate 3. Aromatization by deproton-

ation leads to the desired product 7.
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Figure 4: Black line: UV–vis spectrum of the degassed [Ir] + 1,3,5-TMB mixture (solution A) in ACN. Blue and red lines: Absorption spectra averaged
over 10–30 ns after 355 nm laser-pulse with red being derived from the [Ir] solution I and representing the emission spectrum of the catalyst. Where-
as, the blue line was obtained from the difference spectrum [Ir] and [Ir] + TMB and represents the transient absorption spectrum of 1,3,5-TMB•+ with
λmax of 473 nm (solution A).

Conclusion
In conclusion, we have developed a photocatalytic method for

the synthesis of aryl sulfides via a radical–radical cation cross

coupling of electron rich arenes with aryl and alkyl disulfides.

The reaction proceeds at room temperature and avoids the use

of prefunctionalized arenes.

Supporting Information
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Experimental details, LFP data and NMR spectra of all

compounds.
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Supporting Information File 2
X-ray crystallographic data for 3a (CCDC 1847083), 3d

(CCDC 1847084), 3e (CCDC 1847085 and 3i (CCDC

1847086). These data can be obtained free of charge from

The Cambridge Crystallographic Data Centre.
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Abstract
The electrochemical behavior of stiff dithienylethenes, undergoing double bond isomerization in addition to ring-closure, has been

investigated. Electrochromism was observed in almost all cases, with the major pathway being the oxidatively induced cyclization

of the open isomers. The influence of the ring size (to lock the reactive antiparallel conformation) as well as substituents (to modu-

late the redox potential) on the electrocyclization was examined. In the series of derivatives with 6-membered rings, both the E- and

the Z-isomer convert to the closed isomer, whereas for the 7-membered rings no cyclization from the E-isomer was observed. For

both stiff and normal dithienylethenes bearing benzonitrile substituents an additional and rare reductive electrocyclization was ob-

served. The mechanism underlying both observed electrocyclization pathways has been elucidated.

2812

Introduction
Diarylethenes (DAEs) are a rich family of organic photo-

switches formally derived from stilbene [1,2]. Upon irradiation

they are able to undergo reversible photoisomerization based on

6π-electrocyclization and -cycloreversion, respectively, be-

tween two thermally stable states, which make them interesting

components for optical memories [3,4]. In addition to photo-

chemistry, the isomerization of DAEs can also be triggered by

electrochemical means, therefore providing a stimulus orthogo-

nal to light [5].

Electrochemically induced isomerization of DAEs is almost ex-

clusively based on oxidation. Either cyclization [5-13] or

cycloreversion [14-21] can be observed, while correlation of

both reaction modes to the molecular structure is still under

discussion [22-26]. There are only few reports about reductive

isomerization, each involving the ionic methylpyridinium group

as a substituent on the photochromic unit [27-29]. However, by

a combination of suitable substituents, a bidirectional system

able to operate in both switching directions either electrochemi-

cally or photochemically has been reported [28].

We have recently developed a new subclass of DAEs without

the geometric constraint of the central endocyclic olefin bridge

yet with two rings each involving one of the bridge’s carbon

atoms to lock the photoreactive antiparallel conformation and

thus provide stiff dithienylethenes (sDTEs), in analogy to stiff

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:sh@chemie.hu-berlin.de
https://doi.org/10.3762%2Fbjoc.14.259
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Scheme 1: Combining double bond isomerization (E/Z) and cyclization/cycloreversion (Z/C) in three-state switching sDTEs. Photochemically, both
ring-open isomers are converted to the closed isomer C in high yield when irradiated with near UV light. Upon irradiation with visible light the C-isomer
undergoes quantitative cycloreversion exclusively to the Z-isomer [33].

Scheme 2: Overview of all sDTE and reference DTE compounds investigated in this study. The compound names indicate the molecular frame
(e.g., sDTE66) and the substituents attached to the 5-position of the thiophenes (e.g., -PhOMe). For all compounds, the major isomer obtained in the
synthesis [33] is shown.

stilbenes [30-32]. Due to enabled isomerization of the central

exocyclic double bond, sDTEs form a three-state system under-

going interconversion between ring-open E- and Z-isomers and

a ring-closed C-isomer (Scheme 1).

Here we describe the oxidatively and reductively induced isom-

erization behavior of sDTEs as investigated by cyclovoltam-

metry (CV) and spectro-electrochemistry (SEC) [33].

Our present study is aiming to: 1) elucidate the influence of

possible double bond isomerization on the electrochromism of

sDTEs; 2) explore the structural effect of varying ring size

as well as electronic modification; and 3) contribute to the

mechanistic understanding of electrochromism in DAEs in

general.

First, we discuss the simple methyl-substituted sDTE deriva-

tive sDTE66-Me, consisting of two 6-membered rings, and

subsequently relate to other members of this new family of

compounds, possessing either different ring sizes or aromatic

substituents with different electronic properties (Scheme 2).

Interestingly, we found that oxidative cyclization can occur

from both double bond isomers. In addition, a reductive cycliza-

tion was discovered in bis(benzonitrile)-substituted DTEs and

also in a DTE with an extended π-system.

Results and Discussion
Cyclization by anodic oxidation
In initial experiments, the electrochemical behavior of the

methyl-substituted derivative bearing six-membered rings

(sDTE66-Me) was investigated. For both configurational

isomers, i.e., E- and Z-sDTE66-Me, an irreversible oxidation

wave corresponding to the transfer of two electrons was ob-

served in the cyclic voltammograms (Figure 1a), with the

Z-isomer (blue dashed line) being slightly easier to oxidize than
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Figure 1: Cyclic voltammograms of sDTE66-Me. a) Both E- (black line) and Z-isomer (blue dashed line) display one irreversible oxidation wave, which
is assigned to the formation of the closed isomer. b) The closed isomer (red line), generated in situ from Z-sDTE66-Me upon irradiation with 313 nm
light prior to the CV measurement, displays two distinct oxidation waves. The first one is reversible whereas the second is quasi-reversible. Experi-
ments were carried out in MeCN with 0.1 M Bu4NPF6, c = 1∙10−3 M, dE/dt = 1 V s−1.

E-sDTE66-Me (black line). In contrast to both open isomers,

two separate one-electron oxidation waves were observed for

the closed isomer C-sDTE66-Me (Figure 1b), generated either

in the irreversible oxidation process or photochemically. Both

of these oxidation events occur at significantly lower potentials

compared to the open isomers, reflecting the increased energy

of the HOMO due to the extended π-system generated upon

ring-closure.

Irreversible oxidation of the open isomer of DAEs has already

been observed and was ascribed to cyclization [6-13]. Indeed,

the two separate one-electron reduction waves arising during

the back-sweep after oxidation of the E- and Z-isomer match

exactly those of the independently photochemically prepared

closed isomer (Figure 1b). Furthermore, in a second consecu-

tive redox cycle (Figure S11, Supporting Information File 1)

also two oxidation waves for C-sDTE66-Me are observed.

Interestingly, oxidatively induced cyclization seems to occur

similarly from both Z- and E-configured open isomers, i.e.,

regardless of the double bond geometry. Since ring-closure

requires the two reactive α-thienyl carbon atoms to approach

each other, presumably an additional electrochemically induced

E → Z isomerization occurs prior to cyclization. Indeed, there

are scattered reports about configurational isomerism in stil-

bene radical cations [34,35] and simple dithienylethenes

[36-38]. As such, we postulate an equilibrium between both

E- and Z-radical cations with the latter rapidly reacting to the

closed isomer.

To gain a deeper mechanistic understanding of the oxidative

cyclization, the evolution of the UV–vis absorption spectra

during a CV cycle was recorded in a SEC cell. It was found that

both E- and Z-sDTE66-Me convert from their colorless initial

charge-neutral state into the same oxidized species which

displays characteristic absorption bands centered at 493 nm and

621 nm (Figure 2a and b; for an overlay of spectra see Figure

S29, Supporting Information File 1).

To identify the nature of this product, SEC was performed on

the photochemically generated closed isomer (Figure 2c,d).

Herein, the reversible first oxidation step yields the radical

cation C+• (Figure 2c, light blue), identified by its characteristic

red-shifted absorption at 731 nm and 912 nm due to an unpaired

electron. The radical cation C+• is stable even at the slow scan

rates of SEC and builds up continuously as evidenced by clean

isosbestic points. In a subsequent, second oxidation step, the

radical cation C+• is converted to the dication C2+ (Figure 2d,

green), as indicated by the hypsochromic shift due to the

absence of an open-shell system. The formed dication exhibits

characteristic absorption bands centered at 493 nm and 621 nm,

identical to the species formed upon oxidation of the open

isomers.

Notably, while the first oxidation step of the closed isomer

(C → C+•) is fully reversible, the second oxidation (C+• → C2+)

is only quasi-reversible. Formation of an unknown follow-up

product (FP) occurs at the low scan rates of the SEC experi-

ment, indicated by the appearance of a reduction wave at a sig-

nificantly lower potential (Ep
c = −0.530 V) during the return

scan (Figure 2d). At the same time the reduction waves corre-

sponding to the closed isomer, as observed in the CV experi-

ment with high scan rates (Figure 1), disappear. Furthermore,

the UV–vis spectrum recorded in the SEC after reduction is an

overlay of that of the closed isomer and the new species FP
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Figure 2: Spectroelectrochemistry of sDTE66-Me. Absorption changes during CV, insets showing the corresponding cyclovoltammograms with red
dots marking when UV–vis–NIR spectra were measured. A stable intermediate is formed upon oxidation of: a) E-sDTE66-Me and b) Z-sDTE66-Me.
c) Oxidation of photogenerated C-sDTE66-Me to the stable radical cation C+•. d) Further oxidation of C+• to the dication FP2+, measured in a separate
experiment. At the low sweep rates of SEC an irreversible reduction wave at Ep

c = −0.530 V occurs in a), b), and d). Experiments were carried out in
MeCN with 0.1 M Bu4NPF6, c = 5∙10−4 M, dE/dt = 10 mV s−1.

possessing an absorbance maximum at 358 nm (Figure S29,

Supporting Information File 1). This kind of irreversible

process from an oxidized closed isomer has already been ob-

served for DAEs [7], but its nature has not been further dis-

cussed except that it is different from the typical photochemical

byproduct of DAEs [39,40].

Although the exact identity of FP/FP2+ remains elusive, several

characteristics can be summarized: 1) FP2+ is formed from both

the open and the closed isomers upon oxidation (Figure S41 and

Figure S42, Supporting Information File 1) and its reduction

wave is shifted to lower potentials compared to C2+ for all ob-

served cases by up to >600 mV (see Table S1, Supporting Infor-

mation File 1). 2) The amount of FP2+ formed depends on both

the electronic structure of the photoswitch and the scan rate.

While at slow scan rates (10 mV s−1) the conversion is quantita-

tive for sDTE66-Me, it can still be observed at the fast scan

rates (1 V s−1). Notably, for phenyl-substituted sDTEs the

extent of FP2+-formation is lower, and for the donor-substi-

tuted C-sDTE66-PhOMe the initial absorption spectrum after a

complete redox cycle is fully recovered, even at low scan rates

(for a comparison of full redox cycles of C-sDTE66-Me and

C-sDTE66-PhOMe see Figure S30, Supporting Information

File 1). This observation confirms the enhanced stabilization of

the C2+ cation by electron-donating groups [8]. 3) Upon reduc-

tion of FP2+, both FP as well as C are formed. UPLC analysis

of a preparative scale oxidation and subsequent reduction of

Z-sDTE66-Me as well as C-sDTE66-Me (Figure S41 and

Figure S42, Supporting Information File 1) showed mainly the

closed isomer after the reduction step. However, in these exper-

iments an insoluble off-red film deposited on the platinum elec-

trode that resisted further analysis (for a photograph, see Figure
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Scheme 3: Proposed mechanism for the oxidative cyclization of sDTE66-Me. Upon two-fold oxidation, both open isomers cyclize to the dication C2+.
This dication can reversibly be reduced to the closed isomer C in two consecutive steps. Upon low sweep rates, an unidentified follow-up product FP
forms that at least partially can be reduced to C.

S41d, Supporting Information File 1). 4) The absorption spec-

trum of FP is red-shifted compared to the two open isomers yet

blue-shifted compared to the closed isomer (Figure S29b, Sup-

porting Information File 1). 5) Upon reduction, a species analo-

gous to FP was not observed (vide infra and Figure S43, Sup-

porting Information File 1).

Considering all these findings, a mechanism for the oxidative

cyclization of sDTE66-Me (Scheme 3) can be derived: Starting

from either open isomer fast isomerization to the same dication

C2+ takes place upon oxidation. Both, the isomerization of the

double bond of the E-isomer as well as the cyclization reaction

are instantaneous on the timescale of the experiment. The

closed dication C2+ can be reduced stepwise to its neutral form.

In addition, when C2+ is not stabilized by donor substituents it

undergoes a subsequent reaction to the structurally yet unidenti-

fied follow-up product FP2+, which upon reduction, at least

partially, transforms into the charge-neutral closed isomer C.

Note that during oxidative cyclization the characteristic absorp-

tion of the cation radical C+• at 731 nm is not observed

(Figure 2a and b), suggesting a concerted two-electron oxida-

tion of the open isomers and thermal cyclization in the dica-

tionic state (vide infra).

Influence of ring size and substitution
To correlate structural parameters with the observed electro-

chemical behavior, sDTEs with other ring sizes (sDTE55-Me

and sDTE77-R) and derivatives bearing peripheral phenyl sub-

stituents with different electronic properties (-OMe, -Br, -CN,

(-CF3)2) as well as various reference compounds were exam-

ined. The oxidation potentials for the investigated compounds

(see Scheme 2) are summarized in Figure 3 and Table S1 (Sup-

porting Information File 1).

Figure 3: Anodic peak potentials (Ep
a) of sDTEs and reference com-

pounds in MeCN. Solid circles refer to the first oxidation potential,
hollow circles to the second oxidation potential (if available). For
detailed data, see Table S1, for all respective cyclovoltammograms,
see Figure S10 to Figure S27 in Supporting Information File 1.

For most ring-open compounds investigated, the E-isomer

displayed a higher or at least equal oxidation potential when

compared to the Z-isomer. This difference for both open

isomers is rather surprising in view of their very similar

absorption maxima in first approximation reflecting the

HOMO–LUMO gap. The sole exception to this trend is the only

derivative with an H-substituted double bond ethene-Me, which

exhibit the expected behavior of a less facile oxidation of the

Z-isomer due to its somewhat twisted π-system leading to less

pronounced π-conjugation and lowering the HOMO level. Even
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Figure 4: Cyclic voltammograms of sDTE66-PhCN. The reduction of a) E-sDTE66-PhCN (black line) is reversible, whereas the reduction of
b) Z-sDTE66-PhCN (blue line) yields the closed isomer, indicated by the characteristic oxidation wave of C-sDTE66-PhCN (red dashed line), gener-
ated photochemically. Experiments in a) DMF with 0.1 M Bu4NPF6, c = 5∙10−4 M, dE/dt = 1 V s−1 and b) MeCN with 0.1 M Bu4NPF6, c = 5∙10−4 M,
dE/dt = 1 V s−1.

more surprising is the comparison of methyl-substituted deriva-

tives of different ring sizes. Instead of the expected ease of oxi-

dation with an increasing number of carbons due to their donat-

ing inductive (+I) effect, the exact opposite trend was observed

with sDTE77-Me being most difficult to oxidize. In the group

of sDTE66-R derivatives, however, the influence of the substitu-

ent is in accordance with its electron-donating or electron-with-

drawing ability.

The closed isomers are, in general, much easier to oxidize as the

open isomers, even in cases such as sDTE77-Me, in line with

the largely reduced HOMO–LUMO gap of the colored closed

isomers implying an energetically higher and thus more acces-

sible HOMO level. The first and second oxidation potential are

shifted depending on the electron-donating or electron-with-

drawing character of the attached substituents, similarly to what

is known for normal DAEs [40,41]. The differences between

the first and second oxidation wave seem to depend on the

nature of the substituents with donors reducing the gap, presum-

ably by more efficient stabilization of the dication, and on con-

formational rigidity dictating the extent of π-conjugation be-

tween both hemispheres.

Similar to the model compound sDTE66-Me, all available

sDTE66 derivatives as well as both Z-configured sDTE77 deriv-

atives undergo electrocyclization upon oxidation. This also

holds true for all cyclopentene-bridged DTE derivatives. How-

ever, in butene-Me the formation of FP2+ is the predominant

reaction pathway even at high scan rates, while for E-sDTE55-

Me as well as both isomers of ethene-Me no characteristic

cathodic waves of the closed isomers were observed. For

E-sDTE77-Me neither oxidative cyclization nor formation of

FP2+ was found despite its irreversible oxidation wave.

Cyclization by cathodic reduction
Except for rare examples of methylpyridinium substituted DTEs

[27,28] and dithiazolylethenes [29], ring closure under reduc-

tive conditions has not been reported for DAEs. For most struc-

tures the reduction potential of the open isomer is too negative

to be reached within the redox window determined by the elec-

trolyte. Thus, a strongly electron-deficient substituent such as

pyridinium is necessary to shift the reduction potential to acces-

sible values. However, not every electron-withdrawing group

appears to be suited to induce cathodic cyclization [40,42].

In the case of the electron-deficient benzonitrile derivative

sDTE66-PhCN the reduction potential could be reached and for

the Z-isomer an irreversible two-electron reduction wave at

Ep
c = −2.526 V was detected (Figure 4). Upon re-oxidation, a

new peak matching that of the photochemically generated

closed isomer, determined in a separate experiment, was ob-

served. Likewise, in a second cycle (Figure S24, Supporting

Information File 1), the reduction wave of the closed isomer at

Ep
c = −1.920 V appeared, clearly indicating reductive cycliza-

tion. The reductive formation of C-sDTE66-PhCN was

unequivocally proven by a preparative electrolysis of

Z-sDTE66-PhCN and subsequent product analysis, showing a

closed to Z-isomer ratio of 69:31 (Figure S43, Supporting Infor-

mation File 1). Interestingly and in strong contrast to the

Z-isomer, for the E-isomer a reversible reduction wave was ob-

served and no cyclization product was formed (Figure 4a). Note

that, however, both open isomers undergo oxidative cyclization

(Figure S19b and Figure S20b, Supporting Information File 1).

To investigate the generality of reductive cyclization mediated

by cyano groups, we subjected the cyclopentene-bridged DTE

with benzonitrile substituents (DTE-PhCN) to these conditions.
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Figure 5: Cyclic voltammogram of DTE-PhFluorene. The ring-closed isomer (red dashed line) is formed both under a) reductive and b) oxidative
conditions from O-DTE-PhFluorene (blue line), as shown by the emerging characteristic oxidation and reduction waves, respectively. Experiments in
a) DMF with 0.1 M Bu4NPF6, c = 1∙10−3 M, dE/dt = 1 V s−1 and b) DCM with 0.2 M Bu4NPF6 c = 7∙10−4 M, dE/dt = 100 mV s−1. For two consecutive
oxidation and reduction cycles, see Figure S25 in Supporting Information File 1.

The electrochemistry of this compound [8] and its hexafluoro-

cyclopentene derivative [43] have already been investigated, but

its behavior under reductive conditions has not been discussed.

Indeed, an irreversible reduction wave at Ep
c = −2.436 V was

found, giving rise to an oxidation wave corresponding to the

closed isomer (Figure S23, Supporting Information File 1).

Once formed, the closed isomers of both nitrile-substituted

compounds, i.e., sDTE66-PhCN and DTE-PhCN, can be re-

versibly reduced and oxidized (Figure S20 and Figure S23, Sup-

porting Information File 1). The two-electron reduction of the

closed isomer was found to occur in a stepwise manner as indi-

cated by SEC of C-DTE-PhCN clearly showing an intermedi-

ate radical anionic species C−• (Figure S40, Supporting Infor-

mation File 1).

Moreover, the phenomenon of reductive cyclization appears not

to be restricted to DTEs with strongly electron-withdrawing

groups. We found that the electronic effects of an extended

π-system lead to similar results. As such, the bis(4-(9,9-

dimethyl-9H-fluoren-2-yl)phenyl)-substituted DTE-PhFluo-

rene undergoes reductive as well as oxidative cyclization

(Figure 5), a phenomenon that we have recently also observed

for reductively and oxidatively induced azobenzene Z→E isom-

erization [44,45].

Mechanism of the electrochemical
isomerization
In the literature, either mono- [7,18,22,23,46] or bis-oxidized

[9-11] open DAEs have been reported and discussed [8,47] as

the key intermediate undergoing thermal cyclization or cyclore-

version, typically in the context of so-called “ECE” and “EEC”

mechanisms, respectively [48]. To contribute to this discussion,

nonsymmetrical DAEs bearing two electronically distinct

aryl moieties (CF3- and Me-thiazole) [5] or thiophenes

possessing donor and acceptor substituents (-Ph/-PhOMe,

-Ph(CF3)2/-PhNMe2, and -Ph(CF3)2/-PhOMe) have been inves-

tigated [8,40]. However, sufficient separation of the oxidation

waves in order to assure a fully stepwise oxidation process is

difficult to achieve and could only be realized in the case of

modified thiazoles [5] or using the strongly donating -PhNMe2

substituent [40]. In these compounds, the first oxidation wave is

fully reversible and anodic cyclization occurs only after the

second step, forming the open dication (EEC mechanism).

By combining strongly electron-donating and electron-with-

drawing substituents within one molecule (Me2NPh-DTE-

PhCN), we could access an open isomer showing two separat-

ed one-electron waves upon both oxidation and reduction

(Figure 6). As in the examples above, the first oxidation wave

of O-Me2NPh-DTE-PhCN is fully reversible and anodic cycli-

zation occurs only from the open dication (Figure 6b). In addi-

tion, also the first reduction wave is fully reversible (Figure 6a).

However, because the second reduction potential was not acces-

sible, no cyclization was observed. It is noteworthy that the

reduction of O-Me2NPh-DTE-PhCN and O-DTE-PhCN

occur at very similar potentials (−2.457 V and −2.436 V, re-

spectively), thus indicating that both hemispheres in open DTEs

are only very weakly conjugated.

From the fact that the radical anion does not undergo cycliza-

tion we conclude that a concerted EEC mechanism is valid for

both oxidative and reductive cyclization in our compounds

(Scheme 4). There is, however, a marked difference between

the oxidative and reductive pathway: In the dicationic state a
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Figure 6: Cyclic voltammograms of Me2NPh-DTE-PhCN displaying separated one-electron anodic and cathodic waves. a) Reversible first one-elec-
tron reduction (blue line) of O-Me2NPh-DTE-PhCN. The second reduction potential cannot be accessed. First (red dashed line) and second one-elec-
tron reduction (red dotted line) of C-Me2NPh-DTE-PhCN are shown for comparison. b) Oxidative cyclization of O-Me2NPh-DTE-PhCN occurs only at
the second oxidation/reduction step (blue dotted line), whereas the first step (blue line) is reversible. The oxidation waves of the closed isomer (red
dashed line) are shown for comparison. The asterisk marks the oxidation wave of residual open isomer after irradiation. Experiments in MeCN with
0.1 M Bu4NPF6, c = 1∙10−3 M, dE/dt = 1 V s−1.

Scheme 4: Proposed mechanism to explain the observed selectivity of anodic and cathodic cyclization in sDTE66 derivatives: a) Upon two-fold oxida-
tion, an equilibration between the two dications of the E- and Z-isomers is possible due to rotation about the formed central single bond. Once formed,
Z2+ is trapped as C2+. b) In contrast, bond rotation is not possible for the dianion E2− and as a consequence, reductive cyclization is only possible
from Z2−.
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resonance structure exists in which the central double bond is

resolved and thus bond rotation is allowed. This is reflected by

the fact that both the E- and the Z-isomers of sDTEs are able to

undergo oxidative cyclization. In contrast, in the dianionic state

formal cross-conjugation between the thiophene moieties and

the central double bond persists and no rotation takes place.

Thus, only the dianion of the Z-isomer undergoes cyclization

while the reduction of the E-isomer is reversible. This behavior

differs strongly from that of stilbene, in which reduction occurs

at the double bond and causes an equilibration of the double

bond isomers in favor of the E-stilbene [49].

Conclusion
We have investigated the electrochemical behavior of sDTEs, a

new family of photoswitches possessing three switching states

(E/Z/C). The oxidation potentials of a series of compounds with

either 5-, 6-, or 7-membered rings attached to the central

exocyclic double bond as well as the electronic influence of

substituents were compared. We found that in particular the de-

rivatives with 6-membered rings undergo efficient cyclization

upon two-electron oxidation. Notably, both E- and Z-isomers

undergo 6π-electrocyclization because rotation about the central

bond is possible in the dication. Furthermore, we discovered

three examples undergoing cyclization upon two-electron

reduction that so far has only rarely been observed. Remark-

ably, only the Z-isomer ring-closes under reductive conditions,

whereas the E-isomer is reduced reversibly. In addition, the in-

vestigation of a nonsymmetrically substituted DTE showed that

a two-fold change of the oxidation state is necessary to achieve

cyclization, via both the oxidative and reductive pathway.

Experimental
A detailed description of the experimental conditions and

applied analytical methods, including synthesis, photochem-

istry, and electrochemistry, can be found in Supporting Infor-

mation File 1.

Supporting Information
Supporting Information File 1
Experimental part.

[https://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-14-259-S1.pdf]
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Abstract
Recent progresses achieved in terms of synthetic procedures allow now the access to polymers of well-defined composition, molec-

ular weight and architecture. Thanks to these recent progresses in polymer engineering, the scope of applications of polymers is far

wider than that of any other class of material, ranging from adhesives, coatings, packaging materials, inks, paints, optics,

3D printing, microelectronics or textiles. From a synthetic viewpoint, photoredox catalysis, originally developed for organic chem-

istry, has recently been applied to the polymer synthesis, constituting a major breakthrough in polymer chemistry. Thanks to the de-

velopment of photoredox catalysts of polymerization, a drastic reduction of the amount of photoinitiators could be achieved,

addressing the toxicity and the extractability issues; high performance initiating abilities are still obtained due to the catalytic ap-

proach which regenerates the catalyst. As it is a fast-growing field, this review will be mainly focused on an overview of the recent

advances concerning the development of organic and organometallic photoredox catalysts for the photoreticulation of multifunc-

tional monomers for a rapid and efficient access to 3D polymer networks.

3025

Introduction
Photopolymerization reactions are now widely used both in

industry and in academic laboratories. These processes usually

lead to the transformation of a liquid resin in a 3D solid

polymer upon light exposure. These photochemical processes

offer potential advantages compared to thermal polymerization.

First, it is a greener technology, i.e., the system does not need to

be heated and no (or low content of) volatile organic com-

pounds are released. Secondly, mild conditions can be em-

ployed. It is now possible to perform photopolymerizations

upon soft irradiation conditions with, for example, household

light bulbs, LED light, low intensity lasers and even sunlight

[1-4]. The first reason is the low cost and infiniteness character
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of light (more particularly when using visible light). The

“on-off” aspect of a lamp offers good possibilities of external

regulator of the reaction. Another advantage is the spatial

control, i.e., the reaction only occurs in the light-irradiated

areas. For all these advantages, photopolymerization reactions

are already encountered for applications in a lot of sectors such

as coatings, adhesives, paints, inks, composites, 3D-printing,

dentistry, data storage ... [5-7].

Review
1 Photopolymerization processes and uses
of photocatalysts (PCs)
Traditionally, polymer manufacturing is made through thermal

curing. However, this route has many limitations: these pro-

cesses are usually slow, expensive by requiring high tempera-

ture and high energy and release solvent (VOC). As an alterna-

tive of thermal polymerizations, polymerization upon light irra-

diation offers a good alternative. In both cases, polymerization

occurs by the action of an initiating system in a monomer blend.

In the case of photopolymerization, a photoinitiating system

(PIs) is required to convert light in initiating species. Many

factors affect the photopolymerization kinetics. However, the

PIs is the most important key factor and that’s why enhancing

its properties have drawn many interest in the past few decades.

The development of photoredox catalysts is one of the major

advances.

1.1 Photoinitiating system (PIs)
Photoinitiated polymerization processes are polymerizations

initiated by light irradiation. For that, a photoinitiator (PI) or a

photoinitiating system (PIs) is mixed with the monomer or a

monomer blend. The PI is a component which absorbs light and

initiates polymerization alone whereas a photoinitiating system

comprises different compounds [8-10]. Under irradiation, PI or

PIs generate active species: free radicals and/or ions and/or

acid. When the active species are produced, a wide range of

monomers can be polymerized via a free radical or a cationic

mechanism (anionic mechanisms are still rare) [8]. A PI can

also be used in combination with a photosensitizer (PS) to

extend the spectral sensitivity to longer wavelengths. The devel-

opment of new photoinitiating systems has been the subject of

many researches in the last decades [11,12].

For a PIs to be efficient, it requires several properties:

i) Excellent light absorption (meaning high molar extinction

coefficients) in the region of the emission spectrum of the irra-

diation source.

ii) Appropriated excited state energy and redox potentials to

interact with additives [13].

Parallel to this, the environmental issues impose the use of new

polymerization methods that are safer for the manipulator, con-

tribute to lower the amount of released volatile organic com-

pounds and can reduce the energy consumption used to produce

the polymers. At present, most of the photoinitiating systems in

use in the industry required high light intensity, the emission of

these lamps being mainly centered in the UV range. To create

safer photoinitiating systems, photoinitiators exhibiting a strong

absorption in the near UV or visible range with high molar

extinction coefficients are actively researched. As far as the

extractability of the photoinitiators and the side-products that

can be formed during the polymerization process is concerned,

a good strategy is to reduce the amount of photoinitiator. Thus,

inspired by catalytic cycles used in organic chemistry, the de-

velopment of photoredox catalysis for photopolymerization

reactions has been proposed. It has emerged as a significant

innovation in the field of photoinitiated polymerization.

Photoredox catalysis is a new strategy to generate radicals and/

or cations upon soft irradiation [14].

1.2 Development of photoredox catalysts
In the field of photoinitiated polymerization, a photoredox cata-

lyst is a photoinitiating system capable of regeneration during

the polymerization reaction [14]. This regeneration is based on

an oxidoreduction reaction between the light absorbing com-

pound and suitable additives under light to induce a catalytical

cycle.

As light is an inexhaustible and renewable energy, photochem-

istry has dealt a great interest into organic chemistry and green

chemistry since the early 20th century [15]. By absorbing light,

the compound reaches an electronically excited state which sig-

nificantly changes the distribution of electrons in the molecule.

Thus, chemical properties such as reactivity, oxidation poten-

tial or reduction potential change drastically. With appropriate

donors or acceptors, electron charge transfer is possible via this

excited state and redox reactions are possible. This process is

called photoinduced electron transfer (PET).

In this context, photoredox catalysis was developed. Light is

used to excite the photoredox catalyst which allows electron

transfer processes with additives. Both oxidation and reduction

reactions can be possible. Indeed, when the photoredox catalyst

is excited, one electron moves from the HOMO (abbreviation

for highest occupied molecular orbital) to the LUMO (abbrevia-

tion for lowest unoccupied molecular orbital). Thus, there is a

lack of one electron in the HOMO and an electron available in

the LUMO. That's why the excited photoredox catalyst is at the

same time a stronger oxidant and a stronger reductant than its

ground state. Therefore, the PC can react more easily with an

oxidant or a reductant (see in Figure 1) [16]. By addition of
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Figure 1: Typical oxidative and reductive cycle for a photoredox catalyst (PC).

another reduction or oxidation agent, the catalytic cycle can be

created as illustrated in Figure 1 to regenerate the PC.

As illustrated, for an oxidative cycle, the excited photocatalyst

(PC*) reacts first with an electron acceptor (also named oxida-

tion agent, OA1 in Figure 1) which leads to PC●+ and OA1
●− .

Then, PC can be regenerated with an electron donor (also

named reduction agent, RA2 in Figure 1) by a redox reaction. In

a reductive cycle, the PC* reacts first with a reduction agent (in

Figure 1, RA1) which leads to PC●− and RA1
●+. Then, PC can

be regenerated with an oxidation agent (OA2). Radicals and

cations are generated in these cycles [16]. As we can observe,

this process offers the possibility to regenerate the catalyst.

Consequently, the amount of PC used for the photochemical

transformation is added only in catalytic amount and recovered

after the reaction. That’s why the definition of photocatalyst is

fulfilled.

For a compound to be efficient as photoredox catalyst in the

visible range, several parameters have to be fulfilled: [17]

i) The molecule should strongly absorb in the near UV or

visible range with high molar extinction coefficients.

ii) The redox potentials of the excited state of photoredox cata-

lysts must be in appropriateness to those of the additives to be

incorporated into oxidative or reductive cycles (see Figure 1).

iii) The oxidation or the reduction of the photoredox catalyst

should be reversible in order to be regenerated (to avoid any

side reaction from PC●+ or PC●−).

iv) The excited state lifetimes of photoredox catalyst should be

long enough to exhibit a high quenching efficiency with

the additives, i.e., to have enough time to react with the addi-

tives.

This is frequently referred as the Golden Rules of photoredox

catalysis.

Photoredox catalysis has been largely developed in organic

chemistry in the last decades and already found wide applica-

tions such as in water splitting, solar energy storage,

proton-coupled electron transfer or photovoltaic for example

[18].

1.3 Electronic transitions involved into photoredox
processes
For selected photoredox catalysts, light irradiation has enough

energy for the excitation of the PC from the ground state S0 to

an excited stated (S1). This is usually a transition between the

HOMO and the LUMO. Both can be different type of molecu-

lar orbital (MO) regarding the compound chosen and the differ-

ent transitions will be presented.

1.3.1 n–π* transition: The n–π* transition (depicted in

Figure 2) is a transition where the HOMO is a non-bonding

orbital (n) and π* an anti-bonding orbital. Both orbitals have

different symmetries and this transition is observed for mole-

cules with a heteroatom such as nitrogen, oxygen or sulfur

which are carrying free electron pair. Most compounds

concerned by this transition usually absorbs around 300 and

380 nm and rarely up to the visible range [19].
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Figure 3: Ligand to metal charge transfer (illustrated here for a d6 metal complex).

1.3.2 π–π* transition: π referred to a bonding orbital. The π

and π* molecular orbitals have generally the same symmetry

which allow the π–π* transition (depicted in Figure 2).

Figure 2: Transitions involved in absorbing species containing π, σ
and n electrons.

This transition is generally observed for molecules with extend-

ed π-conjugated systems. As π and π* are more distant from

each other than n and π* orbitals, the absorption is generally ob-

served in higher wavelength than for n–π* transition. Moreover,

the longer the π-system, the higher are the wavelengths needed

to excite the molecule.

1.3.3 Charge transfer transition (CT): A charge transfer tran-

sition is mostly observed from interaction between the LUMO

on an electron accepting group and the HOMO on an electron-

donating group. This can be an intermolecular or intramolecu-

lar process. For an intramolecular process, this type of transi-

tion mostly concerned polarized molecules with both groups on

its structure. Intermolecular charge transfer transition is ob-

served for example with charge transfer complex formed by

interaction an acceptor and a donor. The interaction between the

two compounds induced a complex with a smaller energy gap

between HOMO and LUMO than the energy gap between the

HOMO of the acceptor and the LUMO of the donor when the

two compounds are separated. This transition is generally ob-

served with high intensity on the UV–visible spectra [20].

1.3.4 Ligand to metal charge transfer (LMCT): The LMCT

transition is observed for organometallic compounds for exam-

ple with organic molecules as ligands. This ligand possesses σ,

σ*, π, π* and n molecular orbitals [21]. When orbitals of this

ligand are fully occupied, a charge transfer is possible from it to

the empty or partially filled metal d-orbitals as illustrated in

Figure 3. Absorption band observable are very intense.

1.3.5 Metal to ligand charge transfer (MLCT): The MLCT

transition is a second type of charge transfer observed with

metal complexes. More particularly, it is observed for com-

plexes whose ligands have relatively high-energy lone pairs or

in case of metal with low-lying empty orbitals. For coordina-

tion compounds with π-acceptor ligand, MLCT transition are

common and can be generate through light excitation. This

absorption results from the movement of an electron from the

metal orbitals to the ligand π* orbitals [22]. This process is

illustrated in the case of a d5 high spin octahedral complex in

Figure 4. As for LMCT, MLCT give intense band in UV spec-

trum.
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Figure 4: Metal to ligand charge transfer (illustrated here for a d5 metal complex).

Scheme 1: Structures of additives involved in the photoredox catalytic cycles.

1.4 Mechanisms in polymerization reactions
Free radical polymerization or/and cationic polymerization can

be initiated by photoredox catalysis. Respectively, radicals or/

and cations must be produced to initiate the polymerization. By

formation of radicals, the polymerization of C=C functions such

as (meth)acrylates or styrene can be initiated. With cations or

acids as initiating species, epoxy monomers can be polymer-

ized. Both types of polymerization are widely used both in aca-

demic and industrial fields. About 45% of the manufactured

plastic material and 40% of synthetic rubber are produced by

free radical polymerization worldwide [23].

In both cases, the photoredox catalyst, used as PS, absorbs the

light and goes to its excited state. Then, there are two possibili-

ties: the photoredox catalyst can react through an oxidative or a

reductive cycle as presented in Figure 1. Herein, we will present

four additives that can be used in combination with a

photoredox catalyst to initiated photopolymerization

(Scheme 1).

As reduction agent, silanes such as tris(trimethylsilyl)silane

(abbreviated (TMS)3SiH), amines such as ethyl 4-(dimethyl-

amino)benzoate (abbreviated EDB) or carbazole derivatives

such as 9-vinylcarbazole (NVK) are presented. As oxidizing

agent, it is possible to use a iodonium salt such as diphenyliodo-

nium (Ph2I+).

With these additives, three systems involving catalytic cycles

for photopolymerization are presented: [14,23,24]

• PC/Ph2I+/(TMS)3SiH

• PC/Ph2I+/NVK

• PC/Ph2I+/EDB

With these three systems, both free radical and cationic poly-

merizations are possible. The chemical mechanisms for these

different systems are depicted in Figure 5.

With appropriated photoredox catalysts, formations of interpen-

etrated polymer networks (IPN) are also mentioned. For the

three systems proposed above, formation of aryl radicals is ob-

served. These radicals are able to initiate the free radical poly-

merization of (meth)acrylates [1]. In the photocatalytic cycle

(Figure 5C), EDB(−H)
• radicals are also produced and able to
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Figure 5: Catalytic cycles involved with iodonium salt and (A) (TMS)3SiH, (B) NVK and (C) EDB.

Table 1: Redox properties of additives [1,30,31].

additives reaction redox potential associated references

Ph2I+ reduction −0.2 V 1
NVK oxidation 1.17 V 30
EDB oxidation 1.1 V 31

initiate the free radical polymerization. Concerning the cationic

polymerization, initiating cations are also produced in the three

systems proposed, e.g., in the catalytic cycle (Figure 5A).

Thanks to the low ionization potential of the silyl radicals

(TMS)3Si•, the generation of silylium cations is possible. These

cations have been described in the literature for initiation of

ring-opening polymerization processes [25]. Cations Ph-NVK+

produced in catalytic cycle (Figure 5B) have also been well

noted in the literature as highly reactive structures [26,27].

Amines, such as EDB presented in photoredox catalytic cycle

(Figure 5C), are also well mentioned as efficient co-initiators

for free-radical-promoted cationic polymerizations [1,28,29].

In Part 2, a photoredox catalyst useable in such a photocatalytic

system will be presented. To be involved properly into the

photocatalytical cycle, photoredox catalysts must be chosen

with suitable redox potential to perform an oxidation or a reduc-

tion with other additives presented above. Thus, redox poten-

tials of additives are resumed in Table 1.

Indeed, additives and photoredox catalysts are involved into

redox mechanisms. From a single or triplet state of the

photoredox catalyst, an electron is transferred. According to

Rehm–Weller, an electron can be transferred from the electron

donor to the electron acceptor in the excited state if the free
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Scheme 2: Structures of photoredox metal-based catalysts.

energy change ∆Get is negative. ∆Get can be calculated from the

equation:

(1)

where Eox is the oxidation potential of the electron donor, Ered

the reduction potential of the electron acceptor, E* the excited

state energy level and C the coulombic term for the initially

formed ion pair (if there are ions in solution). For polar solvent,

C is neglected.

(TMS)3SiH is not presented in Table 1 because the driving

force of its reactivity is more its bond dissociation energy

(BDE) than its redox potential. Indeed, this compound obeys to

a pure hydrogen transfer mechanism. This corresponds to a

hydrogen transfer from (TMS)3SiH to the triplet excited state of

the PC. Thus, to react, the PC must have a lifetime of its triplet

excited state that is long enough. The bond dissociation energy

of the Si–H of (TMS)3SiH has been calculated: 79.8 kcal/mol

(methods of calculation optimized at the B3LYP/6-31G* level

as referred in [32]). Polymerization performances of photoredox

catalysts given in example in the present review will be

presented in Part 3.

2 The different classes of photoredox
catalysts (PCs)
The main characteristics of the different classes of photoredox

catalysts will be given below. If historically, photoredox cata-

lysts were based on metals, but recent developments have

promoted the emergence of metal-free catalysts that could in the

future discard those based on metals, notably due to cost and

environmental issues. Both categories of photoredox catalysts

(PCs) will be described in this part and a series of structures is

given in Scheme 2.

2.1 Metal-based photoredox catalysts
The first photoredox catalysts to emerge were the metal-based

complexes. Indeed, metal complexes, also named coordination

compounds, have been recognized in the photochemistry field

since the second half of the last century [33-35]. However, these

compounds are still the subject of extensive researches [36].

Coordination compounds have interesting properties for photo-

chemical reactions. First, by absorption of visible light, transi-

tions described in part 1.3 can be observed. Thus, the complex

goes from its ground state to one electronically excited state

which produced reactive species. Most of the transitions ob-

served for this complex are LMCT and MLCT (respectively,
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Table 2: Characteristics of Ru(bpy)32+ [45-48].

references

appearance red solid
transitions observed MLCT transition (strong absorption around 450 nm)

d–d transition (weak absorption around 350 nm)
ligand centered π–π* transition (285 nm)

[45]

nature of the excited state triplet [46]
excited state lifetime 1100 ns [47]
oxidation potentials
reduction potentials

E1/2
ox = +1.29 V; E1/2

+II/I = +0.77 V
E1/2

III/+II = −0.81 V; E1/2
red = −1.33 V

[48]

Scheme 3: Photocatalytical cycle for the Ru complex.

described in 1.3.4 and 1.3.5). After electron transfer, the metal

complex is promoted to an oxidation or reduction state. With

well adapted redox potentials and relatively long-lived excited

states, these metal-based complexes can be used into

photoredox catalysis with suitable oxidation or reductive agents

[37-39].

2.1.1 The first generation of metal-based PCs: ruthenium

and iridium complexes: The first generation of coordination

compounds used for the photoredox catalysis comprises ruthe-

nium and iridium complexes. These two types of metal-based

complexes have been substantially developed in the last

40 years for different photochemical applications [40-42] and

found wide applications in solar cells [43] or OLEDs (organic

light-emitting devices) fabrication [44] and more recently in

free radical polymerization [45]. Both complex families can

react through oxidative or reductive pathways (Figure 1)

depending on the other chemical compounds mixed with them

(see below in Part 3 for the polymerization initiated by

photoredox catalysis). The light absorption properties of these

complexes can be tuned by modification of the structure and

more specially by choosing the appropriate ligands. Photochem-

ical reactions can occur upon different light expositions with

wavelengths ranging from UV to red light. Low light intensity

can be used too, such as the one delivered by household LED

bulbs [14]. Ru(bpy)3
2+ is probably the most studied Ru-based

photoredox catalyst (abbreviation for ruthenium tris(2,2'-

bipyridyl) dichloride; depicted in Scheme 2). The photochemi-

cal properties of this complex, commercially available, are gath-

ered in Table 2.

By irradiation of the ruthenium complex, there is a formation of

a triplet excited state through metal to ligand charge transfer

(Scheme 3, reaction 1). As described in Table 2, the irradiation

must be around 450 nm. Thus, as the triplet excited state is long

enough and thanks to the values of oxidation potentials, a single

electron transfer (SET) to the iodonium salt occurred

(Scheme 3, reaction 2) [46]. The formation of phenyl radicals is

observed. Another product of reaction 2 is Ru(bpy)3
3+. This

species is able to react with (TMS)3Si● to regenerate
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Table 3: Characteristics of Ir(ppy)3 [40,50,51]:

references

appearance yellow to orange solid
transitions observed MLCT transition (strong absorption around 375 nm)

d–d transition (weak absorption around 278 nm)
ligand centered π–π* transition (230 nm)

[40]

nature of the excited state triplet [50]
excited state lifetime 1900 ns [50]
oxidation potentials
reduction potentials

E1/2
ox = +0.78 V; E1/2

+II/I = +0.31 V
E1/2

III/+II = −1.73 V; E1/2
red = −2.20 V

[51]

Ru(bpy)3
2+ (reaction 3). Thus, the photocatalytical cycle is ob-

served.

To conclude, oxidative and reductive photoredox cycles can be

observed with Ru(bpy)3. Other ruthenium complexes which can

be used into photocatalytical cycles have been described in the

literature and more particularly with other type of ligands. Mod-

ification of the ligands has an influence on the redox potentials

and the lifetime of the excited states [40]. The more the ligand

has an electron-donating behavior, the easier is the oxidation of

the metal center. For example, adding methyl substituents to the

bipyridine ligands of the Ru(bpy)3
2+ complex, the reduction

potential shifts from −1.33 V to −1.45 V [49].

Redox potentials of the complex can also be tuned by changing

the metal. For example, smaller Stokes shifts are observed using

iridium rather than ruthenium metal. That’s why Ir-based com-

plexes have also been widely described in the literature as

metal-based photoredox catalysts [19]. As an example, Ir(ppy)3

(abbreviation for tris(2-phenylpyridine)iridium) has been

chosen and is depicted in Scheme 2. This metal complex is also

commercially available. Ir(ppy)3 exhibits a MLCT transition in

the near UV–visible range. The photochemical properties of this

complex are gathered in Table 3.

Interestingly, it is also possible to tune both the light absorption

and redox properties through well selected ligands [52]. This

Ir-based complex reacts in the photoredox catalytical cycle with

iodonium salt and (TMS)3SiH as the Ru-based complex in reac-

tions 1, 2 and 3. Moreover, Iridium complexes can be interest-

ing for applications in ring-opening photopolymerization initia-

tion as shown in [53] (see Part 3). For this purpose, the Ir com-

plex was more interesting than the Ru one because of the longer

excited state lifetime, lower oxidation potential leading to

higher interaction rate constants with additives used for ring-

opening photopolymerization (e.g., iodonium salt). Thus, prom-

ising photoinitiating systems using Ir complexes have been pro-

posed for polymerization under household fluorescence bulbs

and even under sun radiation (useful for development of green

technologies) [54]. Despite the really interesting properties of

Ru and Ir complexes, they have also strong drawbacks limiting

their applications to photosensitive systems. First of all, this

first generation of complexes is very expensive and can be

pretty hard to synthesize. Moreover, the complexes can be toxic

[55]. Therefore, it was essential to develop new photoredox

catalysts based on low-cost metals such as copper complexes or

iron complexes which will be described in detail in the para-

graph below.

2.1.2 The second generation of metal-based PCs: copper and

iron complexes: Due to their earth-abundant property, iron and

copper have received increasing attention and development of

Fe and Cu complexes as highly efficient photoredox catalysis

has been the subject of many studies [55-58]. These complexes

have been identified as really efficient for developing low-cost

electroluminescent devices or light-mediated reaction such as

polymerization upon near UV or visible light applications (see

Part 3).
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Table 4: Characteristics of G1 [63-65].

references

appearance yellow solid
transition observed MLCT transition (strong absorption at 380 nm)

more intense intraligand transitions appear at shorter wavelength
[63]

nature of the excited state triplet [63]
excited state lifetime 3000 ns [64]
oxidation potential E1/2

ox = +1.35 V [65]

The development of efficient photoluminescent copper com-

plexes is possible by choosing appropriate ligands. The fine

tunings of both redox potentials and visible light absorption

properties are also possible [59]. Copper complexes can show

really interesting properties for photoredox catalyst applica-

tions. Some of them exhibit high emission quantum yields, long

excited-state lifetimes and high oxidation potentials adequate

for photoredox catalysis [59-62].

One example of highly efficient copper complex developed for

photoredox applications is [Cu(neo)(DPEphos)]BF4 also named

G1 (depicted in Scheme 2). The synthesis of this complex is

detailed in references [63] and [64]. The photochemical proper-

ties of G1 are gathered in Table 4.

The multidentate ligands confer to the complex MLCT possibil-

ities like the Ru complexes or Ir complexes described above.

This transition is observed after a strong absorption of the com-

plex centered at 380 nm (Table 4). Thus, it can react through a

redox cycle with similar reaction than the Ru-based complexes

under irradiation by different visible light such as a halogen

lamp, laser diodes (405 and 457 nm) or LEDs (405 and 455 nm)

[63].

Iron oxide photoredox catalysts have been also developed but

not for polymer applications [65]. Iron oxide can offer the same

advantages than TiO2 but with a lower gap between its HOMO

and its LUMO which enable visible light excitation and thus,

wide applications in heterogeneous photocatalysis for example.

Therefore, a large series of iron complexes were also reported

as photoredox catalysts. The photosensitivity of this class of

transition metal has been recognized since the middle of the last

century. Intense absorption bands of these complexes are locat-

ed in the ultraviolet range and are related to a charge-transfer

transition [33]. An example of an iron complex photoredox

catalyst FeC1 is given in Scheme 2 and the associated photo-

chemical properties gathered in Table 5. A synthesis of this

complex is detailed in reference [66].

This iron complex with tetradentate monophenolate ligands has

raised interest for catalytic reduction of hydrogen gas [64]. Such

an iron polypyridyl complex has also really good photoredox

catalyst properties to initiate a polymerization upon sunlight

exposure in a three-component system [68]. Functionalization

of the ligand can change the photochemical properties of the

complex as described in [68], i.e., nitro-functionalization and

sulfino-functionalization decreased the photocatalytic activity of

the complex. Moreover, this functionalization affects the oxida-

tive quenching rate and the stability of the complex. Thus, as

for other complexes described above, the choice of the ligand is

essential for good properties.

2.1.3 The latest generation of metal-based catalysts: Emer-

gence of the TADF complexes: Metal complexes are still at the

origin of numerous researches as photoredox catalysts, these

researches being notably motivated by their remarkable long-

lived excited state lifetimes that make these structures highly

reactive structures. Since 2012 and thanks to the pioneering

works of Adachi et al. in this field [69-71], a new class of

metal-based complexes has been developed for photoredox ap-

plication: TADF (abbreviation for Thermally Activated Delayed

Fluorescence) complexes.
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Table 5: Characteristics of FeC1 from [66-68].

references

appearance solid
transitions observed MLCT transition :

pπ → dσ* transition centered at 360 nm
pπ → dπ* transition centered at 590 nm

[66]

nature of the excited state triplet [66]
lifetime of the excited state >1 ns [67]
reduction potential E1/2

red = −1.57 V [68]

These compounds have singular excited states: their HOMO

and their LUMO have been designed to avoid the overlap of the

frontier molecular orbitals [32,69]. The energy between the

singlet excited state and the triplet excited state becomes infe-

rior to 0.1 eV, an energy easily overcome by thermal activation.

Thus, the excited states can be thermally upconverted to the

singlet state by reverse intersystem crossing (RISC), giving rise

to a luminescence process arising from the singlet state (fluores-

cence). The concept of delayed fluorescence is based on the

unusual and transient localization of the electrons on the triplet

state, which upconvert to the singlet state thermally (i.e., at

room temperature) and can promote a radiative decay from the

singlet excited state. This property gives to TADF complex life-

time of their excited state comparable to the lifetime of the

excited state of phosphorescent molecules, e.g., in the

microsecond time scale [69].

Due to these really interesting properties, metal-based and

metal-free TADF fluorescent materials have been extensively

studied over the past few years, improving the photophysics of

this new class of materials by molecular design [72-74]. This

year, the first use of TADF complexes as photoredox catalysts

in polymerization was reported [75]. CuC 4 whose properties

are presented in Table 6 is one of them. The synthesis of this

complex has been reported in ref [58]. Other TADF copper

complexes which can be used in photoredox cycles are de-

scribed in this reference.

By their broad absorptions extending from 350 to 450 nm,

theses complexes are excellent candidates for photoinitiation in

the visible range. Moreover, the reactivity of the chromophores

can be tuned by the counter anion, PF6
− being less nucleophilic

than BF4
−. In this context, both the polymerization rate and the

final conversion were both improved by reducing the nucleophi-

licity of the anion in cationic polymerization. The photochemi-

cal properties of TADF CuC 4 are summarized in Table 6.

From Table 6, it is observable that the properties of CuC 4 are

compatible with its use in a photoredox cycle with similar reac-

tions than Ru-based complexes. Indeed, MLCT is also ob-

served in the near-UV range to reach a triplet excited state with

a long lifetime and oxidation potential is compatible with addi-

tives involved into a photocatalytical cycle.

2.2 The organophotoredox catalysts
For some specific applications, it can be essential to develop

metal-free systems because of potential toxicity, storage

stability or bioaccumulation of metal for example. Organic

photoredox catalysis has been largely studied in the past few

years and is the topic of many reviews [17,40,45,49,52]. Thanks

to the ability of some chromophores to transfer electrons when

irradiated, they can participate in catalytic processes. These

later catalytic processes can be widely applied to organic syn-

thesis or photopolymerization [17]. More than just a “metal-

free” alternative, some chromophores allow access to unique

chemistries such as photocatalysis at different wavelength or

photoconductivity for example [76]. Moreover, they can be

characterized by lower costs. For examples, methylene blue or

eosin-Y are examples of widespread photoredox catalytic dyes

[18].



Beilstein J. Org. Chem. 2018, 14, 3025–3046.

3036

Table 6: Characteristics of TADF CuC 4 from [58].

appearance solid
transition observed MLCT transition (strong absorption at 355 nm)
nature of the excited state triplet
lifetime of the excited state 2500 ns
oxidation potential E1/2

ox = +1.42 V

Scheme 4: Structures of photoredox organocatalysts.

There is a wide range of organophotoredox catalysts. Here, only

two examples of photoredox catalysts will be detailed: the

carbazole derivatives and the TADF compounds presented as

the last generation of organophotoredox catalysts. These exam-

ples are depicted in Scheme 4.

2.2.1 Carbazole derivatives: Carbazole derivatives are a good

example of organophotoredox catalysts. A carbazole is an aro-

matic tricyclic organic compound with two six-membered

benzene rings fused on either side of a five-membered nitrogen-

containing ring. They exhibit unusual optical and electronic

properties such as photoconductivity and photorefractivity [77].

More particularly, they are interesting for their high triplet ener-

gies, their ability to be quenched by either an electron donor or

acceptor, and their reversible oxidation processes [78,79]. To

finish, these compounds absorb in the near UV or visible range

and related extinction coefficients are found relatively high.

Thus, carbazole and its derivatives are good candidates for

photoredox catalytic applications.

As an illustration, C2 (abbreviation for 3-nitro-9-octyl-9H-

carbazole) has been chosen and is depicted in Scheme 4. This

photoredox catalyst can be synthetized as presented in [81]; its

photochemical properties are given in Table 7.

We observe from Table 7 that by irradiation in the near-UV

range, the excited state of C2 is reached. This phenomenon can

be observed upon exposure to different light irradiation such as

light emitting diodes (LEDs) from 405 to 477 nm or a house-

hold device for example [80]. The triplet excited state is ob-

tained. From the triplet state of carbazole, similar reactions with

ruthenium triplet state (reactions 1, 2, and 3 in Section 2.1.1)

can be observed. Moreover, as both oxidation and reduction

potential are compatible with additives presented in Scheme 1,

both oxidative photocatalytical cycle and reductive photocat-

alytical cycle are observed with this type of compounds

[80]. This is possible only with an appropriate lifetime of

the excited state which is remarkably high as we can see in

Table 7.
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Table 7: Characteristics of C2 from [80].

appearance powder
transition observed π → π* transition centered at 374 nm
nature of the excited state triplet
lifetime of the excited state 10 µs under nitrogen and 330 ns under air
oxidation potential
reduction potential

E1/2
ox = +1.5 V

E1/2
red = −1.38 V

Table 8: Characteristics of A3 [81].

appearance powder
transition observed π → π* transition at 333 nm
nature of the excited state both singlet and triplet
lifetime of the singlet excited state 7.24 µs under nitrogen and 350 ns under air for both states (TADF properties)
oxidation potential
reduction potential

E1/2
ox = +1.61 V

E1/2
red = −1.63 V

2.2.2 Emergence of the TADF carbazole derivatives: TADF

compounds as good candidates for photoredox catalysis have

already been presented in Section 2.1.3. It is also possible to

find in the literature metal-free TADF compounds with success-

ful application in the photoredox catalysis field [81]. With

adequate substituents on the carbazole structures described

above, this thermally activated delayed fluorescence property

has been observed combined with photoredox catalytical behav-

iour from UV to 450 nm light.

A3 (abbreviation for 2,3,5,6-tetrakis(N-carbazolyl)benzonitrile)

is one of those compounds (Scheme 4). A synthetic pathway of

A3 has been detailed in reference [81]. Its absorption extends

from UV until 450 nm and can thus be activated at 405 nm with

a blue light. Eventually, the peripheral carbazoles can be substi-

tuted with halogens. This increases the rate of RISC, and red-

shifts the absorption spectrum [81]. For example, with a bromo

atom on the peripheral carbazole of A3, the absorption at

470 nm is around 800 M−1·cm−1 where for A3 almost no

absorption is observed. Main characteristics of A3 have been

resumed in Table 8.

The A3 component can be used both as electron donor and elec-

tron acceptor. Indeed, the free energy change (calculated with

the Rehm–Weller equation and the redox potential in Table 8)

for the electron-transfer reaction is possible both with electron

acceptor such as iodonium salt and electron donor such as EDB

[76]. In a three-component system A3/Iod/EDB (where Iod
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Table 9: Characteristics of 4CzIPN [69,82,83].

references

appearance powder
transition observed π → π* transition around 290 nm [69]
excited state singlet and triplet [82]
lifetime of the excited state 5.1 µs under nitrogen and 91 ns under air for both states (TADF) [83]
oxidation potential E1/2

ox = +1.35 V [83]

stands for bis(4-tert-butylphenyl)iodonium hexafluorophos-

phate), both oxidative and reductive cycle can be observed and

the two routes are even in competition and occur simultaneous-

ly. This is reinforced by remarkably long lifetime excited state

(Table 8).

In organic chemistry, TADF molecules can also be used as

organocatalysts for classical organic reactions that are tradition-

ally carried out in the presence of transition metal complexes. In

this field, 4CzIPN (Scheme 4) that was reported in the first

work of Adachi et al. as a green emitter for OLEDs [69,83,84]

was revisited numerous times in organocatalysis. In 2017, it

was notably used for the chemoselective and regioselective

hydroformylation of aromatic olefins [84]. Interestingly, if tran-

sition metals can initiate an ionic hydroformylation reaction of

aryl olefins, a free radical pathway could be promoted by use of

diethoxyacetic acid and 4CzIPN, inducing the in situ genera-

tion of an equivalent of a formyl radical.

Parallel to this, 4CzIPN was also used as an organoredox cata-

lyst for the alkylation of heteroarenes [85], the oxidation of sili-

cates [86], the alkylation of imines [87], the α-arylation/

heteroarylation of 2-trifluoroboratochromanones [88]. In these

different situations, comparisons with reference transition metal

catalysts classically used as initiators were established and

4CzIPN could provide performances comparable to that

obtained with metal complexes. As specificity, 4CzIPN is

characterized by a broad absorption extending from 250 nm

to ≈500 nm. Its different photophysical characteristics are

detailed in Table 9.

In order to be concise, only three kinds of organophotocatalysts

have been described in the present review. However, over the

years, a large number of different organophotocalysts has been

described in the literature. Notably, pyrene [89], truxene

[90-92], polyaromatic hydrocarbons [93], heteropolyacenes

[90,91], carbazoles [80,81,94], triazines [95], pentacenes [96],

diketopyrrolopyrroles [24] and perylene [97,98] derivatives

have been investigated as organocatalysts as exemplified in

Scheme 5.

3 Comparison of the efficiency of these
photoredox catalysts in polymerization
reactions
Polymerization reactions whose initiation is induced by

photoredox catalysts has been detailed in part 1.4. Representa-

tive monomer conversions with different photoredox catalysts

and upon different irradiation light for free radical polymeriza-

tion and for cationic polymerization are, respectively, gathered

in Table 10 and Table 11.

Additives used for both free radical polymerization and cationic

polymerization are discussed in Section 1 and depicted in

Scheme 1. Photocatalysts mentioned in Table 10 and Table 11

are the ones described in Section 2 and depicted in Scheme 2

and Scheme 4. To finish, monomers used as example for photo-

polymerization performance are shown in Scheme 6.

Two types of monomers are presented in Scheme 6. EPOX

is a diepoxide which can be polymerized by cationic polymeri-

zation. Photopolymerization of the EPOX monomer can be
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Scheme 5: Diversity of the chemical structures of photoredox organocatalysts.

followed by real-time Fourier transformation infrared spectros-

copy, following the epoxy function. Other monomers presented

in Scheme 6 are acrylates and methacrylates and can

be polymerized by free radical polymerization. Photopolymeri-

zation of these compounds can also be characterized by

FTIR measurement, following the C=C double bound

conversion. The photopolymerization performance of

the free radical polymerization using photoredox catalysis is

presented in Table 10 and for cationic polymerization in

Table 11.

As observed in Table 10, all photocatalysts presented before

lead to a free radical polymerization. The first interesting prop-

erty of a photopolymerization using a photoredox catalyst is the

percentage of photoredox catalyst used. Actually, we observed

that all polymerizations are performed using less than 0.5 wt %

of photoredox catalyst. In most cases, the photoredox catalyst is

the most expensive compound of the formulation and using a

catalytic system instead of “traditional” PIs, can drastically

reduce the final price of the system. Secondly, we noticed that

there is no notably difference between the reactivities using a

metal-based and a metal-free photoredox catalyst. The choice of

the photocatalyst has to be done regarding the application. We

observe that different types of light sources are used depending

on the system.

For metal-based photocatalysts, the TADF derivative presented

gives a remarkably high rate of final conversion for TMPTA.
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Table 10: Free radical polymerization performances with metal-based and metal-free photocatalysts [46,53,58,63,80,81,99].

photocatalyst class of PC monomer irradiation additives conversion references

Ru(bpy)32+

(0.2 wt %)
ruthenium
complex

TMPTA xenon lamp
(λ > 390 nm)

Ph2I+ (2 wt %)
(TMS)3SiH (3 wt %)

23%
laminated
20 µm
200 s of irradiation

[46]

Ir(ppy)3
(0.2 wt %)

irridium
complex

TMPTA xenon lamp
(λ > 390 nm)

Ph2I+ (2 wt %)
(TMS)3SiH (3 wt %)

40%
laminated
25 µm
200 s of irradiation

[53]

G1
(0.1 wt %)

copper
complex

TMPTA LED@455 nm
(80 mW/cm²)

Ph2I+ (2 wt %)
NVK (3 wt %)

56%
laminated
20 µm
400 s of irradiation

[63]

FeC1
(0.2 wt %)

iron
complex

TMPTA LED@405 nm
(110 mW/cm²)

Ph2I+ (2 wt %)
NVK (3 wt %)

31%
laminated
20 µm
400 s of irradiation

[99]

CuC 4
(0.5 wt %)

copper
complex
(TADF)

BisGMA/
TEGDMA

LED@405 nm
(110 mW/cm²)

Ph2I+ (1 wt %)
EDB (1 wt %)

80%
under air
1.4 mm
800 s of irradiation

[58]

C2
(0.5 wt %)

organic TMPTA LED@405 nm
(110 W/cm²)

Ph2I+ (1 wt %)
EDB (1.5 wt %)

57%
laminated
25 µm
800 s of irradiation

[80]

BisGMA/
TEGDMA

LED@477 nm
(110 W/cm²)

44%
laminated
25 µm
800 s of irradiation

[80]

A3
(0.5 wt %)

organic TMPTA LED@405 nm
(110 W/cm²)

Ph2I+ (1 wt %)
EDB (1 wt %)

62%
laminated
25 µm
800 s of irradiation

[81]
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Table 11: Cationic photopolymerization performance with metal-based and metal-free photoredox catalysts [46,53,58,63,80,81,99,100].

photocatalyst class of PC monomer irradiation additives conversion references

Ru(bpy)32+

(2 wt %)
ruthenium
complex

EPOX laser diode
@457 nm
(100 mW/cm2)

Ph2I+ (2 wt %)
(TMS)3SiH (3 wt %)

60%
laminated
20 µm
200 s of irradiation

[46]

Ir(ppy)3
(0.2 wt %)

irridium
complex

EPOX blue LED bulb
(15 mW/cm²)

Ph2I+ (2 wt %)
(TMS)3SiH (3 wt %)

63%
laminated
25 µm
180 s of irradiation

[53]

G1
(0.1 wt %)

copper
complex

EPOX LED@455 nm
(80 mW/cm2)

Ph2I+ (2 wt %)
NVK (3 wt %)

58%
under air
20 µm
800 s of irradiation

[63]

FeC1
(0.2 wt %)

iron
complex

EPOX LED@405 nm
(110 mW/cm2)

Ph2I+ (2 wt %)
NVK (3 wt %)

25%
under air
20 µm
800 s of irradiation

[99]

CuC 4
(0.5 wt %)

copper
complex
(TADF)

EPOX LED@405 nm
(110 mW/cm2)

Ph2I+ (1 wt %)
CARETa (1 wt %)

63%
under air
1.4 mm
800 s of irradiation

[58]

C2
(0.5 wt %)

organic EPOX LED@405 nm
(110 mW/cm2)

Ph2I+ (1 wt %)
EDB (1 wt %)

50%
1.4mm
under air
800 s of irradiation

[80]

A3
(0.5 wt %)

organic EPOX LED@405 nm
(110 mW/cm2)

Ph2I+ (1 wt %)
EDB (1 wt %)

54%
25 µm
under air
800 s of irradiation

[81]

aSee Scheme 7 below.

Moreover, the photopolymerization is done under air whereas

other photopolymerizations are conducted in a laminated envi-

ronment. This polymerization is really challenging due to the

oxygen inhibition which prove the great efficiency of the

system. The organobased photoredox catalyst A3 gives also a

really interesting final conversion.
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Scheme 6: Structures of benchmarked monomers.

The CuC 4 photoredox catalyst has been described in the litera-

ture using the CARET additive for photopolymerization of

EPOX. CARET is depicted in Scheme 7.

Scheme 7: Structure of the CARET additive.

This compound has exactly the same mechanism of reaction

than EDB. There is first a hydrogen abstraction on the com-

pound followed by a reaction with the iodonium salt into the

photoredox catalytic cycle as described in Part 1.4, Figure 5.

Regarding the photopolymerization performances reported in

Table 11, similar remarks can be made. Photopolymerization of

cationic monomer is possible using only a catalytic content of

PC and both metal-based and metal-free PC gives polymeriza-

tion under the conditions tested. The choice of the photoredox

catalyst has also to be done regarding the application: final tox-

icity, choice of the device to perform the polymerization (light

irradiation, under air or not…), price of the formulation, etc.

For both free radical and cationic polymerizations, only a very

small part of the wide diversity of possible photoredox catalyst

has been presented here. Moreover, wavelength of irradiation is

here restricted from 300 to 500 nm. In the recent literature, free

radical polymerization using a photoredox catalyst has for ex-

ample been presented using NIR light with both metal-based

and metal-free photoredox catalyst [101].

4 Photoredox catalysts in controlled radical
polymerization
Photoredox catalysis can also be used in a controlled free

radical polymerization. The controlled radical polymerization is

a powerful tool for the synthesis of polymers with precise aver-

age molar masses, diverse compositions and well-defined archi-

tectures [102]. The controlled radical polymerization has raised

lots of interest and allows high chain end fidelity and ability to

reinitiate the polymer chain.

The use of light to mediate radical photopolymerization can in-

fluence two different processes: intramolecular photochemical

processes and/or photoredox processes. In this review, we will

focus only on photoredox processes. In a photoredox-con-

trolled radical polymerization, a photoredox catalyst is used. By

irradiation, it undergoes a single electron transfer with an appro-

priate initiator. Thus, radicals are produced to initiate the poly-

merization. The polymerization can be controlled through oxi-

dative or reductive pathways.

An example is provided where the controlled photopolymeriza-

tions are based on an oxidative quenching mechanism. This

means that the photoredox catalyst is irradiated to go to its

excited state and then oxidized by the initiator or the dormant

species (R-Mn-Br) [102]. To regenerate the PC, a single elec-

tron transfer reaction must be involved as shown in Scheme 8.

Through these single electron transfer processes, photo-ATRP

has been successfully achieved (ATRP stands for atom transfer

radical polymerization) [104,105]. It is defined by IUPAC by
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Scheme 8: Photoredox catalysis mechanism of a visible light-medi-
ated living radical polymerization. (Abbreviation: PC for photoredox
catalyst, [PC]* the photoredox catalyst at its excited state, Pn the poly-
meric chain), extracted from [103].

“Controlled reversible-deactivation radical polymerization in

which the deactivation of the radicals involves reversible atom

transfer or reversible group transfer catalyzed usually, though

not exclusively, by transition metal complexes” [106]. In this

mechanism, the catalyst is the most important component: it de-

termines the equilibrium constant between the active and

dormant species which is directly linked to the distribution of

chain lengths [107].

As photoredox catalysts for ATRP applications, copper(II)-

complexes have been widely used. For example, bis(1,10-

phenanthroline)copper(I) (abbreviated Cu(phen)2
2+) is reported

in ref [37] as an efficient photoredox catalyst for ATRP

upon a simple household blue LED. Ir-based photoredox cata-

lyst are also efficient in this mechanism such as tris(2-

phenylpyridinato)iridium(III) reported in ref [37] for photocon-

trolled radical polymerization of methacrylates. The use of a Fe

complex or dye (for metal-free PC) is also possible to per-

formed ATRP as described in reference [107].

A ROMP mechanism is also possible thanks to the photoredox

catalyst. ROMP stands for ring-opening metathesis polymeriza-

tion. This polymerization is based on cyclic olefins whose ring

strain is released during polymerization. This reaction needs a

catalyst to occur [108]. Metal-free photoredox catalysts for

ROMP were proposed in [109]. For example, pyrylium and

acridinium salts can be used as good candidates for photooxida-

tion of vinyl ether initiators. A Ru-based ROMP precatalyst:

[Ru(IMesH2)(CF3CO2)(t-BuCN)4)]+ CF3CO2
– which is a ther-

mally stable photoredox catalyst has been also proposed in

[110]. To finish, the RAFT polymerization can be also extend-

ed in a photocontrolled polymerization accessible via a

photoredox catalyst. RAFT is the abbreviation of reversible ad-

dition-fragmentation chain transfer. A RAFT agent is necessary

to perform the polymerization [111]. However, ruthenium or

iridium PCs have been used in RAFT polymerizations through a

photoredox catalytic cycle to suppress oxygen inhibition [112].

Organic photoredox catalysts can also be used to perform a

RAFT polymerization, i.e., in [113] trithiocarbonates were pro-

posed as intrinsic photoredox catalysts and RAFT agents.

Conclusion
In the present paper, some examples of metal and metal-free

photoredox catalysts are provided for photoreticulation pro-

cesses of multifunctional radical (acrylate, methacrylate…) or

cationic (epoxide) monomers. Undoubtedly, the advantage of

the photoredox catalysis approach is the high efficiency of the

system to initiate the polymerization upon mild light irradiation

conditions (as the catalyst is regenerated) and the low content

required. All these works on PC pave the way for highly reac-

tive photosensitive systems that can be used for high tech appli-

cations: functional coatings, smart materials, new 3D printing

resins, preparation of composites. Other development of PC can

be expected in near future.
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Abstract
A new range of N-phenylphenothiazine derivatives was synthesized as potential photoredox catalysts to broaden the substrate scope

for the nucleophilic addition of methanol to styrenes through photoredox catalysis. These N-phenylphenothiazines differ by their

electron-donating and electron-withdrawing substituents at the phenyl group, covering both, σ and π-type groups, in order to modu-

late their absorbance and electrochemical characteristics. Among the synthesized compounds, alkylaminylated N-phenylpheno-

thiazines were identified to be highly suitable for photoredox catalysis. The dialkylamino substituents of these N-phenylpheno-

thiazines shift the estimated excited state reduction potential up to −3.0 V (vs SCE). These highly reducing properties allow the ad-

dition of methanol to α-methylstyrene as less-activated substrate for this type of reaction. Without the help of an additive, the reac-

tion conditions were optimized to achieve a quantitative yield for the Markovnivkov-type addition product after 20 h of irradiation.

52

Introduction
Visible-light photoredox catalysis has become a precious tool in

modern synthetic organic chemistry and experiences a continu-

ously growing interest in industrial applications. The access to

electronically excited states of organic molecules allows

unlocking new and sometimes complementary chemical reactiv-

ities that cannot be tackled by using thermally driven chemical

reactions [1]. This complementarity allows for the development

of so far unknown transformations [2]. The photochemical reac-

tivity can be tuned by the absorption and excited state character-

istics of the photocatalyst. In this context, organic dyes repre-

sent a perfectly suited class of photocatalysts as they can easily

be modified by the introduction of functional groups that allow

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
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fine-tuning the optoelectronic properties of the molecules.

Photochemical methods have allowed to overcome some of the

current limitations in thermally driven chemistry and to substi-

tute conventional energy demanding chemistry by highly sus-

tainable photochemical methods [3-12].

Phenothiazines have become a precious class of organic mole-

cules, not only due to their widespread use in medicinal chem-

istry [13] but also because of their fascinating electronic proper-

ties. Recently their use in photoredox catalysis allowed for the

development of some novel transformations, namely dehalo-

genation [14] as well as the first pentafluorosulfanylation

method starting from sulfur hexafluoride [2]. We are convinced

that the value of phenothiazine derivatives in photoredox cataly-

sis is still underestimated. While these compounds found wide-

spread use in ATRA (atom transfer radical addition) polymeri-

zation [15,16] the interest of using this class of catalysts only

gained limited interest during the last years. The advantage of

using N-phenylphenothiazine catalysts in photoredox chemistry

is attributed to their beneficial redox properties. Moreover, a

modification of the core is rather simple and allows fast access

to a wide variety of catalysts. Recently it was shown that the

radical cation of the photoredox catalyst can play a key role in

photoinduced oxidation chemistry [16]. This is rather unusual

due to the usually short lifetime of radical cations in solution at-

tributed to their low-lying excited states. Normally, this is the

reason why photochemical processes can hardly compete with

photophysical decay processes. However, a pre-coordination of

the substrate may facilitate electron transfer under non-diffu-

sional controlled conditions. Very recently, the fast (pico-

second) excited state dynamics of the radical cation of

N-phenylphenothiazine was investigated by Wasielewski et al.

This radical cation had a high reduction potential of about

+2.1 V (vs SCE) [17] allowing the reduction of poorly

oxidizing agents. The combination of both properties in one

system is a remarkable feature for chemical redox dynamics be-

tween −2.1 V up to +2.1 V. One of the key problems in photo-

chemistry, which was recently addressed by the development of

the consecutive photoelectron transfer process (conPET) [5], is

the need to push the frontiers by accessing high reduction

potentials. While the classical photoredox concept is based on

the photophysical properties of the excited photoredox catalyst,

the idea of the conPET concept mimics nature’s light collection

system and consecutively collects the energy of two photons

stored in the excited state of the initially pre-promoted

photoredox catalyst’s radical ion. This was one of the features

to use N-phenylphenothiazine for the photoactivation of SF6 for

the pentafluorosulfanylation of styrenes [2]. This two photon

concept can further be extended to the photoredox catalytically

generation of hydrated electrons as very powerful reductants

(E = −2.8 V (vs NHE)) for organic reactions [18].

During the last years, we investigated the photoredox chemistry

of new classes of catalysts like perylene bisimides, for their

suitability in these types of processes [19] and evaluated the ad-

dition of methanol to alkenes as a simple model system. Due to

the insufficient reduction potential of the photoredox catalyst,

the Markovnikov addition of alcohols through oxidative

quenching is yet limited to highly activated, aromatic alkenes.

To the best of our knowledge no methods are known today that

allow the addition of alcohols to α-methyl-substituted styrenes

through photoredox catalysis. The currently available methods

are based on a two-step procedure involving an iodoalkoxyla-

tion with NIS followed by the reduction of the formed alkyl

iodide generating the product in moderate yields [20], or

through the direct addition of MeOH catalyzed by either acidic

conditions or heated ion exchange resin [21,22]. These methods

are therefore not suitable for the alkoxylation of acid or

base-labile substrates. To overcome the current limitations of

reduction potentials of single electron transfer processes

in photoredox catalysis we present herein a range of new

N-phenylphenothiazine derivatives 1–11 as photoredox cata-

lysts. Three of them were identified to be highly suitable for the

addition of methanol to alkenes affording the corresponding

Markovnikov products.

Results and Discussion
Activated aromatic olefins, such as 1,1-diphenylethylene (12),

have reduction potentials Ered(S/S−·) in the range of −2.2 to

−2.3 V [23,24], α- and β-methylstyrene (13a and 13b) have an

Ered(S/S−·) of −2.5 to −2.7 V [25], and styrene (14) an

Ered(S/S−·) of −2.6 V (Figure 1) [25,26]. For non-aromatic,

alkylated olefins, like 1-methylcyclohex-1-ene (15), the reduc-

tion potentials are estimated to values of Ered(S/S−·) = −3.0 V

[25]. In our initial photoredox catalyst screening [26], we iden-

tified 1-(N,N-dimethylamino)pyrene (16) having an excited-

state reduction potential E*ox(P+·/P*) of −2.4 V (determined by

cyclic voltammetry and E00). Thus, we are able to photoreduce

1,1-diphenylethylene (12), but not yet α-methylstyrene (13),

and clearly not non-aromatic (alkylated) olefins, such as

methylated cyclohexene 15, as basic structures. The absorption

of N-phenylphenothiazine (1) disappears at around 390 nm.

This feature requires the excitation of the molecule using

UV light sources and contradicts the use of visible light irradia-

tion due to vanishing extinction coefficients at the edge to the

visible region. To reach for high excited state reduction poten-

tials and excite at rather long irradiation wavelengths an ener-

getically high lying electronic groundstate potential has to be

connected with a small S0–S1 gap for the development of

strongly reducing photoredox catalysts. Thus, we first focused

our strategy in catalyst development on the synthesis of some

highly electron-rich phenothiazines 2–5 as well as some elec-

tron-deficient phenothiazines 6–9 to analyze the influences of
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Figure 1: Reduction potentials (vs SCE) of common photoredox catalysts, pyrene 16 and phenothiazine 2, in comparison to addressable substrate
scope 12–15. Bottom: photoredox catalytic addition of MeOH to α-methylstyrene (13a).

modifications of the core and the aryl moiety (Figure 2). The

observed trends allowed us to come up with a set of strongly

reducing photoredox catalysts that operate under UV-A

conditions close to the visible range. In order to extend the

scope of available reduction potentials we expected that the

N-phenylphenothiazine core having installed additional elec-

tron-donating groups, like NR2 in 2, reaches very low reduction

potentials in the range of E(P+·/P*) = −2.5 to −3.0 V which is in

the range of solid sodium [27], that would be able to attack low-

substituted styrenes like 13a and 13b.

Firstly, the absorbance characteristics of the derivatives 1–9

were analyzed and compared (Figure 3). The parent compound

N-phenylphenothiazine (1) shows an absorption maximum at

320 nm. Substitution of the arene moiety results in a shift of the

absorption maxima due to a change in the HOMO–LUMO gaps.

It turned out that the introduction of the π-donating dimethyl-

amino substituent in 2 induces a hypsochromic shift of the

absorption maximum by 7 nm to 313 nm, while the mesityl

group present in 5 as a σ-donor causes a bathochromic shift of

about 8 nm. The detailed structure of the alkyl group attached to

the amino part in the phenothiazines 2, 10 and 11 showed no

significant change in the absorption maximum of the S1 transi-

tion (10 in comparison to 2), but replacement of the methyl

groups by branched isobutyl groups in 11 resulted in a

hypsochromic shift of the bathochromic features of absorption.
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Figure 2: Acceptor or donor-modified phenothiazines 1–11 as potential photoredox catalysts.

The nitro compound 6 turned out to show a distinct long wave-

length absorption that is apart from the region of absorption of

all other catalysts by a shift of about 40 nm which is probably

due to a charge transfer state. Interestingly, the spectrum of the

methylpyridine derivative 9 showed a rather short absorption

maximum at 302 nm.

All N-phenylphenothiazines 1–11 were additionally character-

ized by cyclic voltammetry (Figure 3 and Table 1) [28]. We

found the first oxidation half wave of the unsubstituted

N-phenylphenothiazine (1) as a fully reversible process as it

was described in literature recently [18]. The second oxidation

process of 1 is almost reversible but induces to some extent an

irreversible oxidation process that shows up as further reduc-

tion half wave in the cyclic voltammogram. This is true for

almost all synthesized derivatives 3–9. The radical dication is

known to undergo disproportionation reactions [27], which

potentially explain the results. Only the amino derivatives 2, 10

and 11 managed to undergo a second completely reversible oxi-

dation process. To exclude interference with water and oxygen

the measurements were carried under strict exclusion of any

contaminants. The first oxidation of the lead structure 1 was

found to occur at E(1+·/1) = 0.75 V (vs SCE). The substitution

of the arene moiety by one (see 7) or two fluorine substituents

(see 8) only leads to a shift in the reduction potential of about

0.06 V. This trend was expected due to the lower electron den-

sity of these two N-phenylphenothiazines at the arene moiety.

However, the effect by the pure σ-acceptor fluorine is not very

pronounced. In the case of the 4-NO2 substituted derivative 6

the pronounced influence of the π-acceptor shifts the reduction

potential to a value of up to E(6+·/6) = 0.89 V (vs SCE).

Substitution of the N-aryl moiety by electron-donating substitu-

ents shifts the potentials correspondingly towards lower

reduction potentials, as expected. By introducing the thioether

substituent (see 4) to the arene the potential drops to about

E(4+·/4) = 0.71 V (vs SCE). If the steric bulk is enhanced by a
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Figure 3: Normalized UV–vis absorption spectra above 290 nm of N-phenylphenothiazines 1–11 (left) and representative cyclic voltammogram of 2
(right).

Table 1: Reduction potentials Ered(X+·/X) of N-phenylphenothiazines
1–11 (determined by cyclic voltammetry using ferrocene as standard).

compound E1(X+·/X)a E2(X+·/X) E1(X+·/X*) E00
b

1 0.75 V 1.50 Vc −2.5 V 3.2 eV
2 0.57 V 1.00 V −2.5 V 3.1 eV
3 0.73 V 1.49 V −2.5 V 3.2 eV
4 0.71 V – −3.0 V 3.7 eVd

5 0.67 V 1.59 V −2.5 V 3.1 eV
6 0.89 V 1.55 V −2.1 V 3.0 eV
7 0.75 V 1.50 Vc −2.5 V 3.3 eV
8 0.77 V 1.05 Vc −2.6 V 3.4 eV
9 0.80 V – −2.6 V 3.4 eV

10 0.53 V 0.98 V −2.9 V 3.4 eV
11 0.49 V 0.96 V −2.9 V 3.4 eV

aConverted from the ferrocene scale to the scale vs SCE: +0.38 V [30].
bE00 was estimated by using the method of determination of the inter-
section of the normalized absorption and fluorescence. cIrreversible.
dFluorescence in the UV-A range, see Figure S27 (Supporting Infor-
mation File 1).

mesityl substituent (see 5) the reduction potential interestingly

is higher than in the parent compound 1 although there are elec-

tron-donating alkyl groups present in the molecular structure.

This can be explained by a twist of the arene moieties due to

steric bulk causing an interruption of the delocalization. The

electron transfer is found to occur at E(5+·/5) = 0.67 V

(vs SCE). However, the introduction of the π-donating

dimethylamino substituent dramatically shifts the reduction

potential to up to E(2+·/2) = 0.57 V (vs SCE). We hypothesized

that the introduction of even more donating substituents could

reduce the reduction potential further. Therefore, we synthe-

sized the modified alkylated compounds 10 and 11, respective-

ly. Indeed, both compounds showed a lower potential with 11

having an Ered(11+·/11) = 0.49 V (vs SCE). This made us

curious about the excited state potential of the catalysts. Using

the Rehm–Weller equation (without considering the solvent

term) [29] we estimated the excited state potential of these cata-

lysts to be as low as Ered(X+·/X*) ≈ −2.9 to −3.0 V (vs SCE).

The proposed photoredox catalytic mechanism (Figure 4) for

the nucleophilic addition of methanol to olefins starts with pho-

toinduced electron transfer from the N-phenylphenothiazine (1)

as photocatalyst to 13a as substrate. The resulting substrate

radical anion 13a−· is instantaneously protonated to radical 13a·

and back-electron transfer to the intermediate phenothiazine

radical cation 1+· yields the substrate cation 13a+. The latter is
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Figure 4: Proposed mechanism for the photoredox-catalyzed addition of methanol to α-methylstyrene (13a). (ET = electron transfer,
BET = back-electron transfer).

Table 2: Screening of reaction conditions for the methanol addition to α-methylstyrene (13a).a

entry 13a [mM] catalyst mol % additive solvent yield

1 84.6 2 5 NEt3b MeOH 31%
4 84.6 2 5 – MeOH 84%
5 42.3 2 10 – MeOH quant.
6 42,3 2 10 – MeOH –c

7 42.3 2 10 – MeOH –d

8 42.3 – – NEt3 MeOH –d

9 42.3 2 10 – MeOD 78%e

11 170 2 10 – MeOD quant.e

12 170 10 10 – MeOH quant.e

13 170 11 10 – MeOH quant.e

aConditions: 30 °C, 65 h, 365 nm LEDs. b10 equiv. cNo light. dNo catalyst. e20 h.

attacked by methanol as nucleophile and finally deprotonation

gives rise to the product 17 (see Figure 4). The principal prob-

lem of this type of photoredox catalytic cycle is that the back-

electron transfer cannot compete with the initial electron

transfer because both components, 1+· and 13−·, are formed only

in stationary low concentrations. In the past, we used electron

mediators as additives (triethylamine) [19,26] or peptides with

substrate-binding sites [31,32] to overcome this problem. For

the current work, we propose a radical ion pair in a solvent cage

that undergoes an extremely fast proton transfer followed by the

intracage back-electron transfer, since triethylamine is no longer

needed (vide infra).

The evaluation of both the optical and electrochemical proper-

ties of the prepared phenothiazine derivatives 1–11 leads to the

conclusion that only the dialkylamino derivatives 2, 10 and 11

come up with an estimated excited state reduction potential

capable of reducing α-methylstyrene (13a). The optoelectronic

properties and the excited state reduction potential of

Ered(2+·/2*) = −2.5 V of dimethylamino compound 2 that is

close to the reduction potential of the substrate 13a encouraged

us to approach the so far not yet observed addition of methanol

to this less activated substrate promoted by catalyst 2. After op-

timizing our catalytic system with catalyst 2, we could

also confirm the expected reactivity of the branched dialkyl-

amino-substituted derivatives 10 and 11 (entry 12 and 13,

Table 2).

The initial conditions included irradiation of substrate 13a in

the presence of the catalyst (5 mol %) in methanol and triethyl-
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amine (10% (v/v)) as the additive according to our previously

reported photoredox catalysis with pyrene 16 [18]. Under these

conditions the product 17 was formed in a yield of 31%. It

turned out that omitting the additive as electron shuttle en-

hanced the catalytic efficiency and the yield increased up to

84%. Obviously, this is a major difference between the

photoredox catalysis with pyrene 16, where triethylamine was

absolutely crucial to obtaining good product yields, and

N-phenylphenothiazine 1. Having this electron shuttle (ca. 1 M)

in the reaction mixture efficiently leads to silent or non-silent

quenching of the reactive species due to the following modes of

quenching. While the back-electron transfer under generation of

the triethylamine radical cation unproductively consumes elec-

trons while oxidizing triethylamine, the hydrogen abstraction

pathway generates the reduced phenylethane, which is ob-

served in small concentrations in the reaction mixture. The anal-

ysis of the reaction mixture still showed some unreacted starting

material. Assuming the first electron transfer as the rate-deter-

mining step the substrate concentration was reduced to 42 mM

and the catalyst concentration was increased to 10 mol %. This

change in the reaction conditions led to a quantitative product

formation after 65 h. Finally, the rather long reaction times were

addressed by speeding up the reaction simply by raising the

concentration of all components to 170 mM. This reduced the

reaction time to 20 h irradiation producing the product 17 in

quantitative yield. However, a further increase of substrate con-

centration slowed down the reaction again by speeding up silent

electron transfer processes.

Conclusion
One of the major current challenges in photoredox catalysis is

the design of chromophores suitable for the most reductive

chemical reactions, like for instance reductions by alkaline

metals, affording reaction conditions that are easier to handle.

While solid sodium comes up with a reduction potential of

−3.0 V (vs SCE) the present novel N-phenylphenothiazine-

based photoredox catalysts reach impressive excited state

reduction potentials with up to −3.0 V (vs SCE) in case of cata-

lyst 10. We applied the strongly reducing N-phenylpheno-

thiazines 2, 10 and 11 for the photoredox catalytic reduction of

α-methylstyrene (13a) as a less activated styrene that could not

be addressed before. After optimization, the photoredox catalyt-

ic addition of methanol proceeded in quantitative yield within

20 h without any further additive, like triethylamine as electron

shuttle. We could speed up the reaction by using increased con-

centrations of the substrate and the catalyst affording the prod-

uct in quantitative yield after 20 h reaction time. We believe

that photoredox catalysis with synthetically easily accessible

N-phenylphenothiazines will lead to the development of new

photoredox catalytic approaches based on their strongly

reducing excited states.

Supporting Information
Supporting Information File 1
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