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Abstract: Phenols (I) are extremely relevant chemical func-
tionalities in natural, synthetic and industrial chemistry. Their
corresponding electron-rich anions, namely phenolates (I), are
characterized by interesting physicochemical properties that
can be drastically altered upon light excitation. Specifically,
phenolates (I) become strong reducing agents in the excited
state and are able to generate reactive radicals from suitable
precursors via single-electron transfer processes. Thus, these
species can photochemically trigger strategic bond-forming
reactions, including their direct aromatic C� H functionaliza-
tion. Moreover, substituted phenolate anions can act as

photocatalysts to enable synthetically useful organic trans-
formations. An alternative mechanistic manifold is repre-
sented by the ability of phenolate derivatives I to form
ground state electron donor-acceptor (EDA) complexes with
electron-poor radical sources. These complementary scenarios
have paved the way for the development of a wide range of
relevant organic reactions. In this Minireview, we present the
main examples of this research field, and give insight on
emerging trends in phenols photocatalysis towards richer
organic synthesis.

1. Introduction

Phenols (1) play a crucial role in many natural and industrial
processes.[1] Natural products derived from or containing
phenolic moieties include amino acids, hormones, antibiotics,
vitamins, and neurotransmitters.[2] At a biological level, phenols
constitute an important class of antioxidants that protect key
cell components from damage due to reactive free radicals.[3,4]

As an example, human blood plasma contains α-tocopherol, a
component of vitamin E, which has proven to be one of the
most efficient phenol derivative in trapping the damaging
peroxyl radicals.[5] Moreover, phenols are used as starting
materials for the production of many different bioactive drugs.
In fact, about ten percent of the top 200 selling pharmaceuticals
contain at least a phenol moiety, and several others require the
use of phenolic compounds as synthetic intermediates for their
production.[6] Noteworthy, phenols are also key components in
many large-scale preparations, namely polyphenolic resins and
polymers.[7]

Most of the phenol available on the global market is derived
from the direct oxidation of benzene.[8] Among several industri-
ally relevant processes, phenol is principally produced via a
multistep and indirect synthesis, namely the cumene process.[9]

However, this process has several disadvantages that include
high consumption of energy and the need for fossil raw
chemicals. Thus, a more efficient and sustainable strategy, that
involves the utilization of biomass as feedstock to economically
produce phenol, is highly desirable. Lignin is the most

abundant renewable source composed of phenolic aromatic
units present in Nature and represents a promising substrate
for the green synthesis of phenols.[10]

In recent years, organic chemists have taken a resolute step
toward the production of phenolic derivatives with tailored
physicochemical properties.[11] Therefore, a wide variety of
synthetic methodologies that allow the selective functionaliza-
tion of the whole phenolic scaffold have been developed. These
procedures traditionally rely on classical organic reactions. The
most common thermal functionalization consists of the electro-
philic aromatic substitution reaction (EArS).

[12] This class of
transformation includes: (i) Friedel-Craft alkylation and acylation
(ii) nitration and nitrosation (iii) electrophilic halogenation, only
to name a few. EArS reactions generally produce ortho- and
para- substituted phenols. The ortho- functionalization is
statistically favored whereas both steric and electronic effects
result in the para-substitution.[4,13] In addition, other types of
reactivity such as Williamson etherification and catalytic metal-
based C� H activation are common strategies within the
panorama of phenol derivatization reactions.[4,11,13]

Recently, a significant number of metal-free photochemical
procedures have been developed with the aim of functionaliz-
ing phenols.[14] These approaches exploit the capability of both
phenols and phenolate anions to act as excellent organic
chromophores. Within this Minireview we analyze the main
traits of excited-state phenolic compounds and their corre-
sponding anions. Indeed, it is well known that both the
physicochemical features and reactivity of these aromatic
species may be dramatically modified upon light excitation.[15]

Consequently, we herein discuss the main synthetic method-
ologies in which phenols are involved either as light-harvesting
substrates for their direct functionalization or as photocatalysts
to drive relevant organic transformations.

2. Physicochemical Properties of Phenols

Phenols 1 are a class of organic aromatic compounds contain-
ing at least a hydroxyl group directly bonded to an aromatic
ring. These compounds are more acidic compared to aliphatic
alcohols and their acid dissociation constant (pKa) strongly
depends on the electronic nature of the substituents attached
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to the aromatic unit. The pKa values of three model phenolic
compounds are shown in Figure 1a. Specifically, the pKa of
phenol (1a), p-nitrophenol (1b) and p-methoxyphenol (1c) are
reported.[16] The presence of electron-withdrawing groups
(EWGs) on the aromatic ring increases the acidity of compound
1, as observed for 1b. On the other hand, the presence of
electron-donating groups (EDGs) lowers the acidity of 1, as for
1c. Upon deprotonation, the conjugate bases of phenols 1,
known as phenolate anions I, are formed. Both 1 and I can
interact with photons, as depicted in Figure 1b. In this figure,
the absorption spectra of 1a, 1b, 1c are reported, both in water
and in a basic aqueous solution (NaOH 0.1 M). Compared to the
neutral phenolic species, the absorption of the corresponding
anions Ia-c is red-shifted. This effect can be attributed to an
increased conjugation between the negatively charged oxygen
atom and the aromatic ring.[17] Moreover, the position of the
absorption bands is also influenced by the nature of the
substituents present on the aromatic unit. In particular, Ib
showed the highest bathochromic shift compared with the
other anions (Ia and Ic). Indeed, in this case the presence of a

negative charge on the oxygen atom, which acts as EDG, and of
a nitro group, which is an EWG, generates an aromatic push-
pull system.[18] Because of this electronic donor-acceptor
interaction, a new low energy molecular orbital is formed that is
responsible for the absorption maximum at approximately
400 nm.[19] After excitation, 1 and I relax back to their ground
states following both radiative (e.g., fluorescence and phos-
phorescence) and non-radiative (e.g., vibrational relaxation,
internal conversion, and intersystem crossing) pathways.[15] In
particular, 1a shows a fluorescence quantum yield (φ) in water
of 0.14 and a lifetime of the first singlet excited state (S1) equal
to 30.4 ns.[15,20]

In the excited state, 1 and I become new molecules. In fact,
the charge redistribution caused by light excitation affects both
the acidity and the redox properties of these chemical
species.[4,15] Concerning the acid-base character, in 1a the n!π*
transition promotes the species up to the singlet excited state.
This event decreases the electronic charge on the oxygen atom
and enhances the acidity of 1a*, as demonstrated by its pKa
(S1), that is equal to 4 (Figure 2a).[15] A similar trend can be also
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observed in more extended conjugated systems. For instance,
β-naphthol shows a decrease of 6 pKa units going from the
ground to the excited state.[15] Furthermore, a molecule in the
excited state becomes both a better reductant and a better
oxidant than in the ground state. The ionization energy (IP)
decreases while the electron affinity (EA) increases with respect
to the ground state counterpart (Figure 2b). The value of the
reduction potential of an excited-state chemical species can be
estimated on the basis of electrochemical and spectroscopic
measurements by employing the Rehm-Weller equation.[21] For
example, the ground state potential (Ep) of 2,6-di-tert-butil-4-
phenylphenolate (Id) is � 0.10 V (vs. saturated calomel elec-
trode, SCE) whereas the redox potential of the excited
phenolate Id* (Ep*) is about � 3.16 V (vs. SCE).[22] This feature
makes excited phenolates I* strong reducing agents. In fact,
they can promptly undergo photoinduced electron transfer
(PET) processes with suitable acceptors, eventually forming
open-shell species which can take part in radical
transformations.[14] This mechanism can be investigated though
fluorescence quenching studies and the rate constant of the
bimolecular process may be extrapolated from the Stern-Volmer
equation.[23] After the PET, the corresponding oxygen-centered
radicals, namely phenoxyl radicals, are generated. These
intermediates are persistent species in solution that can be

smoothly reconverted into the original ground state, phenolates
I, through mild reductants such as ascorbate.[4,24] These features
lay the foundations for the application of phenol derivatives 1
as photocatalysts for synthetic purposes. Nevertheless, phenox-
yl radicals may also undergo side reactions such as polymer-
ization processes. These undesired pathways typically lead to
the formation of phenolic polymers.[25]

As stated above, phenolates I are electron-rich aromatic
species that bear negatively charged oxygen atoms. These
moieties act as powerful electron releasing groups by means of
mesomeric effects, thus increasing the electronic density on
both the ortho and para positions of the ring. This scenario is
supported by the aromatic resonance parameter of the
negatively charged oxygen atom which is reported to be � 0.6
and for comparison, an N,N-dimethylamino substituent has a
value of � 0.56.[26] This feature makes phenolate compounds
excellent electron-rich π candidates to form photoactive
electron donor-acceptor (EDA) complexes. According to the
definition, an EDA complex is a molecular association generated
through electronic interactions between an electron-rich donor
and an electron-poor acceptor in the ground state (Fig-
ure 3).[27,28] The resulting chemical entity is characterized by new
absorption bands that generally lie in the visible region of the
spectrum. When the EDA complex is irradiated with light of an
appropriate wavelength, a single-electron transfer can occur,
resulting in the generation of radicals or radical ions that can be
used to initiate organic transformations.[27,29,30] Recently, a
variety of synthetic procedures initiated by the photochemical

Figure 1. a) pKa values of different phenolic compounds in water: phenol
1a, p-nitrophenol 1b and p-methoxyphenol 1c. b) Normalized absorption
spectra of 1a–c in water (solid lines) and 1a–c in NaOH 0.1 M aqueous
solution (dashed lines).

Figure 2. a) pKa value of 1a in the excited state. b) Redox properties of Id in
its ground and excited state.
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activity of EDA complexes between phenolate anions I and
electron-poor radical sources have been described for synthetic
applications. These examples will be illustrated in the dedicated
chapter of this Minireview (Sections 3–4).

3. Direct Photochemical Functionalization of
Phenols

As described in the previous sections, upon base-mediated
deprotonation, phenol derivatives (1) may be converted into
the corresponding phenolate anions (I) that typically present a
red-shifted absorption. Therefore, properly substituted pheno-
lates can directly reach a highly reducing excited state by
absorbing visible light.[4,15,17] Despite the propensity of I to
undergo PET processes with appropriate acceptors was known
since the 1940s,[17,31,32] the exploitation of this mechanism in
synthetic chemistry has been recognized only in recent times.[14]

This convenient way of generating reactive open-shell species
paved the way to the development of novel strategic bond-
forming reactions, including the direct functionalization of
1.[11,14] In an alternative mechanistic scenario, I may form ground
state EDA complexes with the radical sources. Thereafter, a PET
event can occur, leading to the generation of the key radical
intermediates.[27] This section summarizes the main examples of
using phenol derivatives as light-harvesting substrates to
trigger their radical derivatization, without the aid of any
external photocatalyst.

The first example within this topic was represented by the
work of Melchiorre and co-workers, published in 2015 (Fig-
ure 4).[33] Here, the authors developed a photochemical method-
ology for the direct alkylation of phenols 1 with an excess of
perfluoroalkyl iodides 2. Specifically, in the presence of the non-
nucleophilic base 1,1,3,3-tetramethylguanidine (TMG) in
acetonitrile, the corresponding relevant perfluorinated phenols
3 were obtained under visible light irradiation with a good yield
at room temperature (up to 78% yield in 16 h, 23 W compact
fluorescence lamp, CFL). Interestingly, this protocol could be
applied for the preparation of fluoroalkylated adducts which

exhibit stable axial chirality, although in a racemic fashion. From
a mechanistic point of view, upon deprotonation of the
substrates 1 with TMG, the corresponding colored phenolate
anions I are generated. The light-excited I* can reduce the
radical sources 2 thus forming perfluorinated open-shell species
II. Consequently, the carbon-centered radicals II react with the
ground-state phenolates I via a classical homolytic aromatic
substitution (HAS) pathway to afford the alkylated products 3. It
is worth mentioning that, in this case, a radical chain
mechanism is likely taking place.[34] The photochemical initiation
step has been corroborated through Stern-Volmer quenching
studies. Furthermore, the possible formation of ground state
EDA complexes between the phenolate anions I and the radical
sources 2 was excluded by UV-Vis spectroscopy, hence
confirming that I directly reduce 2 in the photochemical
initiation step. The reported perfluoroalkylation methodology
proceeded with moderate regioselectivity towards the o- and o-
,p-position when o-substituted phenols were used as sub-
strates. On the other hand, p-substituted phenols caused the
formation of the o,o’-dialkylated products.

Another important case study of the direct photochemical
functionalization of phenols has been recently published by Xia
and co-workers (Figure 5).[35] In this work, the authors exploited
the ability of excited 4-hydroxycinnamate derivatives 1 to act as
strong reducing agents (Ep*= � 2.48 V vs. SCE) in Heck-type
arylations with a variety of aryl halides 4. In particular, the
described reaction took place in the presence of Cs2CO3 as a
base, which is required for the formation of the photoactive
phenolate anions I, in dimethylsulfoxide under blue light
irradiation (18 W light-emitting diodes-LEDs-at 455 nm). The
resulting unsaturated products 5 were obtained with moderate

Figure 3. General mechanism of EDA complex formation and the example
reported within Ref. [36].

Figure 4. Direct photochemical perfluoroalkylation of phenols 1 with per-
fluoroalkyl iodides 2.
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to high yield under mild conditions and with excellent
selectivity (up to 89% yield in 12 h, E/Z>19 :1). Remarkably,
this approach could be applied even in the challenging late-
stage modification of biologically active and natural com-
pounds without any protection-deprotection strategy. Mecha-
nistically, upon deprotonation, the vinylphenolate derivatives I
are capable of absorbing blue light and therefore directly
reducing the aryl halides 4 (Ep= � 1.83 V vs. SCE). The so-
obtained open-shell species VIII can undergo a coupling
reaction with 1, leading to the formation of the desired
products 5 by either initiating a radical chain mechanism or by
restoring the phenol catalytic cycle through a hydrogen atom
transfer (HAT). Also in this case, the authors excluded the
possible formation of EDA complexes between I and 4 from the
absorption spectra of the reaction components, reinforcing the
depicted mechanistic assumptions concerning the direct reduc-
tion pathway.

Wang, Xu, and collaborators recently described a direct
photochemical functionalization of phenol derivatives, namely
β-naphthols 1, with perfluoroalkyl iodides 2 (Figure 6).[36] This
methodology led to the formation of cyclic enones 6 through a
dearomatization process that occurs in the presence of Cs2CO3

as base in N,N-dimethylformamide (DMF)/water under white
light irradiation (24 W LEDs). The corresponding functionalized
products 6 were afforded with an excellent yield at ambient
temperature (up to 98% yield in 2 h). In contrast to the
previously discussed examples, this transformation was driven
by the photochemical activity of EDA complexes formed upon
aggregation of the naphtholate anions I and the radical sources
2. In fact, the authors clearly observed the formation of a new

absorption band in the UV-Vis spectrum at around 490 nm
when I and 2 were placed together. When a cut-off filter at
490 nm was employed (a wavelength that can be absorbed
only by the EDA complexes X and not by the naphtholate
anions I), no significant variation in the reactivity was observed.
This evidence corroborates the hypothesis that the process was
likely initiated by the photoactive EDA complexes.

4. Phenols as Photoredox Catalysts

Besides the previously reported examples, the photochemical
activity of phenolate anions I could be exploited not only for
their direct self-functionalization, but also to trigger other
radical reactions.[14] In doing so, the phenolates I can be
properly accounted as photoredox catalysts for the considered
organic transformations.[37] The initial photochemical events
which involve the phenolate anions are the same of those
described in the previous section. These include either their
direct excitation or the formation of EDA complexes with the
radical sources for the generation of the key open-shell
intermediates.

Originally, the first examples that employ phenol derivatives
1 to trigger radical reactions were reported between the 1980s
and 1990s. For instance, Soumillion and co-workers discovered
that naphtholate anions can drive photochemical dechlorina-
tion reactions of chloroaromatics under UV-light irradiation
(black light phosphor lamp, 350 nm).[38] In a similar approach,
naphtholates anchored on silica were utilized as heterogeneous
photocatalysts under sunlight irradiation.[39] Likewise, the same
research group employed light-excited β-naphtholates to

Figure 5. Heck-type arylation of 4-hydroxycinnamate derivatives 1 with aryl
halides 4.

Figure 6. Dearomative fluoroalkylation of β-naphthols 1 with perfluoroalkyl
iodides 2.
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photocatalyze the desulfonylation of N-tosylamides to give the
corresponding sulfinic acids and amines.[40]

Phenol derivatives 1 have been recently utilized as promis-
ing photocatalysts for the construction of carbon-carbon bonds
of synthetic relevance.[14] In this regard, Zhao and co-workers
used a catalytic amount of o-bromophenol 1f to promote
photochemical 1,2-addition of perfluoroalkyl iodides 2 to
unsaturated compounds 7–8 (Figure 7).[41] In the presence of
potassium acetate as a base, the resulting bromophenolate If
was capable of driving the synthesis of the corresponding
iodoperfluoroalkyl compounds 9–10 with a high yield in 1,2-
dichloroethane (DCE, up to 94% yield in 16 h) under blue light
irradiation (12 W LEDs at 430–490 nm). The proposed reaction
mechanism involves the formation EDA complexes XIII between
the phenolate anion If and the alkylating reagents 2, as proven
by new bands in the absorption spectra. The mentioned
complexes are responsible for initiating the self-sustaining
radical reactivity. Furthermore, neither the o-bromophenol 1f
nor its anion If absorb in the visible region. So, the radical
generation from these excited species can be essentially
excluded.

Xia and collaborators recently described a photochemical
oxyarylation of olefins 7 with aryl halides 4 by means of
phenolate derivatives as catalysts (Figure 8).[22] Specifically,
following an optimization study, the authors found that p-
phenylphenol bearing bulky tert-butyl groups adjacent to the
phenolic group (1d) displayed the highest catalytic effective-
ness. Therefore, in the presence of Cs2CO3 as a base and 2,2,6,6-
tetramethylpiperidin-1-ol (TEMPOH) as a H-atom donor and
radical trap in DMSO, the corresponding oxyarylated products
11 were obtained in high yield (up to 90% yield in 16 h) under
blue light irradiation (18 W LEDs at 450 nm). Mechanistically,

the remarkable redox potential of the excited phenolate Id*
(Ep*= � 3.16 V vs. SCE) allows the direct reduction of aryl halides
4, thus forming the related open-shell species VIII and the
phenoxyl radical VIId. The addition of VIII to the olefins 7 lead
to the formation the carbon-centered radicals XV. These
intermediates react then with TEMPO, in turn generated from
TEMPOH upon hydrogen atom transfer with VII. In this way,
products 11 are achieved, and the catalytic cycle is restored. In
the illustrated example, the eventual formation of EDA com-
plexes between the phenolate anion Id and aryl halides 4 was
excluded by UV-Vis analysis.

A further class of phenol derivatives that are useful as
photocatalysts for synthetic applications is represented by the
tricyclic aromatic ketone 9-anthrone and its analogues
13.[14,42–44] In solution, 13 are present in a tautomeric equilibrium
and the keto-enol ratio relies on the hydrogen bonding ability
of the solvent.[45] In addition, the stabilization caused by forming
the aromatic enol form is less pronounced with respect to
phenol.[46] Under basic conditions, 13 can be deprotonated and
the resulting anionic species XVI present a delocalized charge
between the oxygen and the carbon atom in position 10.[47] XVI
show an absorption maximum in the visible region around
400 nm and a broad absorption band up to 560 nm.[48] Clearly,
their photophysical properties strongly depend on the nature
of the substituents present in the aromatic rings. Importantly, it
can be excited by shining light, thus becoming strong reducingFigure 7. 1,2-addition reaction of fluoroalkyl iodides 2 to unsaturated

compounds 7–8.

Figure 8. Photochemical oxyarylation of olefins 7 with aryl halides 4 and
TEMPOH.

Minireview
doi.org/10.1002/chem.202102276

Wiley VCH Donnerstag, 11.11.2021

2165 / 221345 [S. 16068/16070] 1

7

www.chemeurj.org


agents (Ep*= � 2.4 up to � 3.0 V vs. SCE) capable of driving
different photocatalytic transformations.[14,43]

König and co-workers reported the use of light-absorbing
10-bromo-9-anthrolate 13a to catalyze the C� H arylation
reactions between aryl chlorides 4 and electron-rich arenes 12
under blue light irradiation (455 nm LEDs, Figure 9).[43] Under
the optimized conditions, the corresponding coupling products
14 were achieved in excellent yield (up to 99% in 18 h) in the
presence of Cs2CO3 as a base and 18-crown-6 as a solubilizing
additive in DMSO. From a mechanistic point of view, the excited
anthrolate XVIa* (Ep*= � 3.0 V vs. SCE) reduces the aryl
chlorides 4 to give the corresponding open-shell species VIII
and XVIIa. The aryl radicals VIII are then trapped by the present
arenes 12 to yield, in an alkaline environment, the radical
anions XVIII that finally are converted into the products 14
through an electron transfer from the anthroxyl radical XVIIa.

Recently, the same research group demonstrated how
tetramethoxyanthrolate 13b can promote C� H carboxylations
of styrenes 7 and arenes 12,15 with CO2 under blue light
irradiation (455 nm LEDs, Figure 10).[44] The related carboxylic
acids 16–18 were obtained in very high yield (up to 99% yield
in 18 h) in the presence of Cs2CO3 as base in DMSO. In this case
study, the reactivity is initiated by the light-excited tetrameth-
oxyanthrolate XVIb* (Ep*= � 2.9 V vs. SCE) that can reduce
arenes 12 to the resonance-stabilized radical anions XIX.
Following nucleophilic attack to CO2 affords the open-shell
carboxylates XX. The closure of the catalytic cycle occurs
through the oxidation of the electron-rich radical dianion
intermediates XXI, formed upon deprotonation of XX, thus
regenerating the active photocatalyst XVIb and releasing XXII.
Lastly, products 17 are obtained by an acidic work-up.

5. Summary and Outlook

Phenol derivatives are versatile scaffolds in organic chemistry
for the preparation of valuable compounds of natural, industrial
or pharmaceutical interest. Traditionally, they are synthesized
through thermal methodologies that require transition metal-
based catalysts or harsh reaction conditions. Recently, alter-
native photochemical approaches have been implemented by
exploiting their peculiar optical and redox properties. Typically,
upon deprotonation, the corresponding phenolate anions
exhibit a bathochromic shifted absorption towards the visible
region of the spectrum with respect to the phenol precursors.
Consequently, upon visible light excitation, electron-rich pheno-
lates can act as strong reducing agents capable of producing
reactive open-shell species from suitable acceptors. In this
sense, they can behave either as light-absorbing substrates to
trigger their direct functionalization or as organic photo-
catalysts to prompt other radical reactions of synthetic
relevance. Interestingly, from a mechanistic point of view, the
photochemical activity of some phenolate derivatives relies on
their ability to form ground state EDA complexes with electron-
poor radical sources. These complementary scenarios have
paved the way to the development of a wide range of different
organic reactions. Indeed, an emerging interest in developingFigure 9. Photochemical C� H arylation of electron-rich arenes 12.

Figure 10. Photochemical C� H carboxylation of styrenes 7 and arenes 12,
15.
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novel metal-free photochemical transformations with phenol
moieties has been observed in recent times. The limited
number of reports currently available in literature indicates that
this field is largely unexplored, although it has a great potential.
For instance, the highly reducing character of excited phenolate
anions (above � 3 V vs. SCE) may be utilized to convert inert
substrates (e.g., aryl chlorides, CO2, etc.) into value-added
chemicals under mild operative conditions. Moreover, the
ability of phenoxyl radicals to take part in HAT processes can be
explored for the functionalization of inactivated C� H bonds. In
conclusion, the current Minireview summarized the main
examples in these directions, highlighting the great versatility
of simple phenolic frameworks in organic synthesis. We foresee
that this discussion might help to stimulate forthcoming
investigations in such an attractive research area, leading to the
development of more methodologies of ever-growing complex-
ity and utility.
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