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CONSPECTUS: The use of photocatalysis in organic chemistry has encountered a
surge of novel transformations since the start of the 21st century. The majority of these
transformations are driven by the generation and subsequent reaction of radicals, owing
to the intrinsic property of common photocatalysts to transfer single electrons from
their excited state. While this is a powerful and elegant method to develop novel
transformations, several research groups recently sought to further extend the toolbox
of photocatalysis into the realm of polar ionic reactivity by the formation of cationic as
well as anionic key reaction intermediates to furnish a desired product.
Our group became especially interested in the photocatalytic formation of anionic
carbon nucleophiles, as the overall transformation resembles classical organometallic
reactions like Grignard, Barbier, and Reformatsky reactions, which are ubiquitous in
organic synthesis with broad applications especially in the formation of valuable C−C
bonds. Although these classical reactions are frequently applied, their use still bears
certain disadvantages; one is the necessity of an (over)stoichiometric amount of a reducing metal. The reducing, low-valent, metal is
solely applied to activate the starting material to form the organometallic carbanion synthon, while the final reaction product does
generally not contain a metal species. Hence, a stoichiometric amount of metal salt is bound to be generated at the end of each
reaction, diminishing the atom economy. The use of visible light as mild and traceless activation agent to drive chemical reactions
can be a means to arrive at a more atom economic transformation, as a reducing metal source is avoided. Beyond this, the vast pool
of photocatalytic activation methods offers the potential to employ easily available starting materials, as simple as unfunctionalized
alkanes, to open novel and more facile retrosynthetic pathways. However, as mentioned above, photocatalysis is dominated by open-
shell radical reactivity. With neutral radicals showing an intrinsically different reactivity than ionic species, novel strategies to form
intermediates expressing a polar behavior need to be developed in order to achieve this goal.
In the last couple of years, several methods toward this aim have been reported by our group and others. This Account aims to give
an overview of the different existing strategies to photocatalytically form carbon centered anions or equivalents of those in order to
form C−C bonds. As the main concept is to omit a stoichiometric reductant source (like a low-valent metal in classical
organometallic reactions), only redox-neutral and reductant-free transformations were taken into closer consideration. We present
selected examples of important strategies and try to illustrate the intentions and concepts behind the methods developed by our
group and others.

■ KEY REFERENCES

• Donabauer, K.; Maity, M.; Berger, A. L.; Huff, G. S.;
Crespi, S.; König, B. Photocatalytic carbanion generation
- benzylation of aliphatic aldehydes to secondary
alcohols. Chem. Sci. 2019, 10, 5162−5166.1 The
activation of a carboxylate to a carbon centered nucleophile
showed that carbanions can be generated in a photocatalyic
and reductant-f ree manner f rom a single precursor
molecule. The reactive intermediate is capable to engage
with aliphatic aldehydes as electrophiles.

• Berger, A. L.; Donabauer, K.; König, B. Photocatalytic
carbanion generation from C−H bonds − reductant free
Barbier/Grignard-type reactions. Chem. Sci. 2019, 10,
10991−10996.2 This merger of photo- and HAT-catalysis

allowed the activation of a C−H bond to a carbon centered
nucleophile, which leads to the desired Grignard-type
reaction in full atom economy.

• Schmalzbauer, M.; Svejstrup, T. D.; Fricke, F.; Brandt,
P.; Johansson, M. J.; Bergonzini, G.; König, B. Redox-
Neutral Photocatalytic C-H Carboxylation of Arenes and
Styrenes with CO2. Chem. 2020, 6, 2658−2672.3 A

Received: October 6, 2020
Published: December 16, 2020

Articlepubs.acs.org/accounts

© 2020 American Chemical Society
242

https://dx.doi.org/10.1021/acs.accounts.0c00620
Acc. Chem. Res. 2021, 54, 242−252

Made available through a Creative Commons CC-BY-NC-ND License

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karsten+Donabauer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Burkhard+Ko%CC%88nig"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.accounts.0c00620&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/achre4/54/1?ref=pdf
https://pubs.acs.org/toc/achre4/54/1?ref=pdf
https://pubs.acs.org/toc/achre4/54/1?ref=pdf
https://pubs.acs.org/toc/achre4/54/1?ref=pdf
pubs.acs.org/accounts?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.accounts.0c00620?ref=pdf
https://pubs.acs.org/accounts?ref=pdf
https://pubs.acs.org/accounts?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
https://creativecommons.org/licenses/by-nc-nd/4.0/


highly reducing photocatalyst can activate suitable aromatic
compounds to generate the corresponding radical-anion.
This way, nucleophilic C(sp2)- instead of C(sp3)-centers can
be generated in absence of a stoichiometric reductant.

1. INTRODUCTION
The formation of carbon−carbon bonds is at the core of
organic synthesis, as these transformations provide the
foundation to generate more complex organic compounds
from simpler ones. Thus, the design and development of new
methodologies for this reaction class is of prime importance in
order to arrive at a desired product in an ever simpler, more
efficient and more benign manner.4

A common strategy to furnish C−C bonds is the simple
attack of a carbanionic nucleophile to a carbon electrophile.
One of the oldest and most well-known reaction utilizing this
approach is the Grignard reaction. In the classical protocol,
zerovalent magnesium is added to an organohalide to generate
a highly nucleophilic organometallic reagent (R-MgX), which
acts as carbanion synthon.5 The so-called Grignard reagent is
capable of reacting with various electrophiles such as
aldehydes, ketones, carbon dioxide, amides, and several more
(Figure 1A),6 opening facile access to valuable compounds,
used in the synthesis of fine chemicals, pharmaceuticals and
natural products.6,7

While the applications of organomagnesium and other
nucleophilic organometallic reagents like organozinc (e.g., in
Reformatsky reactions),8 organochromium (e.g., in Nozaki−
Hiyama−Takai−Kishi reactions),9 and several more10 are
manifold, their use still bears certain disadvantages. Besides the
potentially harsh conditions and scarce availability of the
required nucleophile precursor (in most cases an organo-
halide),11 the main drawback is the necessity of an (over)-
stoichiometric reducing metal source. The low-valent metal is

however only needed as a reductant for the activation of the
starting material and is not incorporated in the final product
itself, thus leading to an (over)stoichiometric amount of metal
salt waste at the end of the reaction.
Instead of utilizing reducing low-valent metals for the

activation of organic molecules, visible light as a traceless
energy source can be harnessed to drive chemical reactions as
well.12 Over the last decades, photocatalysis has emerged as a
powerful methodology for various transformations and bond
formations previously unattainable under thermal conditions
and its advance in the synthetic field is summarized in several
comprehensive reviews.13 Yet, the main activation mode of
photocatalytic reactions in organic chemistry is single-electron
oxidation or reduction (termed photoredox catalysis), mostly
leading to the formation of neutral radicals that drive the
desired transformation (Figure 1B). Due to these single
electron processes, photocatalytic reactions are dominated by
open-shell radical reactivity, while the formation of polar ionic
species as reactive key intermediates is more elusive (Figure
1C).
Recently, interest in the photocatalytic generation of anionic

carbon nucleophiles has increased and several groups have
described the formation of carbanions as key intermediates for
the construction of carbon−carbon bonds.14 Utilizing a
photocatalytically generated carbanion intermediate for a
subsequent C−C bond formation has the potential to
overcome the above-mentioned downsides involving the use
of nucleophilic organometallic reagents, as a stoichiometric
metal amount can be avoided. Further, the photocatalytic
activation of functional groups beyond (pseudo)halides,
together with the potential sequence of radical followed by
anionic reactivity can open novel transformations and reaction
pathways. This way, readily available starting materials as
simple as unfunctionalized alkanes can be used in order to
furnish the desired product in high or even full atom economy
under mild conditions. This Account discusses the most
important strategies for the photocatalytic reductant-free
generation of carbon nucleophiles for subsequent C−C bond
formations, developed by our group and others.

2. CARBANION GENERATION VIA RADICAL
REDUCTION

2.1. Radical Reduction after Trapping with a Double Bond

So far, carbon nucleophiles in photocatalysis have mainly been
generated by the reduction of a neutral radical species
rendering a carbanion intermediate. In order to arrive at a
net redox-neutral and thus reductant-free transformation, the
required radical needs to be generated by an oxidation process
to harness the reducing equivalent necessary for the following
radical reduction. The transformation of a radical species into a
species showing ionic reactivity can be termed as radical-polar
crossover. As numerous radicals are rather short-lived, the
most common strategy is to use alkenes bearing stabilizing
substituents as traps for the in situ formed radical. Thus, a
more persistent radical may be generated, which can then be
reduced in a subsequent step (Figure 2). The resulting
carbanion is afterward able to react with a suitable electrophile
giving the desired product.
In 2017, the Martin group used this strategy for the

generation of carbanions in a synthetic manner.15 In their
report on the intermolecular dicarbofunctionalization of
styrenes with CO2 (Figure 3), trifluoromethyl sulfinates (2)

Figure 1. Molecule activation via the classical formation of an
organometallic reagent vs photocatalysis.
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were used as radical precursors. After their photocatalytic
oxidation, the generated CF3

• radical (II) was trapped by
styrene. The resulting benzylic radical (III) was reduced to the
corresponding carbanion (IV) by the reduced photocatalyst
species, the intermediacy of which was supported by D2O
labeling. The anionic intermediate is further able to add to
CO2, generating the carboxylate (V) and after protonation the
targeted carboxylic acid as product.
The same concept was independently developed by the

group of Song, using highly active benzenesulfonothioates
instead of CO2 as electrophile for the formation of C−S bonds.
Further, also simple alkenes could be used as radical traps
involving aliphatic carbon nucleophiles.16 Several impressive

variants of this strategy have since then been developed, mostly
using CO2 as the electrophile.

17 Examples comprise the use of
H−P(O)R2 phosphonyl compounds17a and simple silanes17b

as radical precursor to achieve the corresponding alkene
difunctionlization.
Besides the intermolecular addition to carbonyl compounds,

the strategy of radical reduction after trapping has been widely
used for intramolecular reactions. In these types of reactions,
the carbanion intermediate is reported to follow various
reaction pathways typical for an anionic intermediate, such as
SN2 and SNAr substitutions, as well as E1cb eliminations
(Figure 4).
Intramolecular cyclizations via an SN2 mechanism were

pioneered by Molander and co-workers (Figure 4A).18 In their
seminal report, α-iodo alkylbis(catecholato)silicates (4) were
used as radical precursors. Oxidation of these compounds leads
to iodomethyl radicals (VI) that can add to styrenes (1). After
reduction of the thus formed radical (VII), the generated
carbon nucleophile (VIII) substitutes iodine, forming a
cyclopropane. The transformation shows that a photocatalyti-
cally formed carbon nucleophile is capable of engaging in SN2
reactions, the mechanism of which is supported by density
functional theory calculations. Following this report, the
concept has been used for the synthesis of several classes of
cyclic compounds utilizing various radical precursors such as
silicates,19 carboxylic acids,20 as well as alcohols21 and leaving
groups like tosylate22 besides halides. Various ring sizes
ranging from three- to seven-membered rings, including
strained four-membered cycles23 have been constructed as
well.
As mentioned above, the strategy was recently exploited for

a photocatalytic SNAr reaction as well, showcasing the broad
applicability of photocatalitically generated carbanion inter-
mediates (Figure 4B).24 Mostly sulfinates (2) were again used
as radical precursor for the addition to vinyl ureas (6). After
radical reduction, the corresponding carbanion (IX) is arylated
via a Truce−Smiles rearrangement.
Although it is not a C−C bond formation between two

previously unconnected carbon centers, it is worth noting at
this point that the radical reduction approach is, as far as
number of publications, most commonly applied for the

Figure 2. General strategy for the generation of carbanions after
radical trapping.

Figure 3. Carbanion generation after radical trapping with CO2 as
electrophile.

Figure 4. Carbanion generation after radical trapping for an intramolecular C−C bond formation following SN2 (A), SNAr, (B) and E1cb (C)
mechanisms.

Accounts of Chemical Research pubs.acs.org/accounts Article

https://dx.doi.org/10.1021/acs.accounts.0c00620
Acc. Chem. Res. 2021, 54, 242−252

244

https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?fig=fig4&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://dx.doi.org/10.1021/acs.accounts.0c00620?ref=pdf


generation of alkenes via an E1cb elimination (Figure 4C).
Various examples with different radical precursors and leaving
groups have been developed. Mostly, fluoride25 is used as
leaving group yielding valuable gem-difluoroalkene products if
it originates from a CF3 moiety. Bromide,26 acetate,27 and tert-
butyl carbonate28 can be used as leaving groups as well. A
selected example of an early report is shown in Figure 4C.
2.2. Radical Reduction from a Single Precursor Molecule

The concept of radical reduction after trapping is already quite
well established and has been used for many desirable
reactions. However, it has the disadvantage that two separate
molecules have to be combined first in order to enable the
generation of a carbanion. While this is beneficial for the
(di)functionalization of alkenes, it lacks the versatility of classic
organometallic reactions such as the Grignard reaction, where
almost any molecule with a suitable prefunctionalization can be
transformed into an anionic intermediate.
Thus, our group aimed to generate a carbanion intermediate

from a single precursor molecule, using the radical reduction
approach (Figure 5). In terms of reaction design, we reasoned

that the carbanion precursor is required to have three main
attributes. It needs to be activated by single-electron oxidation

in order to arrive at a net redox-neutral transformation. The
thus generated radical intermediate should be reasonably stable
in order to avoid a rapid hydrogen atom abstraction or
homocoupling and last, the radical should exhibit a reduction
potential high enough to allow for its transformation into the
carbanion.
The conditions are met for broadly available phenylacetic

acids (11) (Figure 6A).1 Carboxylates (XI) are easily oxidized
(E1/2

Ox range of 1.5−1.0 V vs. SCE depended on
substituents)29 to render carbon centered radicals after the
extrusion of CO2. The benzylic position stabilizes both, the
radical and anion intermediate, allowing a subsequent radical
reduction (E1/2

Red = −1.45 V vs. SCE for the unsubstituted
benzyl radical, XIII).30 The thus generated carbon nucleophile
(XIV) was capable of adding to an aliphatic aldehyde (12) as
electrophile to give the desired alcohol product (13) after
protonation of the alcoholate (XV). The prominent side
reaction under these conditions is the simple decarboxylation
of the starting material rendering the corresponding toluene
derivative. The side product is originating from the reaction of
the carbanion intermediate with a proton source or from a
hydrogen atom abstraction of the benzyl radical. Less active
carbonyl compounds like ketones are rather inefficient
electrophiles, giving the product only in traces (14),
presumably due to a faster protonation.
In terms of intermolecular reactions, the concept of

photocatalytic radical reduction was up to this point only
reported for CO2 (vide supra), aromatic aldehydes,31

benzenesulfonothioates,16 and highly electron-deficient Mi-
chael acceptors32 as electrophiles.
The individual steps of the proposed mechanism were

supported experimentally. The photocatalyst was quenched by
the addition of the tetrabutylammonium carboxylate of

Figure 5. General strategy for the carbanion generation from a single
precursor molecule.

Figure 6. (A) Photocatalytic generation of a carbon nucleophile from a single precursor molecule and its addition to aliphatic aldehydes. (B)
Emission quenching of the in situ generated photocatalyst 4CzBnBN (from 4CzIPN and phenylacetic acid) by addition of the tetrabutylammonium
salt of phenylacetic acid. Reproduced with permission from ref 1. Copyright 2019 Royal Society of Chemistry. (C) In situ IR measurement of the
standard reaction mixture while irradiation with a 455 nm LED. The formation of CO2 is detected at 2338 cm

−1 while the depletion of the aldehyde
starting material is monitored at 1722 cm−1. Reproduced with permission from ref 1. Copyright 2019 Royal Society of Chemistry. (D) Deuterium
labeling of a selected carbanion precursor.
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phenylacetic acid, indicating their interaction under the
influence of light, likely by an SET from the carboxylate to
the photocatalyst (Figure 6B). The following CO2 extrusion
could be observed by recording in situ IR-spectra of the
standard reaction mixture during irradiation, simultaneously
showing the depletion of the aldehyde starting material (Figure
6C). Lastly, the generation of an anionic intermediate was
supported by deuterium labeling studies. Diphenylacetic acid
(11d) as a selected example could be deuterated when using
D2O as electrophile under the standard reaction conditions
(Figure 6D). With diphenylmethane exhibiting a C−H bond
dissociation energy (BDE) of 84.5 kcal/mol,33 the diphenyl-
methane radical intermediate is not expected to abstract a
deuterium atom from D2O (H2O BDE = 118.1 kcal/mol).33

On the other hand, a diphenylmethane anion is expected to
abstract D+ from D2O when comparing the respective pKa
values (pKa = 32.3 for diphenylmethane34 and pKa = 31.4 for
H2O,

35 both in DMSO), thus indicating the formation of an
ionic intermediate.
The concept of generating a carbanion equivalent from a

single precursor could be successfully shown using benzylic

carboxylic acids. However, considering the total trans-
formation, CO2 is generated as stoichiometric byproduct and
one equivalent of base is used for the formation of the
carboxylate, diminishing the atom economy. Additionally,
ketones are ineffective electrophiles, overall leaving room for
improvement.
We envisioned that an approach to resolve these short-

comings may be the formation of the required carbon centered
radical directly from the C−H bond. Executing this in an
oxidative manner paves the way to a catalytic redox-neutral C−
H to carbanion activation. This way, the desired trans-
formation can be executed in full atom economy, as a
prefunctionalization is avoided. Further, the efficiency can be
elevated, as the starting material is reformed if the carbon
nucleophile engages with a proton as electrophile.
The envisioned reaction design for this transformation was

based on the merger between hydrogen atom transfer (HAT)
and photocatalysis (Figure 7A). Common indirect HAT-
catalysts can be activated by photocatalytic single-electron
oxidation, yielding a radical species capable of abstracting C−
H bonds from simple organic compounds.36 Similar to the

Figure 7. (A) C−H to carbanion activation for the benzylation of aldehydes, ketones and esters (only intramolecularly). (B) C−H to carbanion
activation with CO2 as electrophile. (C) 1,3-Dithianes as purely aliphatic carbanion precursors for a base-free Corey-Seebach reaction. (D) Viable
photocatalysts and HAT catalysts.
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previous system, the generated carbon centered radical should
then be convertible to the carbanion via reduction by the
reduced photocatalyst. The merger of benzonitrile-based
donor−acceptor photocatalysts37 and iPr3SiSH as the HAT-
catalyst (Figure 7D) was found as a competent system to
orchestrate such a C−H to carbanion activation in the benzylic
position (Figure 7).2,38 The proposed reaction mechanism thus
operates as follows: the iPr3SiSH HAT-catalyst is deprotonated
in the presence of a base opening its facile oxidation by the
excited photocatalyst. This SET step renders the reduced
photocatalyst (PC•−) and simultaneously the activated HAT-
catalyst species ((iPr)3Si−S•). The sulfur centered radical is
expected to abstract a hydrogen atom from the benzylic
position rendering a stabilized radical species (XVI). The
reduction equivalent stored on the photocatalyst from the
previous oxidation is then utilized to convert the radical into
the desired carbanion intermediate (XVII). The hence formed
nucleophilic species is then capable to form C−C bonds with
suitable electrophiles. In terms of electrophiles, carbonyl
compounds including aldehydes, ketones, esters (only intra-
molecularly) (Figure 7A), as well as CO2 (Figure 7B) proved
to be viable. Notably, ketones were in this case even higher
yielding coupling partners than the more reactive aldehydes.
This is due to the HAT catalyst being prone to abstract the
carbonyl hydrogen atom from aldehydes arising from a polarity
match,39 leading to undesired side reactions. Accordingly, CO2
was found to be a more suitable electrophile as well.
In theory, this strategy illustrates the most atom economic,

simple and straightforward method to synthesize the illustrated
coupling products. Yet, the current conditions still bear two
main limitations. First, high yields are only obtained if the
electrophile is present in large excess (not the case for
aldehydes). This is easily applicable for CO2 or simple ketones
like acetone, but less desirable for more complex electrophiles.
Second, only sufficiently activated C−H bonds, such as the
benzylic ones, can be converted into to the carbanion
equivalent.
Based on the proposed mechanism, the realm of potential

carbanion precursors is governed by the limits of both
catalysts. The activated HAT species (iPr3SiS

•) (S−H BDE
approximately 88.9 kcal/mol)40 needs to be capable of
abstracting the corresponding hydrogen atom. Further, the
reduced photocatalyst species (E1/2(3DPA2FBN/
3DPA2FBN•−) = −1.92 V vs. SCE)37 is required to be
reductive enough to convert the carbon-centered radical into
the active carbanion species. These conditions are, e.g., met for
ethylbenzene, as it shows a C−H BDE of 85.4 kcal/mol33 and
the ethylbenzyl radical is reported to exhibit a reduction
potential of E1/2

Red = −1.60 V vs. SCE.30

However, these values are rather to be taken as guideline, as
they represent thermodynamic boundaries and kinetic barriers
need to be considered as well. This is especially crucial for the
hydrogen atom abstraction step. Here, the activation barrier is
predicted to decrease with an increasing electronegativity
difference between the involved radical species, rendering a
sufficient polarity match indispensable.39b With regard to the
here presented system, this means that only C−H bonds
rendering sufficiently nucleophilic (i.e., electron rich) radicals
can be employed, as iPr3SiS

• is an electrophilic radical.
Positions that would give rise to electron poor and thus easily
reducible electrophilic radicals (e.g., in α-carbonyl positions),
are likely to fail in the HAT step.

With these factors in mind, the aim was to expand the scope
beyond benzylic C−H bonds. Radicals in the α-position to a
heteroatom are generally regarded as nucleophilic.39b In the
case of sulfur, the C−H acidity is increased as well, indicating
the stabilization of the carbanion species.41 Both aspects are
desirable for the developed PC/HAT catalyst system, and
indeed, the carbanion nucleophile can also be generated in
purely aliphatic systems, where the radical and anion
intermediate are stabilized by two sulfur atoms, e.g., with 2-
methyl-1,3-dithiane (C−H BDE = 88.2 kcal/mol; E1/2

Red =
−1.87 V vs. SCE for the dithiane radical) (Figure 7C).40 Using
1,3-dithianes (21) as carbanion precursors, a photocatalytic
base-free Corey−Seebach reaction was developed. Opposite to
the classical method, the product was obtained without the
addition of a strong organometallic base (e.g., nBuLi) thus
furnishing the desired product in full atom economy. Further,
the absence of base allowed the presence of base- and
nucleophile-sensitive functional groups.
Looking ahead, a more potent and efficient catalytic system

needs to be developed in order to substantially broaden the
substrate scope as far as nonactivated C−H bonds. Efforts
toward this goal are currently ongoing in our research group.

3. METAL-ASSISTED GENERATION OF CARBANION
EQUIVALENTS

A conceptually different approach toward the photocatalytic
generation of a carbanion equivalent is the capture of a radical
with a metal leading to a nucleophilic organometallic species.
The required reduction equivalent thus originates from the
metal, donating an electron to the radical to furnish a
carbanionic species, similar to the Grignard reaction. After
reaction with the desired electrophile, the oxidized metal is
reduced by the photocatalyst to regenerate its active form
(Figure 8). If the required carbon radical is directly or

indirectly formed by an oxidation process, the reaction is net
redox-neutral and can be executed without the addition of a
stoichiometric reductant.
In 2018, the Glorius group utilized this concept to arrive at a

photocatalytic Nozaki−Hiyama−Takai−Kishi (NHTK) reac-
tion requiring only a catalytic amount of chromium, instead of
an (over)stoichiometric quantity used in the classical method
(Figure 9A).42 Allyl arenes (23) were used as nucleophile
precursors giving a neutral radical (XX) after photocatalytic
oxidation and deprotonation. After trapping with a Cr(II)
source, the corresponding nucleophilic organometallic Cr(III)
species (XXI) is capable of adding to an aldehyde as
electrophile furnishing the reaction product after protonation.
Afterward, the Cr(III) species is reduced to Cr(II) closing
both the metal and photocatalyst cycle.
Simultaneously, the Kanai group developed the same

concept using a highly oxidative acridinium based catalyst in
order to enable the use of simple alkenes as starting material
and chiral ligands to induce chirality.43 Further, they expanded

Figure 8. General strategy for the metal-assisted generation of a
carbanion equivalent.
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this strategy by the combination with HAT-catalysis (Figure
9B), in a similar manner as described in section 2.2.44

So far, the vast majority of the carbanion equivalents
generated in a photocatalytic manner are, naturally, in the α-
position to an anion stabilizing group, e.g., benzylic or allylic
anions. A likely reason is that the carbanion needs to be
sufficiently stabilized in order to facilitate its reduction by the
photocatalyst. The use of a metal catalyst can resolve this issue,
as the photocatalyst is then only required to reduce the
oxidized metal species instead of the carbon-centered radical.
Dependent on the metal, this can be significantly more facile
considering solely the redox-values (e.g., E(Cr3+/Cr2+) =
−0.65 V vs. SCE).45 A trade-off might be that the formed
organometallic species is less reactive due to its C−metal bond.
In the case of chromium, the nucleophilic organochromium
species is generally only capable to attack aldehydes as
electrophiles, while less active ketones are mostly unsuitable
substrates.9,46

The group of Glorius exploited this strategy for the
generation of carbanion equivalents in α-position to amines.47

In this transformation, α-TMS amines (27) were used as
radical precursors (Figure 9C). Surprisingly, even ketones were
viable electrophiles and the TMS-protected α-amino alcohol
(28) was obtained in full atom economy. However, the
transformation shows a quantum yield of 12.5, revealing that a
non-photocatalytic mechanism seems to be the main pathway
of this transformation.
In a similarly intriguing reaction, the Yahata group generated

a carbanion equivalent from simple alkanes, such as cyclo-
hexane, using tetrabutylammonium decatungstate as highly
active HAT- and photocatalysts. However, a stoichiometric
amount of CrCl3 (3 equiv) is required.48 The concept of a
metal assisted carbon nucleophile formation was further
extended in a few other reports. An example is the previous
radical trapping with alkenes similar to section 2.1.49 It is worth
noting, at this point, that a conceptually similar trans-

formations has been reported with a titanium complex50

instead of chromium. However, this transformation operates in
a net-reductive manner.

4. RADICAL ANIONS AS NUCLEOPHILES

So far, only the generation of sp3 carbanion equivalents was
discussed. However, there are numerous examples for the use
of organometallic sp2 carbon nucleophiles in the construction
of several valuable compounds,51 rendering the development of
more atom economic and mild methods desirable. At the same
time, the photocatalytic formation of sp2 nucleophiles is
challenging when applying the so far described strategies.
Options for the oxidative generation of sp2-centered radicals,
e.g., aryl radicals, by the use of a cleavable leaving group are
limited.17c,52 Similarly, a C−H activation by HAT for a full
atom economic transformation is due to the high C−H BDE
(112.9 kcal/mol for benzene)33 challenging as well, with, to
the best of our knowledge, no photocatalytic method being
reported so far. Even if possible, selectivity issues in the
presence of sp3 C−H bonds would be impending.
Our group attempted to tackle this problem by pursuing a

different strategy (Figure 10). Although radical anions are
regarded as poor nucleophiles,53 aromatic systems reduced
with alkali metals are still reported to be capable of adding to
CO2 as electrophile.54 This should still be valid for photo-

Figure 9. Examples for the photocatalytic generation of nucleophilic organometallic species. (A) NHTK reaction is catalytic in chromium. (B) C−
H activation to organochromium of simple alkenes. (C) Generation of a carbanion equivalent in the α-amino position.

Figure 10. General strategy for the use of radical-anions as
nucleophiles.
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catalytically formed radical anions. Yet, aromatic systems
exhibit a fairly negative reduction potential (E1/2

Red = −2.63 V
vs SCE in MeCN for naphthalene),53 thus requiring highly
reductive photocatalysts for their activation.55

Last year, we established the use of deprotonated 2,3,6,7-
tetramethoxyantracen-9(10H)-one (TMA−) (see Figure 11 for

its structure) as a highly reductive photocatalyst for the
activation of aryl halides.56 Judging from its estimated redox
potential (E1/2(TMA•/TMA−*) = −2.92 V vs SCE), the exited
anion should be able to form the radical anion of naphthalene
derivatives. Indeed, an interaction between naphthalene
derivatives and the photocatalyst could be observed by
emission quenching, supporting the generation of a radical
anion. Gratifyingly, the presence of CO2 as electrophile led to
the formation of the desired carboxylic acid (Figure 11).3

In the proposed mechanism, the precatalyst TMAH is
activated by deprotonation in the presence of a base to give the
visible light absorbing TMA− anion. After photoexcitation
(455 nm LED), the strongly reducing TMA−* species is
proposed to transfer an electron to a suitable arene, rendering
the radical species of the photocatalyst (TMA•) and the

nucleophilic radical anion (XXII). This carbon centered
nucleophile is capable of forming the desired C−C bond by
adding to CO2 as an electrophile, leading to the formation of a
radical carboxylate (XXIII). This intermediate is proposed to
undergo rapid deprotonation in the presence of a base to
regain resonance. The resulting radical dianion XXIV is
expected to be a sufficiently strong reductant to regenerate the
active photocatalyst TMA− (E1/2(TMA•/TMA−) = −0.51 V vs
SCE) and to yield the corresponding carboxylate (XXV).
As the final product is furnished after protonation, the

transformation is executed in full atom economy under net
redox-neutral conditions. However, 3 equiv of base (Cs2CO3)
is required to reach the optimal yield. Ketones are viable
electrophiles as well (33), whereas aldehydes were not
compatible with the reaction conditions, likely due to the
reaction of the aldehyde with the anionic catalyst itself. Various
aromatic systems including styrene (32b) could be used as
carbon nucleophile precursors furnishing the desired product.
The extension of this carbon nucleophile formation strategy
toward nonaromatic systems and aldehydes as electrophiles is
currently under investigation.
Considering the complete transformation, a slightly related

strategy was developed by the groups of Yu57 and Walsh.58

Here, aromatic imines were reduced to the corresponding
radical anion by a photocatalyst. Subsequently, a hydrogen
abstraction from a sacrificial hydrogen atom donor yielding a
carbanion intermediate is proposed before the addition of CO2
or aldehydes as electrophiles. Although, this reaction is an
overall net reduction requiring a stoichiometric reductant (the
hydrogen atom donor), it illustrates an interesting strategy for
the formation of a carbanion equivalent.

5. IN SITU GENERATION OF A LABILE LEAVING
GROUP

A more indirect approach toward a net redox-neutral
carbanion formation is the photocatalytic transformation of a
functional group into a leaving group which is prone to furnish
a carbanion after its extrusion (Figure 12). Our group recently

employed this strategy for a photocatalytic Wolff−Kishner-type
reaction, opening the possibility for a facile difunctionalization
using radical and anionic reactivity (Figure 13).59

N-Tosylhydrazones (34) were used as latent carbanion
precursors. After oxidation of a thiolate (XXVI) by the excited
Ir-based photocatalyst, the in situ formed thiol radical (XXVII)
is proposed to add to the N-tosylhydrazone which leads to the
cleavage of a tosyl radical yielding the crucial diazine
intermediate (XXIV). Deprotonation and extrusion of N2
renders the desired carbanion equivalent (XXV), capable of
adding to CO2 or aldehydes as electrophiles. The photo-
catalytic cycle is closed by reduction of the tosyl radical to its
anion, rendering the overall transformation redox-neutral. The
reaction is also possible with CF3SO2Na instead of the thiol as
radical precursor, yielding the corresponding gem-difluoroal-
kene after E1cB elimination of one fluorine via the carbanion

Figure 11. Redox-neutral photocatalytic C−H carboxylation of arenes
and styrenes with CO2.

Figure 12. General strategy for the in situ generation of a labile
leaving group.
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intermediate (38). While the strength of this transformation is
the difunctionalization and installation of a geminal CF2
alkene, opening easy access to valuable reaction products, 1.5
or 3 equiv of base is required and tosylate and N2 are
stoichiometric byproducts. The formation of a stoichiometric
byproduct is, however, inevitable using this strategy.
A related, yet net reductive approach was presented last year,

where an α-boryl carbanion was generated as a key
intermediate starting from the reduction of aromatic
aldehydes.60 It is further worth noting, at this point, that a
related, non-photocatalytic, ruthenium catalyzed carboxylation
using aromatic hydrazones and CO2 was recently reported as
well.61

6. CONCLUSION
The photocatalytic generation of polar carbon nucleophiles
instead of neutral carbon centered radicals to drive a desired
chemical reaction is an emerging field in photocatalysis. With
its potential mild and metal-free conditions alongside the
option of radical, followed by anionic bond formations, it
gained the attention of several research groups. It offers an
alternative to classical organometallic reactions operating
under milder and more atom economic conditions by
excluding the use of a stoichiometric (organo)metallic
reductant. Beyond that, novel reaction pathways starting
from simpler, more available, and easier to handle starting
materials can be developed using this approach, enabling
intriguing retrosynthetic pathways. Additionally, the merger
with enantioselective catalysis can bring new grounds for
forging C−C bonds in an asymmetric manner. As this research

area is not older than approximately 5 years, it is still in its
infancy and we expect new strategies to be disclosed in the
near future, together with the boundaries of the above-
described strategies to be extended and pushed further by our
group and others.

■ AUTHOR INFORMATION
Corresponding Author

Burkhard Ko ̈nig − Institute for Organic Chemistry, University
of Regensburg, 93053 Regensburg, Germany; orcid.org/
0000-0002-6131-4850; Email: Burkhard.Koenig@
chemie.uni-regensburg-de

Author

Karsten Donabauer − Institute for Organic Chemistry,
University of Regensburg, 93053 Regensburg, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.accounts.0c00620

Notes

The authors declare no competing financial interest.

Biographies

Karsten Donabauer received his B.Sc (2015) and M.Sc (2017) in
Chemistry from the University of Regensburg, Germany, under the
supervision of Prof. Ivana Fleischer and Prof. Burkhard König,
respectively. Thereafter, he joined the group of Prof. Burkhard König
as Ph.D. student. His current research interest focuses on the
photocatalytic generation of carbanion equivalents.

Burkhard König received his Ph.D. in 1991 from the University of
Hamburg. He continued his scientific education as a postdoctoral
fellow with Prof. M. A. Bennett, Research School of Chemistry,
Australian National University, Canberra, and Prof. B. M. Trost,
Stanford University. Since 1999 he is a full professor of organic
chemistry at the University of Regensburg. His current research
interests are the development of synthetic methodologies in
photoredox catalysis and photoswitchable bioactive ligands.

■ ACKNOWLEDGMENTS
This work was supported by the German Science Foundation
(DFG, KO 1537/18-1). This project has received funding
from the European Research Council (ERC) under the
European Union’s Horizon 2020 Research and Innovation
Programme (grant agreement No. 741623).

■ DEDICATION
Dedicated to Prof. Henning Hopf on the occasion of his 80th
birthday.

■ REFERENCES
(1) Donabauer, K.; Maity, M.; Berger, A. L.; Huff, G. S.; Crespi, S.;
König, B. Photocatalytic carbanion generation - benzylation of
aliphatic aldehydes to secondary alcohols. Chem. Sci. 2019, 10,
5162−5166.
(2) Berger, A. L.; Donabauer, K.; König, B. Photocatalytic carbanion
generation from C−H bonds − reductant free Barbier/Grignard-type
reactions. Chem. Sci. 2019, 10, 10991−10996.
(3) Schmalzbauer, M.; Svejstrup, T. D.; Fricke, F.; Brandt, P.;
Johansson, M. J.; Bergonzini, G.; König, B. Redox-Neutral Photo-
catalytic C-H Carboxylation of Arenes and Styrenes with CO2. Chem.
2020, 6, 2658−2672.

Figure 13. Difunctionalization of carbonyls via a visible-light
photoredox catalytic radical-carbanion relay.

Accounts of Chemical Research pubs.acs.org/accounts Article

https://dx.doi.org/10.1021/acs.accounts.0c00620
Acc. Chem. Res. 2021, 54, 242−252

250

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Burkhard+Ko%CC%88nig"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6131-4850
http://orcid.org/0000-0002-6131-4850
mailto:Burkhard.Koenig@chemie.uni-regensburg-de
mailto:Burkhard.Koenig@chemie.uni-regensburg-de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karsten+Donabauer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?ref=pdf
https://dx.doi.org/10.1039/C9SC01356C
https://dx.doi.org/10.1039/C9SC01356C
https://dx.doi.org/10.1039/C9SC04987H
https://dx.doi.org/10.1039/C9SC04987H
https://dx.doi.org/10.1039/C9SC04987H
https://dx.doi.org/10.1016/j.chempr.2020.08.022
https://dx.doi.org/10.1016/j.chempr.2020.08.022
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00620?fig=fig13&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://dx.doi.org/10.1021/acs.accounts.0c00620?ref=pdf


(4) (a) Li, C. J. Organic reactions in aqueous media - with a focus on
carbon-carbon bond formation. Chem. Rev. 1993, 93, 2023−2035.
(b) Brahmachari, G. Design for carbon−carbon bond forming
reactions under ambient conditions. RSC Adv. 2016, 6, 64676−64725.
(5) Grignard, V. Sur quelques nouvelles combinaisons organo-
metalliques du magnesium et leur application a des syntheses
d’alcools et d’hydrocarbures. C. R. Acad. Sci. 1900, 130, 1322−1324.
(6) (a) Silverman, G. S.; Rakita, P. E. Handbook of Grignard
Reagents; Marcel Dekker, Inc.: New York, 1996. (b) Rickey, H. G., Jr.
Grignard Reagents: New Developents; Wiley-VCH: New York, 2000.
(7) (a) Caso, A.; Mangoni, A.; Piccialli, G.; Costantino, V.; Piccialli,
V. Studies toward the Synthesis of Smenamide A, an Antiproliferative
Metabolite from Smenospongia aurea: Total Synthesis of ent-
Smenamide A and 16-epi-Smenamide A. ACS Omega 2017, 2,
1477−1488. (b) Liu, J.; Ma, D. A Unified Approach for the Assembly
of Atisine- and Hetidine-type Diterpenoid Alkaloids: Total Syntheses
of Azitine and the Proposed Structure of Navirine C. Angew. Chem.,
Int. Ed. 2018, 57, 6676−6680.
(8) Ocampo, R.; Dolbier, W. R. The Reformatsky reaction in organic
synthesis. Recent advances. Tetrahedron 2004, 60, 9325−9374.
(9) Gil, A.; Albericio, F.; Alvarez, M. Role of the Nozaki-Hiyama-
Takai-Kishi Reaction in the Synthesis of Natural Products. Chem. Rev.
2017, 117, 8420−8446.
(10) (a) Ishihara, K.; Hatano, M. Recent Progress in the Catalytic
Synthesis of Tertiary Alcohols from Ketones with Organometallic
Reagents. Synthesis 2008, 2008, 1647−1675. (b) Denmark, S. E.; Fu,
J. Catalytic enantioselective addition of allylic organometallic reagents
to aldehydes and ketones. Chem. Rev. 2003, 103, 2763−94.
(11) Ni, S.; Padial, N. M.; Kingston, C.; Vantourout, J. C.; Schmitt,
D. C.; Edwards, J. T.; Kruszyk, M. M.; Merchant, R. R.; Mykhailiuk, P.
K.; Sanchez, B. B.; Yang, S.; Perry, M. A.; Gallego, G. M.; Mousseau, J.
J.; Collins, M. R.; Cherney, R. J.; Lebed, P. S.; Chen, J. S.; Qin, T.;
Baran, P. S. A Radical Approach to Anionic Chemistry: Synthesis of
Ketones, Alcohols, and Amines. J. Am. Chem. Soc. 2019, 141, 6726−
6739.
(12) Schultz, D. M.; Yoon, T. P. Solar synthesis: prospects in visible
light photocatalysis. Science 2014, 343, 1239176.
(13) For examples, see: (a) Marzo, L.; Pagire, S. K.; Reiser, O.;
König, B. Visible-Light Photocatalysis: Does It Make a Difference in
Organic Synthesis? Angew. Chem., Int. Ed. 2018, 57, 10034−10072.
(b) Twilton, J.; Le, C.; Zhang, P.; Shaw, M. H.; Evans, R. W.;
MacMillan, D. W. C. The merger of transition metal and
photocatalysis. Nat. Rev. Chem. 2017, 1, 0052. (c) Capaldo, L.;
Quadri, L. L.; Ravelli, D. Photocatalytic hydrogen atom transfer: the
philosopher’s stone for late-stage functionalization? Green Chem.
2020, 22, 3376−3396.
(14) (a) Pitzer, L.; Schwarz, J. L.; Glorius, F. Reductive radical-polar
crossover: traditional electrophiles in modern radical reactions. Chem.
Sci. 2019, 10, 8285−8291. (b) Wiles, R. J.; Molander, G. A.
Photoredox-Mediated Net-Neutral Radical/Polar Crossover Reac-
tions. Isr. J. Chem. 2020, 60, 281−293.
(15) Yatham, V. R.; Shen, Y.; Martin, R. Catalytic Intermolecular
Dicarbofunctionalization of Styrenes with CO2 and Radical
Precursors. Angew. Chem., Int. Ed. 2017, 56, 10915−10919.
(16) Kong, W.; An, H.; Song, Q. Visible-light-induced thiotri-
fluoromethylation of terminal alkenes with sodium triflinate and
benzenesulfonothioates. Chem. Commun. 2017, 53, 8968−8971.
(17) (a) Fu, Q.; Bo, Z.-Y.; Ye, J.-H.; Ju, T.; Huang, H.; Liao, L.-L.;
Yu, D.-G. Transition metal-free phosphonocarboxylation of alkenes
with carbon dioxide via visible-light photoredox catalysis. Nat.
Commun. 2019, 10, 3592. (b) Hou, J.; Ee, A.; Cao, H.; Ong, H.
W.; Xu, J. H.; Wu, J. Visible-Light-Mediated Metal-Free Difunction-
alization of Alkenes with CO2 and Silanes or C(sp3)-H Alkanes.
Angew. Chem., Int. Ed. 2018, 57, 17220−17224. (c) Wang, H.; Gao,
Y.; Zhou, C.; Li, G. Visible-Light-Driven Reductive Carboarylation of
Styrenes with CO2 and Aryl Halides. J. Am. Chem. Soc. 2020, 142,
8122−8129. (d) Zhang, B.; Yi, Y.; Wu, Z.-Q.; Chen, C.; Xi, C.
Photoredox-catalyzed dicarbofunctionalization of styrenes with

amines and CO2: a convenient access to γ-amino acids. Green
Chem. 2020, 22, 5961−5965.
(18) Phelan, J. P.; Lang, S. B.; Compton, J. S.; Kelly, C. B.; Dykstra,
R.; Gutierrez, O.; Molander, G. A. Redox-Neutral Photocatalytic
Cyclopropanation via Radical/Polar Crossover. J. Am. Chem. Soc.
2018, 140, 8037−8047.
(19) Guo, T.; Zhang, L.; Liu, X.; Fang, Y.; Jin, X.; Yang, Y.; Li, Y.;
Chen, B.; Ouyang, M. Visible-Light-Promoted Redox-Neutral Cyclo-
propanation Reactions of α-Substituted Vinylphosphonates and Other
Michael Acceptors with Chloromethyl Silicate as Methylene Transfer
Reagent. Adv. Synth. Catal. 2018, 360, 4459−4463.
(20) Shu, C.; Mega, R. S.; Andreassen, B. J.; Noble, A.; Aggarwal, V.
K. Synthesis of Functionalized Cyclopropanes from Carboxylic Acids
by a Radical Addition-Polar Cyclization Cascade. Angew. Chem., Int.
Ed. 2018, 57, 15430−15434.
(21) Hu, A.; Chen, Y.; Guo, J. J.; Yu, N.; An, Q.; Zuo, Z. Cerium-
Catalyzed Formal Cycloaddition of Cycloalkanols with Alkenes
through Dual Photoexcitation. J. Am. Chem. Soc. 2018, 140,
13580−13585.
(22) Milligan, J. A.; Phelan, J. P.; Polites, V. C.; Kelly, C. B.;
Molander, G. A. Radical/Polar Annulation Reactions (RPARs) Enable
the Modular Construction of Cyclopropanes. Org. Lett. 2018, 20,
6840−6844.
(23) Shu, C.; Noble, A.; Aggarwal, V. K. Photoredox-Catalyzed
Cyclobutane Synthesis by a Deboronative Radical Addition-Polar
Cyclization Cascade. Angew. Chem., Int. Ed. 2019, 58, 3870−3874.
(24) Abrams, R.; Clayden, J. Photocatalytic Difunctionalization of
Vinyl Ureas by Radical Addition Polar Truce-Smiles Rearrangement
Cascades. Angew. Chem., Int. Ed. 2020, 59, 11600−11606.
(25) (a) Xiao, T.; Li, L.; Zhou, L. Synthesis of Functionalized gem-
Difluoroalkenes via a Photocatalytic Decarboxylative/Defluorinative
Reaction. J. Org. Chem. 2016, 81, 7908−7916. (b) Lang, S. B.; Wiles,
R. J.; Kelly, C. B.; Molander, G. A. Photoredox Generation of Carbon-
Centered Radicals Enables the Construction of 1,1-Difluoroalkene
Carbonyl Mimics. Angew. Chem., Int. Ed. 2017, 56, 15073−15077.
(26) Gong, X.; Yang, M.; Liu, J.-B.; He, F.-S.; Wu, J. Photoinduced
synthesis of alkylalkynyl sulfones through a reaction of potassium
alkyltrifluoroborates, sulfur dioxide, and alkynyl bromides. Org. Chem.
Front. 2020, 7, 938−943.
(27) (a) Dai, X.; Cheng, D.; Guan, B.; Mao, W.; Xu, X.; Li, X. The
coupling of tertiary amines with acrylate derivatives via visible-light
photoredox catalysis. J. Org. Chem. 2014, 79, 7212−9. (b) Chatterjee,
A.; König, B. Birch-Type Photoreduction of Arenes and Heteroarenes
by Sensitized Electron Transfer. Angew. Chem., Int. Ed. 2019, 58,
14289−14294.
(28) Ye, H.; Ye, Q.; Cheng, D.; Li, X.; Xu, X. The coupling of
potassium organotrifluoroborates with Baylis−Hillman derivatives via
visible-light photoredox catalysis. Tetrahedron Lett. 2018, 59, 2046−
2049.
(29) (a) Nicewicz, D.; Roth, H.; Romero, N. Experimental and
Calculated Electrochemical Potentials of Common Organic Molecules
for Applications to Single-Electron Redox Chemistry. Synlett 2016,
27, 714−723. (b) Capaldo, L.; Buzzetti, L.; Merli, D.; Fagnoni, M.;
Ravelli, D. Smooth Photocatalyzed Benzylation of Electrophilic
Olefins via Decarboxylation of Arylacetic Acids. J. Org. Chem. 2016,
81, 7102−7109.
(30) Wayner, D. D. M.; McPhee, D. J.; Griller, D. Oxidation and
reduction potentials of transient free radicals. J. Am. Chem. Soc. 1988,
110, 132−137.
(31) (a) Kumagai, Y.; Naoe, T.; Nishikawa, K.; Osaka, K.; Morita,
T.; Yoshimi, Y. Formation of Carbanions from Carboxylate Ions
Bearing Electron-Withdrawing Groups via Photoinduced Decarbox-
ylation: Addition of Generated Carbanions to Benzaldehyde. Aust. J.
Chem. 2015, 68, 1668−1671. (b) Liao, L. L.; Cao, G. M.; Ye, J. H.;
Sun, G. Q.; Zhou, W. J.; Gui, Y. Y.; Yan, S. S.; Shen, G.; Yu, D. G.
Visible-light-Driven External-Reductant-Free Cross-Electrophile Cou-
plings of Tetraalkyl Ammonium Salts. J. Am. Chem. Soc. 2018, 140,
17338−17342.

Accounts of Chemical Research pubs.acs.org/accounts Article

https://dx.doi.org/10.1021/acs.accounts.0c00620
Acc. Chem. Res. 2021, 54, 242−252

251

https://dx.doi.org/10.1021/cr00022a004
https://dx.doi.org/10.1021/cr00022a004
https://dx.doi.org/10.1039/C6RA14399G
https://dx.doi.org/10.1039/C6RA14399G
https://dx.doi.org/10.1021/acsomega.7b00095
https://dx.doi.org/10.1021/acsomega.7b00095
https://dx.doi.org/10.1021/acsomega.7b00095
https://dx.doi.org/10.1002/anie.201803018
https://dx.doi.org/10.1002/anie.201803018
https://dx.doi.org/10.1002/anie.201803018
https://dx.doi.org/10.1016/j.tet.2004.07.018
https://dx.doi.org/10.1016/j.tet.2004.07.018
https://dx.doi.org/10.1021/acs.chemrev.7b00144
https://dx.doi.org/10.1021/acs.chemrev.7b00144
https://dx.doi.org/10.1055/s-2008-1067046
https://dx.doi.org/10.1055/s-2008-1067046
https://dx.doi.org/10.1055/s-2008-1067046
https://dx.doi.org/10.1021/cr020050h
https://dx.doi.org/10.1021/cr020050h
https://dx.doi.org/10.1021/jacs.9b02238
https://dx.doi.org/10.1021/jacs.9b02238
https://dx.doi.org/10.1126/science.1239176
https://dx.doi.org/10.1126/science.1239176
https://dx.doi.org/10.1002/anie.201709766
https://dx.doi.org/10.1002/anie.201709766
https://dx.doi.org/10.1038/s41570-017-0052
https://dx.doi.org/10.1038/s41570-017-0052
https://dx.doi.org/10.1039/D0GC01035A
https://dx.doi.org/10.1039/D0GC01035A
https://dx.doi.org/10.1039/C9SC03359A
https://dx.doi.org/10.1039/C9SC03359A
https://dx.doi.org/10.1002/ijch.201900166
https://dx.doi.org/10.1002/ijch.201900166
https://dx.doi.org/10.1002/anie.201706263
https://dx.doi.org/10.1002/anie.201706263
https://dx.doi.org/10.1002/anie.201706263
https://dx.doi.org/10.1039/C7CC03520A
https://dx.doi.org/10.1039/C7CC03520A
https://dx.doi.org/10.1039/C7CC03520A
https://dx.doi.org/10.1038/s41467-019-11528-8
https://dx.doi.org/10.1038/s41467-019-11528-8
https://dx.doi.org/10.1002/anie.201811266
https://dx.doi.org/10.1002/anie.201811266
https://dx.doi.org/10.1021/jacs.0c03144
https://dx.doi.org/10.1021/jacs.0c03144
https://dx.doi.org/10.1039/D0GC02254C
https://dx.doi.org/10.1039/D0GC02254C
https://dx.doi.org/10.1021/jacs.8b05243
https://dx.doi.org/10.1021/jacs.8b05243
https://dx.doi.org/10.1002/adsc.201800761
https://dx.doi.org/10.1002/adsc.201800761
https://dx.doi.org/10.1002/adsc.201800761
https://dx.doi.org/10.1002/adsc.201800761
https://dx.doi.org/10.1002/anie.201808598
https://dx.doi.org/10.1002/anie.201808598
https://dx.doi.org/10.1021/jacs.8b08781
https://dx.doi.org/10.1021/jacs.8b08781
https://dx.doi.org/10.1021/jacs.8b08781
https://dx.doi.org/10.1021/acs.orglett.8b02968
https://dx.doi.org/10.1021/acs.orglett.8b02968
https://dx.doi.org/10.1002/anie.201813917
https://dx.doi.org/10.1002/anie.201813917
https://dx.doi.org/10.1002/anie.201813917
https://dx.doi.org/10.1002/anie.202003632
https://dx.doi.org/10.1002/anie.202003632
https://dx.doi.org/10.1002/anie.202003632
https://dx.doi.org/10.1021/acs.joc.6b01620
https://dx.doi.org/10.1021/acs.joc.6b01620
https://dx.doi.org/10.1021/acs.joc.6b01620
https://dx.doi.org/10.1002/anie.201709487
https://dx.doi.org/10.1002/anie.201709487
https://dx.doi.org/10.1002/anie.201709487
https://dx.doi.org/10.1039/D0QO00100G
https://dx.doi.org/10.1039/D0QO00100G
https://dx.doi.org/10.1039/D0QO00100G
https://dx.doi.org/10.1021/jo501097b
https://dx.doi.org/10.1021/jo501097b
https://dx.doi.org/10.1021/jo501097b
https://dx.doi.org/10.1002/anie.201905485
https://dx.doi.org/10.1002/anie.201905485
https://dx.doi.org/10.1016/j.tetlet.2018.04.035
https://dx.doi.org/10.1016/j.tetlet.2018.04.035
https://dx.doi.org/10.1016/j.tetlet.2018.04.035
https://dx.doi.org/10.1055/s-0035-1561297
https://dx.doi.org/10.1055/s-0035-1561297
https://dx.doi.org/10.1055/s-0035-1561297
https://dx.doi.org/10.1021/acs.joc.6b00984
https://dx.doi.org/10.1021/acs.joc.6b00984
https://dx.doi.org/10.1021/ja00209a021
https://dx.doi.org/10.1021/ja00209a021
https://dx.doi.org/10.1071/CH15115
https://dx.doi.org/10.1071/CH15115
https://dx.doi.org/10.1071/CH15115
https://dx.doi.org/10.1021/jacs.8b08792
https://dx.doi.org/10.1021/jacs.8b08792
pubs.acs.org/accounts?ref=pdf
https://dx.doi.org/10.1021/acs.accounts.0c00620?ref=pdf


(32) Zhang, Y.; Qian, R.; Zheng, X.; Zeng, Y.; Sun, J.; Chen, Y.;
Ding, A.; Guo, H. Visible light induced cyclopropanation of
dibromomalonates with alkenes via double-SET by photoredox
catalysis. Chem. Commun. 2015, 51, 54−7.
(33) Luo, Y.-R. Comprehensive Handbook of Chemical Bond Energies;
CRC Press: Boca Raton, FL, 2007.
(34) Bordwell, F. G.; Matthews, W. S.; Vanier, N. R. Acidities of
carbon acids. IV. Kinetic vs. equilibrium acidities as measures of
carbanion stabilities. Relative effects of phenylthio, diphenylphosphi-
no, and phenyl groups. J. Am. Chem. Soc. 1975, 97, 442−443.
(35) Olmstead, W. N.; Margolin, Z.; Bordwell, F. G. Acidities of
water and simple alcohols in dimethyl sulfoxide solution. J. Org. Chem.
1980, 45, 3295−3299.
(36) Capaldo, L.; Ravelli, D. Hydrogen Atom Transfer (HAT): A
Versatile Strategy for Substrate Activation in Photocatalyzed Organic
Synthesis. Eur. J. Org. Chem. 2017, 2017, 2056−2071.
(37) Speckmeier, E.; Fischer, T. G.; Zeitler, K. A Toolbox Approach
To Construct Broadly Applicable Metal-Free Catalysts for Photo-
redox Chemistry: Deliberate Tuning of Redox Potentials and
Importance of Halogens in Donor-Acceptor Cyanoarenes. J. Am.
Chem. Soc. 2018, 140, 15353−15365.
(38) Meng, Q. Y.; Schirmer, T. E.; Berger, A. L.; Donabauer, K.;
König, B. Photocarboxylation of Benzylic C-H Bonds. J. Am. Chem.
Soc. 2019, 141, 11393−11397.
(39) (a) Banerjee, A.; Lei, Z.; Ngai, M. Y. Acyl Radical Chemistry via
Visible-Light Photoredox Catalysis. Synthesis 2019, 51, 303−333.
(b) Roberts, B. P. Polarity-reversal catalysis of hydrogen-atom
abstraction reactions: concepts and applications in organic chemistry.
Chem. Soc. Rev. 1999, 28, 25−35.
(40) Donabauer, K.; Murugesan, K.; Rozman, U.; Crespi, S.; König,
B. Photocatalytic Reductive Radical-Polar Crossover for a Base-Free
Corey-Seebach Reaction. Chem. - Eur. J. 2020, 26, 12945−12950.
(41) Bernasconi, C. F.; Kittredge, K. W. Carbanion Stabilization by
Adjacent Sulfur: Polarizability, Resonance, or Negative Hyper-
conjugation? Experimental Distinction Based on Intrinsic Rate
Constants of Proton Transfer from (Phenylthio)nitromethane and
1-Nitro-2-phenylethane. J. Org. Chem. 1998, 63, 1944−1953.
(42) Schwarz, J. L.; Schafers, F.; Tlahuext-Aca, A.; Luckemeier, L.;
Glorius, F. Diastereoselective Allylation of Aldehydes by Dual
Photoredox and Chromium Catalysis. J. Am. Chem. Soc. 2018, 140,
12705−12709.
(43) Mitsunuma, H.; Tanabe, S.; Fuse, H.; Ohkubo, K.; Kanai, M.
Catalytic asymmetric allylation of aldehydes with alkenes through
allylic C(sp3)-H functionalization mediated by organophotoredox and
chiral chromium hybrid catalysis. Chem. Sci. 2019, 10, 3459−3465.
(44) Tanabe, S.; Mitsunuma, H.; Kanai, M. Catalytic Allylation of
Aldehydes Using Unactivated Alkenes. J. Am. Chem. Soc. 2020, 142,
12374−12381.
(45) Wrona, P. K. Electrochemical behavior of Cr(II) and Cr(III)
ions in weakly acidic solutions. J. Electroanal. Chem. 1992, 322, 119−
132.
(46) Kauffmann, T.; Hamsen, A.; Beirich, C. Alkylchromium(III)
Dichlorides, Highly Selective Reagents for the Addition of
Nucleophiles to Aldehydes. Angew. Chem., Int. Ed. Engl. 1982, 21,
144−145.
(47) Schwarz, J. L.; Kleinmans, R.; Paulisch, T. O.; Glorius, F. 1,2-
Amino Alcohols via Cr/Photoredox Dual-Catalyzed Addition of α-
Amino Carbanion Equivalents to Carbonyls. J. Am. Chem. Soc. 2020,
142, 2168−2174.
(48) Yahata, K.; Sakurai, S.; Hori, S.; Yoshioka, S.; Kaneko, Y.;
Hasegawa, K.; Akai, S. Coupling Reaction between Aldehydes and
Non-Activated Hydrocarbons via the Reductive Radical-Polar Cross-
over Pathway. Org. Lett. 2020, 22, 1199−1203.
(49) Schwarz, J. L.; Huang, H.-M.; Paulisch, T. O.; Glorius, F.
Dialkylation of 1,3-Dienes by Dual Photoredox and Chromium
Catalysis. ACS Catal. 2020, 10, 1621−1627.
(50) Gualandi, A.; Calogero, F.; Mazzarini, M.; Guazzi, S.; Fermi, A.;
Bergamini, G.; Cozzi, P. G. Cp2TiCl2-Catalyzed Photoredox

Allylation of Aldehydes with Visible Light. ACS Catal. 2020, 10,
3857−3863.
(51) (a) Guinchard, X.; Denis, J. N. Reactions of in situ generated
N-Boc nitrones with aromatic and heteroaromatic grignard reagents:
application to the synthesis of zileuton. J. Org. Chem. 2008, 73, 2028−
2031. (b) Vece, V.; Jakkepally, S.; Hanessian, S. Total Synthesis and
Absolute Stereochemical Assignment of the Insecticidal Metabolites
Yaequinolones J1 and J2. Org. Lett. 2018, 20, 4277−4280.
(52) Candish, L.; Freitag, M.; Gensch, T.; Glorius, F. Mild, visible
light-mediated decarboxylation of aryl carboxylic acids to access aryl
radicals. Chem. Sci. 2017, 8, 3618−3622.
(53) Holy, N. L. Reactions of the radical anions and dianions of
aromatic hydrocarbons. Chem. Rev. 1974, 74, 243−277.
(54) Walker, J. F.; Scott, N. D. Sodium Naphthalene. II. Preparation
and Properties of Dihydronaphthalene Dicarboxylic Acids. J. Am.
Chem. Soc. 1938, 60, 951−955.
(55) Speck, F.; Rombach, D.; Wagenknecht, H. A. N-Arylpheno-
thiazines as strong donors for photoredox catalysis - pushing the
frontiers of nucleophilic addition of alcohols to alkenes. Beilstein J.
Org. Chem. 2019, 15, 52−59.
(56) Schmalzbauer, M.; Ghosh, I.; König, B. Utilising excited state
organic anions for photoredox catalysis: activation of (hetero)aryl
chlorides by visible light-absorbing 9-anthrolate anions. Faraday
Discuss. 2019, 215, 364−378.
(57) Ju, T.; Fu, Q.; Ye, J. H.; Zhang, Z.; Liao, L. L.; Yan, S. S.; Tian,
X. Y.; Luo, S. P.; Li, J.; Yu, D. G. Selective and Catalytic
Hydrocarboxylation of Enamides and Imines with CO2 to Generate
α,α-Disubstituted α-Amino Acids. Angew. Chem., Int. Ed. 2018, 57,
13897−13901.
(58) (a) Fan, X.; Gong, X.; Ma, M.; Wang, R.; Walsh, P. J. Visible
light-promoted CO2 fixation with imines to synthesize diaryl a-amino
acids. Nat. Commun. 2018, 9, 4936. (b) Wang, R.; Ma, M.; Gong, X.;
Fan, X.; Walsh, P. J. Reductive Cross-Coupling of Aldehydes and
Imines Mediated by Visible Light Photoredox Catalysis. Org. Lett.
2019, 21, 27−31.
(59) Wang, S.; Cheng, B. Y.; Srsen, M.; König, B. Umpolung
Difunctionalization of Carbonyls via Visible-Light Photoredox
Catalytic Radical-Carbanion Relay. J. Am. Chem. Soc. 2020, 142,
7524−7531.
(60) Wang, S.; Lokesh, N.; Hioe, J.; Gschwind, R. M.; König, B.
Photoinitiated carbonyl-metathesis: deoxygenative reductive olefina-
tion of aromatic aldehydes via photoredox catalysis. Chem. Sci. 2019,
10, 4580−4587.
(61) Yan, S. S.; Zhu, L.; Ye, J. H.; Zhang, Z.; Huang, H.; Zeng, H.;
Li, C. J.; Lan, Y.; Yu, D. G. Ruthenium-catalyzed umpolung
carboxylation of hydrazones with CO2. Chem. Sci. 2018, 9, 4873−
4878.

Accounts of Chemical Research pubs.acs.org/accounts Article

https://dx.doi.org/10.1021/acs.accounts.0c00620
Acc. Chem. Res. 2021, 54, 242−252

252

https://dx.doi.org/10.1039/C4CC08203F
https://dx.doi.org/10.1039/C4CC08203F
https://dx.doi.org/10.1039/C4CC08203F
https://dx.doi.org/10.1021/ja00835a048
https://dx.doi.org/10.1021/ja00835a048
https://dx.doi.org/10.1021/ja00835a048
https://dx.doi.org/10.1021/ja00835a048
https://dx.doi.org/10.1021/jo01304a032
https://dx.doi.org/10.1021/jo01304a032
https://dx.doi.org/10.1002/ejoc.201601485
https://dx.doi.org/10.1002/ejoc.201601485
https://dx.doi.org/10.1002/ejoc.201601485
https://dx.doi.org/10.1021/jacs.8b08933
https://dx.doi.org/10.1021/jacs.8b08933
https://dx.doi.org/10.1021/jacs.8b08933
https://dx.doi.org/10.1021/jacs.8b08933
https://dx.doi.org/10.1021/jacs.9b05360
https://dx.doi.org/10.1055/s-0037-1610329
https://dx.doi.org/10.1055/s-0037-1610329
https://dx.doi.org/10.1039/a804291h
https://dx.doi.org/10.1039/a804291h
https://dx.doi.org/10.1002/chem.202003000
https://dx.doi.org/10.1002/chem.202003000
https://dx.doi.org/10.1021/jo9719463
https://dx.doi.org/10.1021/jo9719463
https://dx.doi.org/10.1021/jo9719463
https://dx.doi.org/10.1021/jo9719463
https://dx.doi.org/10.1021/jo9719463
https://dx.doi.org/10.1021/jacs.8b08052
https://dx.doi.org/10.1021/jacs.8b08052
https://dx.doi.org/10.1039/C8SC05677C
https://dx.doi.org/10.1039/C8SC05677C
https://dx.doi.org/10.1039/C8SC05677C
https://dx.doi.org/10.1021/jacs.0c04735
https://dx.doi.org/10.1021/jacs.0c04735
https://dx.doi.org/10.1016/0022-0728(92)80071-B
https://dx.doi.org/10.1016/0022-0728(92)80071-B
https://dx.doi.org/10.1002/anie.198201441
https://dx.doi.org/10.1002/anie.198201441
https://dx.doi.org/10.1002/anie.198201441
https://dx.doi.org/10.1021/jacs.9b12053
https://dx.doi.org/10.1021/jacs.9b12053
https://dx.doi.org/10.1021/jacs.9b12053
https://dx.doi.org/10.1021/acs.orglett.0c00096
https://dx.doi.org/10.1021/acs.orglett.0c00096
https://dx.doi.org/10.1021/acs.orglett.0c00096
https://dx.doi.org/10.1021/acscatal.9b04222
https://dx.doi.org/10.1021/acscatal.9b04222
https://dx.doi.org/10.1021/acscatal.0c00348
https://dx.doi.org/10.1021/acscatal.0c00348
https://dx.doi.org/10.1021/jo7025838
https://dx.doi.org/10.1021/jo7025838
https://dx.doi.org/10.1021/jo7025838
https://dx.doi.org/10.1021/acs.orglett.8b01701
https://dx.doi.org/10.1021/acs.orglett.8b01701
https://dx.doi.org/10.1021/acs.orglett.8b01701
https://dx.doi.org/10.1039/C6SC05533H
https://dx.doi.org/10.1039/C6SC05533H
https://dx.doi.org/10.1039/C6SC05533H
https://dx.doi.org/10.1021/cr60288a005
https://dx.doi.org/10.1021/cr60288a005
https://dx.doi.org/10.1021/ja01271a058
https://dx.doi.org/10.1021/ja01271a058
https://dx.doi.org/10.3762/bjoc.15.5
https://dx.doi.org/10.3762/bjoc.15.5
https://dx.doi.org/10.3762/bjoc.15.5
https://dx.doi.org/10.1039/C8FD00176F
https://dx.doi.org/10.1039/C8FD00176F
https://dx.doi.org/10.1039/C8FD00176F
https://dx.doi.org/10.1002/anie.201806874
https://dx.doi.org/10.1002/anie.201806874
https://dx.doi.org/10.1002/anie.201806874
https://dx.doi.org/10.1038/s41467-018-07351-2
https://dx.doi.org/10.1038/s41467-018-07351-2
https://dx.doi.org/10.1038/s41467-018-07351-2
https://dx.doi.org/10.1021/acs.orglett.8b03394
https://dx.doi.org/10.1021/acs.orglett.8b03394
https://dx.doi.org/10.1021/jacs.0c00629
https://dx.doi.org/10.1021/jacs.0c00629
https://dx.doi.org/10.1021/jacs.0c00629
https://dx.doi.org/10.1039/C9SC00711C
https://dx.doi.org/10.1039/C9SC00711C
https://dx.doi.org/10.1039/C8SC01299G
https://dx.doi.org/10.1039/C8SC01299G
pubs.acs.org/accounts?ref=pdf
https://dx.doi.org/10.1021/acs.accounts.0c00620?ref=pdf

