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Abstract: Visible-light photoredox catalysis has attracted tremendous interest within the synthetic
community. As such, the activation mode potentially provides a more sustainable and efficient
platform for the activation of organic molecules, enabling the invention of many controlled radical-
involved reactions under mild conditions. In this context, amide synthesis via the strategy of
photoredox catalysis has received growing interest due to the ubiquitous presence of this structural
motif in numerous natural products, pharmaceuticals and functionalized materials. Employing this
strategy, a wide variety of amides can be prepared effectively from halides, arenes and even alkanes
under irradiation of visible light. These methods provide a robust alternative to well-established
strategies for amide synthesis that involve condensation between a carboxylic acid and amine
mediated by a stoichiometric activating agent. In this review, the representative progresses made on
the synthesis of amides through visible light-mediated radical reactions are summarized.

Keywords: visible light; photoredox catalysis; photochemistry; radical chemistry; amide synthesis;
amides

1. Introduction
1.1. General Strategies for Amide Bond Formation

The amide motif is the backbone of peptides and an important structural unit for
many natural products and functional materials [1-5]. According to the statistics in a 2006
survey, amides are found in two-thirds of drug candidates [6] and present in 25% of all
pharmaceuticals currently in the market [7]. In addition, in 2014, more than 50% of the
reported processes used amidation reactions [8]. There is no doubt that the synthesis of
amides is one of the most fundamental reactions in medicinal chemistry. Methodologies for
the synthesis of amides have also emerged, mainly including four categories (Figure 1) [9].

(@] R2 o) R2
J]\ + hN A _ boro-n catajllys‘t J]\ + N
RT SOH R3 thermal amidation "\ / catalytic amidation g1">gy RS

a 0 c

JL _R?
Aorh R?
or
ol rearrangment ka TN

Wolff rearrangment

R1

0 —/
R“J]\x R3 direct condensation

b
X =Cl, Br, OR

Figure 1. Selected traditional methods for amide synthesis.
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The most direct and ideal method for amide synthesis involves dehydration between
carboxylic acids and amines (Figure 1, a), but this process usually requires an elevated
temperature. Direct coupling of activated carboxylic acid derivatives and amines in the
presence of external activating reagents represents the most classic method for amide syn-
thesis [10,11] (Figure 1, b). This method, however, requires the initial or in situ conversion
of the carboxylic acid to the corresponding more active acid halides, mixed anhydrides, or
activated esters in the presence of an external activating reagent. It has the characteristics of
mild reaction conditions, high efficiency and is especially popular in laboratory synthesis.
In addition, the catalytic amidation mediated by boron and element of group IV has also
witnessed considerable progress [12,13]; however, the main drawback is that it tends to
lack catalytic activity in the cases of more challenging substrates (Figure 1, c). Moreover,
thermal or photoinitiated Wolff rearrangement of «-diazol ketones to ketenes, followed
by the nucleophilic addition of amines constitutes a powerful way to prepare amides.
(Figure 1, d) [14-17]. The obvious advantage of this method is that the substrates are not
limited to common carboxylic acids. It can be extended to alkyl ketones so that it can
provide an effective idea for more complex molecular synthesis. These synthetic methods
have been well explored and comprehensively reviewed [8-17]. With the evolvement of
visible-light-driven photoredox catalysis, amide synthesis via the strategy of photoredox
catalysis has received growing interest. In this review, we summarize recent examples of
the construction of amides through visible-light-mediated radical reactions. Specifically,
we first introduce the basic activation modes of visible-light photoredox catalysis. Then, we
describe the recent representative works in the field of visible-light-mediated amide syn-
thesis according to different reaction types and radical precursors. Finally, we summarize
the progress in this field and propose an outlook.

1.2. Visible-Light Photoredox Catalysis

Visible light is an inexhaustible energy source with environmentally friendly character-
istics. Unlike traditional ionic reactions, visible-light-mediated radical reactions can usually
break and recombine chemical bonds under milder and more sustainable conditions, which
provides new platforms for the formation of chemical bonds in a controlled manner. Given
these advantages, over the past years, photoredox catalysis has emerged as a valuable
synthetic tool in synthetic organic chemistry [18-29]. Photoredox catalysis usually requires
the addition of metal-based complexes or organic dyes as photosensitizers (Figure 2), which
can then activate substrates into radical species through the single-electron transfer (SET)
process. A general mechanism of photoredox catalysis is shown in Figure 3. An excited
state photocatalyst [PC]* was initially generated by irradiation of the photocatalyst [PC],
which has an altered electronic distribution caused by the metal-to-ligand charge transfer
(MLCT). Then, this excited state photocatalyst [PC]*, which can be considered as a more
potent reductant or stronger oxidant, reacts with electron-deficient substrate, an electron
acceptor [ED], or electron-rich substrate, an electron donor [EA], by donating or accepting
an electron via a SET process. Specifically, the oxidized [PC]** or reduced [PC]*~ can then
undergo a SET process with either the substrate or other intermediate to regenerate the
ground state catalyst. Recently, photoredox catalysis has also found wide applications
in the synthesis of amides. In this review, we will summarize the recent representative
examples of the construction of amides through visible-light-mediated radical reactions.
We hope it will be useful for synthetic organic chemists and will inspire further reaction
development in this area.
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Figure 2. Typical metal-based or organic photoredox catalysts.
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Figure 3. General mechanism of visible-light-driven photoredox catalysis.

2. Oxidative Amidations
2.1. From Keto Acids

Initial efforts in applying visible-light photoredox catalysis for the radical oxidative
decarboxylative coupling of x-keto acids 1 with amines 2 were described by Lei and Lan
(Figure 4) [30]. The reaction proceeds smoothly at room temperature with [Ru(phen);]Cl,
as a photocatalyst and a commercial household fluorescent lamp as a light source. A range
of differently substituted aromatic o-keto acids 1 undergo a decarboxylative amination
efficiently, providing amide products 3 in generally good yields. Alkyl «-keto acids can also
react with 4-methylaniline, delivering desired products in moderate yields. Interestingly,
anilines containing NH,, OH, and SH groups at ortho-position react with o-keto acids
smoothly to afford heterocyclic compounds in moderate to good yields. This protocol
provides a novel and straightforward method for the synthesis of amides and heterocyclic
compounds under very mild reaction conditions. The authors proposed a reasonable
catalytic cycle (Figure 4C). Irradiation of the ground state [Ru(phen);]** with visible-light
leads to the excited state [Ru(phen)3]2+* by metal-to-ligand charge transfer (MLCT). Then,
electron transfer occurs directly between the [Ru(phen);]**” and amines 2 to form nitrogen
radical cation 2-A and reduced state [Ru(phen)s]*. Then, O, oxidizes [Ru(phen);]* back
to[Ru(phen)3]?* by a SET process and generates the superoxide radical anion 4-A. This
superoxide radical anion then undergoes a SET event with o-keto acid anion 1-A to generate
carboxylic oxygen radical 1-B and peroxyacid anion 4-C. The carboxylic oxygen radical 1-B
subsequent undergoes a decarboxylation to form acyl radical 1-C, which may subsequently
react with an amine to deliver the amide radical anion 1-D. Finally, 1-D undergoes another
SET process to give the desired product.
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Figure 4. Visible-light-mediated decarboxylation/oxidative amidation of o-keto acids.

2.2. From Alcohols

Alcohols are easily available feedstock and such functionality is commonly found in
many natural products. Direct conversion of alcohols to amides is a focus of sustainable
chemistry. In 2020, Luca’s group reported a photocatalyzed route to amides from alcohols 5
and amines 6 (Figure 5) [31]. As shown in Figure 5C, the proposed catalytic cycle starts with
a SET event from the excited state of [Ru(bpy);]*** to tert-butyl hydroperoxide (TBHP),
forming the tert-butoxy radical 8-A and hydroxyl anion. Next, tert-butoxy radical 8-A
abstracts a hydrogen atom from the in situ-formed hemiaminal 9 to form intermediate 9-A.
Then, 9-A undergoes deprotonation to give the ketyl radical anion, which then reduces the
Ru(IIl) complex by a SET event to form amide product 7. At the same time, photoredox
catalytic cycle is completed, with the regeneration of the ground state photocatalyst. Later,
a similar method was reported by Panda and Ghosh using Cu-N-TiO, heterogeneous
photocatalyst [32].

2.3. From Amines

In 2020, Leadbeater’s group reported an interesting route for the synthesis of amides
by visible-light-promoted oxidative amidation and transamidation (Figure 6). In this
process, sodium persulfate was employed as a terminal oxidant, and benzylamines with
different substituents could be converted to the corresponding amides 11 in generally good
yields [33].

2.4. From Aldehydes

Photocatalytic oxidative coupling of aldehydes and amines using molecular oxygen
rather than stoichiometric additive as oxidants represents a green and alternative route to
amides. In 2014, the oxidative amidation of aromatic aldehydes with amines is reported by
Leow, which used an inexpensive phenazine ethosulfate as organic photocatalyst and air as
the sole oxidant (Figure 7) [34]. A set of aromatic aldehydes undergo oxidative amidation
with good yields. It is also highly desirable to search for metal-free photocatalysts with a
low cost and high efficiency for the oxidative amidation of aromatic aldehydes. Recently, a
similar strategy was further developed by merging different organic photocatalysts such as
Rose Bengal, BODIPY, quinolizinium and AQN with additional oxidants (Figure 8) [35-37].
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Figure 6. Oxidative amidation of amines and transamidation.
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Figure 7. Oxidative amidation and transamidation between aldehydes and amines.
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2.5. From Acids

Although the method of construction of amides through the condensation of car-
boxylic acids and amines under the condition of external activating reagents has been well
established, stoichiometric coupling agents decrease the atom economy. Therefore, the
development of efficient methods for catalytic activation of acids is urgently needed. In
2016, Tan, Qiu and Chen reported an elegant oxidative amidation of potassium thioacids
18 with amines 19 by photoredox catalysis, providing a green catalytic process for amide
formation (Figure 9) [38]. As shown in Figure 9C, preliminary mechanistic studies revealed
that diacyl disulfide 18-A derived from potassium thioacids under visible-light irradiation
might be the key intermediate, and O, served as a green oxidant. This method has the char-
acteristics of mild reaction conditions and good functional group compatibility. Primary,
secondary aromatic amines and even amino acids could participate in the reaction well,

providing the final products in high yields (Figure 9B).
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Figure 9. Selective amide constructions from potassium thioacids.
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Inspired by this work, Song and co-workers reported an oxidative amidation of
thioacids 22 using organic dye as photocatalyst and air as oxidant under mild reaction
conditions (Figure 10) [39]. A range of amino acids were tolerated, providing chiral «-
aminoamides 24 in good yields. Moreover, a visible-light-assisted direct amide formation
from carboxylic acids 25 and amines 26 was developed by Szpilman et al. (Figure 11) [40].
They disclosed that trimethylamine and tetrachloromethane give rise to a light-absorbing
charge-transfer complex. Irradiation of this charge-transfer complex using visible light led
to the electron transfer between trimethylamine (electron donor) and tetrachloromethane
(electron acceptor), thus providing iminium ion and chloroform. Based on this concept,
a sunlight-assisted amidation of carboxylic acids and amines was successfully achieved
by using tetrachloromethane as an electron acceptor. A variety of amines 26 underwent a
dealkylative process with aliphatic or aromatic acids to generate amides 27 in moderate to
good yields. Unsymmetrically substituted cyclic alkyl amine leads to amide formation with
moderate yield and good chemoselectivity while dimethyl-butylamine leads to formation
of a 1:1 mixture of demethylated and debutylated products in a combined 81% yield. The
authors rationalized that the selectivity for the dealkylative process mainly depends on
the stability of iminium ions; specifically, iminium ions with more substituents are more
stable and easier to form the final amide products. The mechanism is shown in Figure 11C;
irradiation of the charge-transfer complex 26-A using sunlight leads to the formation of
iminium ion 26-B, which is then attacked by the carboxylate 25-A to form 25-B. Next, 25-B
undergoes an intramolecular nucleophilic addition to generate 25-C. Finally, intermediate
25-C collapses to form the final product 27 with the release of one equivalent of aldehyde
26-C.

A) Song, 2020
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Figure 10. Visible light-induced amide bond formation from thioacids.

2.6. From Alkynes

Reactions involving C=C triple bond cleavage is of great challenge in the construction
of targeted molecules in organic synthesis. In 2016, Hwang’s group described a novel and
effective copper-catalyzed aerobic oxidative C-N coupling via C=C triple bond cleavage
under visible light irradiation was (Figure 12) [41]. A wide range of substrates, including
various terminal alkynes 28 and electron-deficient 2-aminopyridines 29 were well-tolerated
(Figure 12B). The mechanistic investigation revealed that the copper(II)-superoxo or -peroxo
complex is probably responsible for the oxidative cleavage of C=C triple bonds of termi-
nal alkynes. Based on a series of mechanistic experiments, a plausible mechanism was
proposed (Figure 12C). In situ-generated copper(l) phenylacetylide 28-A reaches excited
state via ligand to metal charge transfer (LMCT) under irradiation of blue LEDs. Then, the
photo-excited Cu(I)-phenylacetylide 28-B undergoes a SET process with O, to generate
the Cu(Il)-phenylacetylide 28-C and superoxide radical anion. Nucleophilic addition of
2-aminopyridine 29 to Cu(Il) phenylacetylide 28-C in the presence of molecular oxygen
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resulted in the formation of complex Cu(III) species. Subsequent reductive elimination of
Cu(III) to Cu(I) and reaction with molecular oxygen afford pyridine ketoamides 32. Cu(II)
superoxo/-peroxo complex 31-A abstracts an acidic hydrogen atom to form a N-centred
radical 32-A. Finally, radical-assisted carbon monoxide elimination and recombination of
N-centered radical and carbon-centered radical leads to the formation of 32-B, which could
be converted into the desired amide after abstracting a. hydrogen atom from 31-B.

A) Szpilman, 2017
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Figure 11. Sunlight-assisted direct dealkylative amide formation via a charge-transfer complex.

Interestingly, after replacing 2-aminopyridines with aryl amines and adding an equiv-
alent amount of potassium carbonate as an additive, the process of breaking the C=C
bond is suppressed. In 2020, Hwang and co-workers described a visible-light-promoted
copper-catalyzed regioselective acetamidation of terminal alkynes 33 with arylamines 34
(Figure 13) [42]. A wide range of arylalkynes and alkylalkynes reacted smoothly, producing
the corresponding amides 35 in generally good yields. The reason of selectivity in the
formation of products, 30 and 35, can be attributed to nucleophiles and bases (Figure 13C).
When the base is present in the system, the nucleophilicity of water or carboxylic acid can
be increased, so 33-E is more susceptible to nucleophilic addition, followed by protonation
to form amide 35. In contrast, in the absence of a suitable nucleophile, 33-E reacts more
readily with oxygen to form 33-H, furnishing the a-ketoamide 33-J. Finally, in the presence
of the superoxide species 31-A, 33-] can be converted into dealkylative amide 30.
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2.7. From Enamines

In 2014, Wang and co-workers demonstrated that enamines 36 could be smoothly
converted into the amides 37 under visible-light photocatalytic conditions (Figure 14) [43].
The oxidative amidation of enamines is performed using 2.5 mol% of Ru(bpy);Cl,-6H,O as
photocatalyst and molecular oxygen as oxidant under irradiation of 45 W household light
bulb. Amides were obtained in moderate to good yields when N,N-dialkyl substituted
enamines were employed (Figure 14B).
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Figure 12. Visible-light-mediated oxidative C-N coupling.
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Figure 14. Photocatalytic aerobic oxidation of enamines to amides.

3. Ritter-Type Reactions

The Ritter-type amination reaction is one of the most classic and useful transfor-
mations for the formation of C-N bonds [44]. In 2014, a novel visible-light-driven aryl
radical-mediated Meerwein addition reaction, namely intermolecular amino-arylation of
alkenes 39, was firstly reported by Konig’s group (Figure 15) [45]. They demonstrated
that aryl radicals could be produced from aryl diazonium salts 38 using [Ru(bpy)3]Cl,
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as a photocatalyst under irradiation of blue LEDs. This strategy affords a mild approach
for intermolecular three-component amino-arylation of alkenes. The reaction tolerates
a wide range of substituents on the aryl diazonium salts 38, including -NO,, -OMe, -Br.
Furthermore, mono-substituted, di-substituted and tri-substituted nitriles 41 were proved
to be compatible with the reaction. A plausible mechanism was also proposed (Figure 15C).
Firstly, aryl radical 38-A was formed by a SET process from the excited state of the photocat-
alyst [Ru(bpy)s;]**” to diazonium salt. Then, the addition of an aryl radical to alkene yielded
the corresponding carbon radical intermediate 38-B, which was then further oxidized to
give carbenium intermediate 38-C; finally, the carbenium intermediate is attacked by a
nitrile, followed by hydrolysis to give the final amide product 40.
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Figure 15. Photoredox-catalyzed Meerwein addition and Ritter-type amination reaction.

In 2017, Chen, Liu, and co-workers developed a photoredox catalyzed strategy for
C(sp?)-H amidation of tertiary and benzylic C-H bonds of 42 or 43 (Figure 16) [46]. The best
conditions involve using [Ru(bpy)3]Cl, as a photoredox catalyst in the presence of hydroxyl
perfluorobenziodoxole (PFBI-OH) 46 or hydroxyl benziodoxole (BI-OH) as an external
oxidant. The major advantage of this catalytic system is the excellent regioselectivity of HAT
process. As described in Figure 16C, the mechanism of this tertiary C—H amidation begins
with a SET from the photoexcited [Ru(bpy)s;]*** to PFBI-OH, generating an oxygen radical
46-A. This radical species abstracts a hydrogen atom from alkane, generating a tertiary
carbon radical 42-A. Tertiary carbon radical can then be oxidized by [Ru(bpy)3]**, forming
tertiary carbocation intermediate 42-B and regenerating the photocatalyst. Finally, trapping
of tertiary carbocation 42-B by MeCN, followed by hydrolysis to yield the corresponding
amide via a Ritter-type reaction mechanism.
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Figure 16. Visible-light-mediated photoredox-catalyzed oxidative C(sp)-H amidation.

4. Carbamoylation

Visible-light-mediated carbamoylation provides another alternative way for the syn-
thesis of amides. In 2016, Ji and co-workers reported a photoinduced cross-dehydrogenative
coupling (CDC) reaction to construct amides by reacting a variety of five- and six-membered
electron-deficient heteroarenes 47 and 48 with formamide under visible-light irradiation
(Figure 17) [47]. In this process, (NH4),S,0g was employed as an oxidant. The optimized
reaction conditions were found to be using benzaldehyde as a photosensitizer and house-
hold CFL bulbs as the light source. A wide range of heteroarenes were carbamoylated
in good to high yields. However, benzoxazole was not suitable for this transformation
(Figure 17B).

In 2015, decarboxylative couplings of potassium oxalate monoamides 51 with aryl
halides 52 by merging photoredox with palladium catalysis were reported by Fu and
Shang (Figure 18) [48]. This dual catalytic system allows the formation of amides at room
temperature, while direct decarboxylative coupling of potassium oxalate monoamides
with aryl halides is difficult [49]. On the basis of this strategy, a diverse range of het-
eroaromatic amides 53 containing furan, pyrazole and pyrimidine rings can be obtained in
good yields. A plausible mechanism is also proposed (Figure 18C). Initially, photoexcited
[Ir(dF(CF3)ppy)2(dtbbpy)]** undergoes a reductive quenching with potassium oxalate
monoamide 51-A, forming an oxygen radical 51-B and [Ir(dF(CF3)ppy)»(dtbbpy)]’. The
radical 51-B then undergoes a subsequent decarboxylation to generate acyl radical 51-C.
At the same time, Pd(0) complex 54 undergoes an oxidative addition with aryl halide 52
to generate Pd(II) complex 54-A. Then, Pd(II) complex captures the acyl radical 51-C to
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generate a PA(III) intermediate 54-B, which oxidizes Ir(Il) to Ir(IIl) to complete the photore-
dox catalytic cycle and forms a new Pd(Il) intermediate 54-C. Finally, Pd(Il) intermediate
54-C undergoes a reductive elimination to deliver the final amide product and finish the
palladium catalytic cycle.

A) Ji, 2015
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Figure 17. Photoredox-catalyzed cross-dehydrogenative coupling (CDC) reaction for the synthesis of
amides.

A) Fu and Shang, 2015 H
0o 1 N
R )L [Ir(dF(CF3)ppy2)(dtbbpy)]PFg (1.0 mol%) 3
N COOK [Pd(PhCN),Cl;] (4.0 mol%) o) '
R2 Nixantphos (4.0 mol%) R o
51 3 N~ v PhoPs _.PPh,
* NaOAc (2.0 eq.), DMF, 25°C,20h R R2 3 “pd”
R 36 W blue LEDs ! c’ cl
R :
15 examples + [Pd(Nixantphos)Cl]
X =1lorBr up to 97% yield '
,,,,,,, 32 ]
B) Selected Examples o
] o) ] //j/)LN/Et
- N l |
MeOZC‘&N ! &
/©)L ©)L ©)L \ I Et /N
Bn
=1,78% =1, 44% X=Br, 93% X=Br, 70% X=1,90%
X— Br, 80%
C) Proposed Mechanism T o
1
o o AP R
[ gy "©% Rt e
o N’ ‘N COO* 53- AR
R? R?
51-C $1B g N
( N du 54-C ( P
o N" 54
R! -
NXCOO’ -X ArX
2 Iy 52
R 51-A [Ir']
R ( g AT
visible light Oy N-g2 NN
o' P 54-A
( P!
F)/)‘( /’Ar\_/{
54-8 e
.kN,R
51-C R?

Figure 18. Visible-light-mediated dual photoredox and palladium-catalyzed decarboxylative cou-
plings between o-oxocarboxylates and aryl halides.
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Later, a metal-free visible-light-mediated photoredox-catalyzed carbamoyl radical
addition to heteroarenes was achieved by Landais et al. (Figure 19) [50]. In this process,
decarboxylative couplings of heterocycles 55 with oxamic acids 56 proceeded smoothly
in the presence of 4CzIPN as an organic photocatalyst and hypervalent iodine BI-OAc
as an oxidant under blue LED irradiation [51,52]. After establishing the optimal reaction
condition, the generality of the transformation was subsequently evaluated. A wide range
of oxamic acids and amino-acid derived oxamic acids reacted well with electron deficient
heteroaryl cycles, providing the corresponding heteroaromatic amides 57 in moderate to
good yields. Notably, the addition of carbamoyl radicals to quinoline has an excellent re-
gioselectivity. Moreover, a-aminoacid-derived oxamic acids were also compatible with this
catalytic system, leading to the corresponding amides without racemization (Figure 19B).

A) Landais, 2019
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Figure 19. Amide synthesis by photoredox-catalyzed carbamoyl radical addition to heteroarenes.

In 2017, Donald and co-workers disclosed an intermolecular decarboxylative addi-
tion/cyclization of N-hydroxyphthalimido oxamides 58 and electron-deficient alkenes 59
or 60 using Ir(ppy)s as photocatalyst under blue LED irradiation (Figure 20) [53]. The
reaction gave rise to valuable substituted 3,4-dihydroquinolin-2-ones in moderate to good
yields. Mono-substituted, electron-deficient alkenes were well-tolerated, but substituted
styrenes failed to participate in the reaction. Notably, spirocyclic cycloalkanone-lactam or
lactone could be obtained in moderate yields when cyclic «,[3-unsaturated esters or amides
featuring an exocyclic C=C bond were used to trap the carbamoyl radical intermediates.
Furthermore, the protecting group of nitrogen is important for this transformation. When
the methyl group at the nitrogen atom was replaced with Boc group, the reaction was
inhibited.

In 2020, a new class of carbamoyl radical precursors 64 derived from 4-acyl-1,4-
dihydropyridines [54,55] were developed by Melchiorre’s group [56]. These radical precur-
sors are bench-stable and can be easily prepared in a modular fashion from dihydropyridine
derivatives with a carboxyl moiety at the C4-position. Employing such carbamoyl radi-
cal precursors, Melchiorre and co-workers developed a cross-coupling reaction between
substituted dihydropyridines 64 and aromatic bromides 63 by merging nickel and pho-
toredox catalysis (Figure 21). The reaction proceeded smoothly at ambient temperature
and proved to be tolerant of a range of sensitive-functional-group-containing substrates.
Notably, amide functionalities with electron-poor and sterically demanding amine were
well accommodated. This protocol also allowed the installation of the amide scaffold
within biologically relevant heterocycles (Figure 21B). On the basis of cyclic voltammetry
experiments, a possible mechanism of this carbamoylation process is proposed (Figure 21C).
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Initially, photo-excited organic photocatalyst [4CzIPN]* oxidized dihydropyridine deriva-
tive 64 to generate a carbamoyl radical 64-B and reductive [4CzIPN]*~ via a SET event.
At the same time, Ni(0) complex 66 undergoes oxidative addition with aromatic bromide
to form Ni(II) complex 66-A. Then, Ni(I) complex captures the carbamoyl radical 64-B to
afford a Ni(III) intermediate 66-C, which subsequently undergoes a reductive elimination
to deliver the product and generates a Ni(I) complex 66-D. The Ni(I) complex oxidizes
reductive [4CzIPN]®~ to [4CzIPN], with regenerating Ni(0) complex and completing both
photoredox and nickel catalytic cycles.

A) Donald, 2017 EWG )
~ N ,
£ R1—‘/ H _
EWG NoO -
i \ i 59 Ir(ppy)s 2.0 mol%) ¢ R? : / 7‘
N + _— or ! i, Lo
N™ "CO,NPhth 0 toluene, 24 h ! /Ir\
R2 60 W blue LEDs nX\\ L N N
58 X fan cooling ~=Q N N
TN
n R1T
60 = Ir(ppy)3

62 R2
48 examples
up to 80% vyield

B) Selected Examples

Cleo o
Me Me
81% 70%
N o N ¢}
Bn Boc
54% 0% 67% 49% 60%

Figure 20. Amide synthesis by intermolecular decarboxylative addition/cyclization.

At the same time, Jacobi von Wangelin’s group independently reported a practical
photoredox-catalyzed addition of 4-carboxamido-Hantzsch ester-derived carbamoyl radi-
cals to olefins under photoredox-catalyzed conditions (Figure 22) [57]. The catalytic system
involves using 2.5 mol% 3DPAFIPN as organic photocatalyst under irradiation of blue
LEDs. In this process, 1,1-disubstituted alkenes with an electron-deficient group such as
CN and SO;Ph are all well-tolerated, affording the corresponding amides with high levels
of regio- and chemoselectivity in generally good yields. In addition, 1,1-diarylalkenes are
also good partners for the reaction. However, stilbene and maleic anhydride were not
suitable for this reaction.

Recently, photocatalytic methodology to install the amide functional group into
azomethine imine ions is described by Paixao (Figure 23) [58]. The addition reaction
of 4-carbamoyl-1,4-dihydropyridine-derived carbamoyl radicals to azomethine imines
70 allows construction of a set of f-alanine analogues. Aryl azomethine imines bearing
either electron-withdrawing or electron-donating substituents all undergo carbamoylation
efficiently, affording the amide products in moderate to good yields.
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Figure 21. Amide synthesis by nickel/photoredox-catalyzed direct carbamoylation of (hetero)aryl

bromides.
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Figure 22. Amide synthesis by photoredox-catalyzed addition of 4-carboxamido-1,4-dihydropyridine
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Figure 23. Visible-light-driven photoredox-catalyzed carbamoylation of azomethine imines.

By exploiting electron donor—acceptor (EDA) complexes formed between
N-amidopyridinium salts 73 and 1,4-dihydropyridines 74, Hong reported a robust route to
access various functionalized pyridines 75 under visible-light irradiation without requiring
an additional photocatalyst (Figure 24) [59]. In this process, a wide variety of function-
alized pyridines 75 with amide motifs at the C4-position were obtained when suitable
4-carbamoyl-1,4-dihydropyridine derivatives were used as carbamoyl radical precursors.
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Figure 24. Photoinduced electron donor—acceptor (EDA)-enabled functionalization of pyridinium

derivatives with 4-carbamoyl-1,4-dihydropyridines.
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5. Radical Aminocarbonylation

With the development of radical chemistry, CO-based radical carbonylations have also
emerged as a practical and versatile strategy for the synthesis of carbonyl compounds [60-64].
Despite the numerous advances in transition metal-catalyzed CO-based aminocarbonyla-
tions [65-67], over the past few years, the application of visible-light-driven activation and
photoredox catalysis to radical carbonylation has opened a new way for the synthesis of
amides and received considerable attention from synthetic community. In this section, we
will discuss the recent representative achievements made in this area.

In 2015, Ryu’s group reported a photoinduced catalyst-free aminocarbonylation of aryl
iodides with amines in the presence of CO gas by using Xe-lamp as a simple light source
(Figure 25) [68]. This methodology shows broad substrate scope and good functional-
group tolerance with respect to both components. Aromatic and heteroaromatic amides
could be obtained in moderate to good yields. As for the mechanism, a chain process
involving hybrid radical/ionic intermediates was proposed for the reaction (Figure 25C).
Specifically, photoinduced cleavage of C-I bond of aryl iodide would yield an aryl radical
76-A and iodine radical 76-B. Then, 76-A reacts with CO to generate acyl radical 76-C,
which could be captured by amines via a nucleophilic addition, providing a zwitterionic
radical intermediate 76-D. Finally, the electron transfer process between 76-D and 76 would
generate amide 78 and restart the radical chain reaction.
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Figure 25. Photoinduced catalyst-free radical aminocarbonylation of aryl and heteroaryl iodides.

In 2016, the Odell’s group utilized Mo(CO)g as an efficient surrogate of CO and firstly
developed an efficient, low-pressure visible-light-mediated radical aminocarbonylation of
unactivated alkyl iodides 79 for the synthesis of alkyl amides (Figure 26) [69]. The reaction
proceeded smoothly via a Ir(ppy)s-mediated SET process when using both tributylamine
(TBA) and Hantzsch ester as co-reductants and alkyl iodides as oxidative radical precursors.
Many amines, including primary and secondary alkyl amines, were well-tolerated. In
addition, primary, secondary and tertiary alkyl iodides reacted with amines smoothly,
furnishing the amide products in moderate to good yields. However, phenyl iodide
was unsuccessful under the standard conditions. Remarkably, dealkylated amides 83
were successfully isolated in moderate yields when using tertiary amines with weaker
nucleophilicity as reaction partners.
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Figure 26. Photoinduced radical aminocarbonylation of unactivated alkyl iodides under low pressure
of ex situ-formed CO.

The utility of earth-abundant metals such as copper for visible-light-assisted radical
carbonylation reaction was another alternative way because the reserve of Ir and Ru were
relatively low on Earth [70,71]. In 2019, Xiao and Chen described a copper-catalyzed radical
aminocarbonylation of cycloketone oxime esters under visible-light photoredox catalysis to
produce cyanoalkylated amides (Figure 27) [72]. A range of readily available aryl amines
with electron-rich and electron-withdrawing substituents at the ortho-, meta-, and para-
position, heteroaryl amines, and alkyl amines all participated in the reaction smoothly,
providing the corresponding amides in moderate to good yields. In addition, a range of
cyclobutanone oxime esters with various functional groups at the 2-position and 3-position
are also well tolerated (Figure 27B). On the basis of a series of mechanistic experiments, two
possible reaction pathways for the generation of cyanoalkyl radicals from cycloketone oxime
esters are proposed (Figure 27C). Specifically, reduction of cyclobutanone oxime ester 84-A
by the photoexcited coppercomplex 87-B (path a) or the ground state copper complex 87-A
(path b) via a SET process could give a cyclic iminyl radical 84-B and the Cu(Il) complex
87-C. Then, the cyclic iminyl radical 84-B undergoes a selective 3 —C-C bond scission
to form the corresponding cyanoalkyl radical 84-D, which can be intercepted by Cu(II)
complex to form high-valent Cu(Ill) complex 87-D. Subsequently, Cu(Ill) intermediate
87-D undergoes further sequential coordination and insertion of CO to form the acyl
copper intermediate 87-E or 87-F, which furnishes the final product 86-A after reductive
elimination and regenerates the active Cu(I) catalyst. Notably, in this process, the Cu(I)
complex serves as both photocatalyst and cross-coupling catalyst. It not only accelerates the
SET between oxime ester and copper complex under irradiation condition but also favors
the chemoselective formation of amides rather than two-component coupling products-
cyanoalkyl amines.
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Figure 27. Visible-light-induced copper-catalyzed radical aminocarbonylation of redox-active cy-
cloketone oxime esters.

In 2020, Polyzos and co-workers reported a novel strategy for aminocarbonylation of
aryl and alkyl halides 88 with amines 89 by visible-light-driven tandem photoredox cataly-
sis under continuous-flow conditions (Figure 28) [73]. In this strategy, [Ir(ppy)2(dtbbpy)]PFg
was used as a photocatalyst, and DIPEA as a sacrificial reductant. This catalytic system
tolerates a wide range of halides. Aromatic and heteroaromatic bromides, iodides and
chlorides all reacted smoothly with morpholine to furnish the expected amides 90 in good
yields. Alkyl iodides also participated well in this reaction. On the other hand, cyclic
or acyclic alkyl amines and aromatic amines were all well tolerated, giving the desired
products in good yields. Remarkably, the reaction was also successfully applied to the con-
struction of some pharmaceutically relevant amides. The use of continuous flow technique
also affords operational ease, safety and scalability suitable for potential use in both aca-
demic and industrial laboratories. On the basis of detailed experimental studies, a plausible
mechanism is proposed (Figure 28C). First, visible-light excitation of photocatalyst [Ir1]*
complex generates excited state [Ir1]*" and undergoes reductive quenching with DIPEA to
generate the reduced form [Ir1]° and DIPEA radical cation 91-A. Next, [Ir1]° undergoes
a hydrogen atom transfer (HAT) process with DIPEA radical cation 91-A to form [1r21°.
The [Ir2]° species containing a semi-saturated (dtbbpy) ligand could initiates the second
Ir photocatalytic cycle (Ir2). Namely, photoexcited [Ir2]” has a strong reduction potential
(E°[Ir2] + /[Ir2]”) = —3.0 to —1.70 V vs. SCE), which can be subsequently oxidized by
organic halides with low oxidation potential to generate the corresponding aryl or alkyl
radical 88-A and [Ir2]*. The catalytic cycle is closed by the reduction of [Ir2]* by [Ir1]° or
DIPEA. Finally, [Ir1]* may be regenerated by a following hydrogen atom transfer from
[Ir2]* to acceptors such as aryl and alkyl radicals or the acyl radical.

The challenges in palladium-catalyzed carbonylation reaction of alkyl halides in-
clude the relative reluctance of sp3-hybridized electrophiles toward oxidative addition and
the susceptibility of alkyl metal species to facile isomerization and (-hydrogen elimina-
tion [63]. To resolve these problems, Alexanian’s group applied electron-rich N-heterocyclic
carbene ligand IMes (IMes = N,N’-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene) at ele-
vated temperature to achieve C-C bond construction from unactivated alkyl halides [74].
Key to the success of this strategy was the implementation of new modes of hybrid
organometallic—radical reactivity in catalysis. Generation of carbon radicals from alkyl
halides using such strategy offers a solution to challenges associated with the application
of alkyl electrophiles in classical two-electron reaction modes. Moreover, Ryu’s group
developed a practical and efficient room-temperature light/Pd-combined strategy to over-
come this challenge [63]. Nevertheless, these reactions often require strong nucleophiles
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to promote the reductive elimination of palladium. Palladium-catalyzed carbonylation
provides an effective way for the synthesis of acid chlorides, which can be converted
into various carbonyl derivatives. However, sterically hindered ligands suitable for the
reductive elimination often limit oxidative addition to aryl iodides and bromides and need
high temperatures. Thus, the carbonylation of challenging electrophiles and nucleophiles
remains a challenging synthetic task.
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Figure 28. Photoinduced aminocarbonylation of aryl and alkyl halides by tandem photoredox
catalysis.

Recently, the Arndtsen’s group developed an elegant strategy that involves visible-
light excitation of a palladium catalyst to drive both oxidative addition and reductive
elimination steps with low barriers (Figure 29) [75,76]. Firstly, they discovered that a
mixture of DPE-phos and [Pd(allyl)Cl], in the presence of blue-light irradiation could
effectively promote the reaction of o-tolyl iodide and BuyNCl to form acid chloride under
the low pressure of CO (4 atm). Subsequently, they demonstrated that DPE-phos-ligated
Pd(II)-acyl complex 95-C could absorb blue light (Aabs = 330 to 460 nm), leading to the near-
quantitative reductive elimination to form acid chloride 96 within 5 min at low temperature.
The reaction mixture reverts back to a near 1:1 equilibrium mixture of 95-C and acid
chloride 96 in the absence of light. It clearly confirms that light can promote the reductive
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elimination of acyl palladium species 95-C at lower temperatures. In addition, experiments
show that (DPEphos)Pd(CO), 95 can also absorb blue light (Aabs = 300 to 420 nm) to result
in the rapid oxidative addition of aryl iodides, aryl bromides, and even alkyl iodides in the
presence of irradiation (Figure 29C). However, these processes are greatly inhibited or even
unresponsive in the absence of visible-light irradiation, clearly demonstrating visible light
plays an important role in the oxidative addition step. This strategy provides a gentle and
effective way for the carbonylation of challenging electrophiles and nucleophiles.
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Figure 29. Photoinduced palladium-catalyzed aminocarbonylation of aryl and alkyl halides.

The above catalytic system shows good functional-group tolerance and wide substrate
scope. Aryl iodides could even react with sterically hindered amines to generate challeng-
ing amides in good yields. In addition, a range of alkyl iodides and primary alkyl bromides
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with low reduction potentials were also successfully converted into the corresponding
desired products at low pressure of CO and temperatures. This light-driven palladium
catalyst system also provides an effective method for the modification of some biologically
important molecules. A plausible mechanism was proposed according to several mechanis-
tic experiments (Figure 29D). Light-induced SET from (DPE-phos)Pd(CO); complex 95 to
aryl or alkyl halides generates palladium specie 95-D and the corresponding aryl radicals
or alkyl radicals 92-B. Both of them react with CO to form acyl palladium complex 95-E;
this complex then undergoes an ion exchange with chloride ion to release complex 95-F.
Finally, radical-induced reductive elimination of complex 95-G occurs smoothly to deliver
acyl chloride 96 under visible-light irradiation. This catalytic system represents a great
breakthrough in the field of carbonylation chemistry since it opened a new way for the
carbonylation of less-reactive electrophiles and weak nucleophiles at low temperatures and
pressure of CO.

In 2019, the Sardana’s group disclosed a visible-light-mediated palladium-catalyzed
aminocarbonylation of unactivated alkyl iodides 97 with stoichiometric amounts of carbon
monoxide (Figure 30) [77]. In this approach, they used a two-chamber (chamber A and
B) vial system. Specifically, the alkyl iodide, amine, Pd(PPhs),, and potassium carbonate
were added in chamber A under blue LED-light irradiation. On the other hand, chamber B
was loaded with COgen and a palladium catalyst to release the CO. A range of primary,
secondary, and tertiary alkyl iodides and morphine participated in the reaction smoothly
to afford the corresponding products in moderate to good yields. Notably, the reaction pro-
vides a mild and efficient method [carbonyl-13/14C] alkyl amides while reducing radioactive
waste.
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Figure 30. Amide synthesis via photoinduced palladium-catalyzed aminocarbonylation.

In 2020, Ryu, Fensterbank, Ollivier, and co-workers disclosed a visible-light-mediated
CO-based oxidative aminocarbonylation reaction between alkyl (bis)catecholatosilicates
and amines using carbon tetrachloride as both an external oxidant and chlorinating agent
(Figure 31) [78]. By employing 4CzIPN as a photocatalyst, a range of aliphatic silicates were
well tolerated. Primary, secondary and tertiary alkyl radicals derived from silicates undergo
radical aminocarbonylation in the presence of carbon monoxide, carbon tetrachloride and
various amines, furnishing the corresponding amides in generally good yields (Figure 31B).
On their previous studies [79], the authors proposed a plausible mechanism for the reaction
(Figure 31C). Specifically, photo-excited 4CzIPN* undergoes reductive quenching with alkyl
silicates to generate 4CzIPN°®~ and an alkyl radical 100-A, which reacts with CO to form
acyl radical 100-B. Subsequently, acyl radical 100-B abstracts a chlorine atom from carbon
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tetrachloride, furnishing acyl chloride 104 and trichloromethyl radical 103-A. Nucleophilic
attack of amine to acyl chloride delivers the desired amide product. At the same time,
trichloromethyl radical 103-A reacts with 4CzIPN°®~ and then regenerates 4CzIPN and
trichloromethyl anion 103-B, finishing the photocatalytic cycle. Finally, the trichloromethy]l
anion abstracts a proton to release chloroform.
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Figure 31. Visible-light-driven photoredox-catalyzed oxidative aminocarbonylation of alkyl silicates.

In 2020, Alexanian’s group reported a generally applicable visible-light-driven cobalt-
catalyzed aminocarbonylation of (hetero)aryl halides (Figure 32) [80]. The use of simple
carbonyl complex Co,(CO)g in conjunction with carbon monoxide (2 atm) under visible
light irradiation (390 nm LEDs) enabled the synthesis of the valuable amides in good to
quantitative yields. Aryl and heteroaryl bromides bearing electron-donating and electron-
withdrawing groups are all well-tolerated. Notably, aryl chlorides are also compatible with
the reaction, providing the desired products in moderate to good yields.

A plausible catalytic cycle is depicted in Figure 32C. The active cobaltate 108-A was
first formed by disproportionation upon addition of amine or TMP to octacarbonyldicobalt.
Next, 108-A then coordinates to the (hetero)aryl halides 105-A to form donor-acceptor
complex 108-B, which undergoes a reversible-light-promoted charge transfer. Loss of
the bromide leads to a radical pair 108-E that recombines in the solvent cage to produce
a (hetero)aryl or vinyl cobalt species 108-F. Finally, intermediate 108-F undergoes CO
migratory insertion to generate an acylcobalt species 108-G, which is then substituted by
the amine nucleophile to form the amide product with regeneration of the catalyst.
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Figure 32. Visible-light-promoted cobalt-catalyzed aminocarbonylation of (hetero)aryl halides.

6. Beckmann Rearrangements

The Beckmann rearrangement is a classic reaction for the synthesis of amides and
lactams starting from the readily available oximes [81]. However, the traditional Beck-
mann rearrangement typically requires strong acids and dehydrating agents at elevated
temperature, producing an enormous amount of waste. The first photochemical Beckmann
rearrangement was observed by De Mayo and co-workers in 1963, which utilized ultravio-
let (UV) light source [82]. To make such rearrangement more economical and sustainable,
recently, several visible-light-driven efficient and mild methods have been developed.

In 2014, Yadav’s group reported an efficient visible-light-induced Beckmann rear-
rangement of oximes using the Vilsmeier-Haack reagent, which is produced in situ
by visible-light-driven photoredox-catalyzed reaction of carbon tetrabromide with N,N-
dimethylformamide (DMF) (Figure 33) [83]. Inexpensive organic photocatalyst Eosin Y
was identified to be the best photocatalyst [84], and the reactions of a range of aromatic,
aliphatic acyclic and aliphatic cyclic oximes proceeded smoothly to provide the correspond-
ing amides or lactams in generally good yields (Figure 33B). This indirect photocatalytic
protocol is operationally simple and avoids the need for any corrosive, water-sensitive
reagents and elevated temperatures.

In 2020, Guan and He reported a more atom-economical and novel visible-light-
induced Beckmann rearrangement of oximes using organic photocatalyst under mild
conditions (Figure 34) [85]. The best reaction conditions involved using an inexpensive
10-methyl-9-phenylacridinium perchlorate as photocatalyst. The co-solvent HFIP was
essential for this transformation due to its strong hydrogen-bonding ability. In this process,
the presence of an electron-withdrawing group in the aryl moiety of the oximes appeared
to decrease the yield, while the yield was enhanced in the case of the presence of electron-
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donating group-substituted substrates. Various alkyl aryl ketoximes and diaryl ketoximes
can be effectively converted into the corresponding amides, while dialkyl oximes were
not suitable for this reaction. On the basis of several control experiments, a plausible
mechanism was proposed (Figure 34C). Firstly, oxidation of oxime 113 by visible-light-
excited photoredox catalyst produces iminoxyl radical cation 113-A. Then, nucleophilic
attack of water on 113-A and subsequent deprotonation generate nitrogen centred radical
113-C. Next, 113-C undergoes a 1,2-rearrangement to deliver intermediate 113-D, which
can be converted to intermediate 113-E through a SET process with the reduced state of
photocatalyst or 113 via a radical chain process. Finally, amides 114 were generated after
losing a OH anion of 113-E and subsequent tautomerization.
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Figure 33. Photoinduced Beckmann rearrangement.
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Figure 34. Visible-light-driven photoredox-catalyzed Beckmann rearrangement.

The obvious feature of the classic Beckman rearrangement is that the groups in the
transposition of the hydroxyl group would preferentially migrate. On the other hand,
general synthetic methods of oxime generate thermodynamically preferred E isomer or
provide mixtures of E and Z isomers. Therefore, in this rearrangement reaction, the group
with larger steric hindrance preferentially migrates; otherwise the reaction would often lead
to a mixture of two amides. To realize the migration of groups with less steric hindrance, it
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is necessary to synthesize Z isomer, which was thermodynamically unstable. Thanks to the
recent development of the photoisomerization of olefins [86], the photoisomerization of
oximes has witnessed significant progress [87].

Very recently, the Rovis’ group realized the synthesis of Z isomer of oxime by pho-
toisomerization via visible-light-mediated energy transfer catalysis (Figure 35) [88]. They
found that [Ir(dF(CF;3)ppy).(dtbbpy)]PFs was the best of choice because of its high triplet-
state energy and long excited-state lifetime [89]. In addition, irradiation with 427 nm
blue LEDs led to good E/Z ratios. Based on these results, they successfully achieved an
efficient one-pot photoisomerization/Beckmann rearrangement of oximes 115, namely,
non-classical Beckmann rearrangement. Under the optimized conditions, a wide range of
acyclic and cyclic oximes undergo the rearrangement with good regioselectivity to produce
the corresponding amide products 117 in moderate to good yields. This one-pot isomeriza-
tion/Beckmann rearrangement brings new regioselectivity to the Beckmann rearrangement,
with the migration of alkyl groups instead of competing aryl groups.
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Figure 35. Visible-light-promoted nonclassical Beckmann rearrangement.

7. Miscellaneous Amidation Methods

Recently, Seo and Chang demonstrated that nitrogen-centered radicals [90-92], photo-
catalytically generated from the initially photostable N-chloro-N-sodio carbamates under
irradiation of blue LEDs, could activate aldehydes to further enable amide synthesis
(Figure 36) [93,94]. In this process, photocatalyst, external oxidant or coupling reagent are
not required; N-chloro-N-sodio carbamates serve as a practical amidating source. A broad
range of (hetero)aromatic and aliphatic aldehydes could be well accommodated, delivering
diversely functionalized N-protected amides in generally good yields. On the basis of a
series of control experiments, the authors have proposed a possible relay process-based
mechanism for the reaction (Figure 36C). Key to the success of the reaction is the slow
incorporation of photoactive N-chloroamide radical precursor 121 by the reaction between
N-chloro-N-sodio-carbamate salt 119 and in situ-generated acid chloride intermediate
118-B. Then, the intermediate 121 undergoes N—Cl bond homolysis to generate N-centered
radical 121-A under irradiation of blue LEDs. Hydrogen atom transfer (HAT) of the alde-
hydic C—H to the N-centered radical 121-A leads to corresponding product 120, while the
translocation of N-radical to the C-radical. Finally, acyl radical 118-A and chlorine radical
recombine to generate acid chloride 118-B to iterate the relay cycle. The authors further
improved the sustainability of this amidation method by replacing o, x-trifluorotolune
with ethyl acetate as an alternative green solvent.
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Figure 36. Visible-light-promoted N-chloro-N-sodio carbamate-mediated amidation of aldehydes.

In 2020, Shu’s group reported a 100% atom-economical and metal-free direct synthesis
of amides from aldehydes 123 and imine esters 124 by the dual N-heterocyclic carbine
and photoredox catalysis under redox-neutral conditions (Figure 37) [95]. In this dual
catalytic strategy, photoredox catalysis enables the umpolung single-electron reduction
of the imino ester to afford an N-centered radical, while the umpolung of aldehydes
enabled by N-heterocyclic carbene generates a C-centered radical. Under the optimized
conditions, a range of alkyl, aromatic and heteroaromatic aldehydes could be converted to
the corresponding amides in consistently good yields.
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Figure 37. Visible-light-driven dual photoredox and N-heterocyclic carbene-catalyzed C-N bond-
forming reaction for amide synthesis from aldehydes and imines.
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On the basis of a range of mechanistic investigations, a plausible reaction mechanism
is proposed as depicted in Figure 37C. Firstly, aldehyde condensed with the N-heterocyclic
carbene catalyst to generate the corresponding Breslow intermediate 127, which could
undergo single-electron oxidation by the excited photocatalyst 4CzIPN* to give radical
cationic intermediate 127-A and reduced photocatalyst 4CzIPN®~. Next, the reduced
photocatalyst 4CzIPN®~ could reduce imine 124 to give the N-centered radical 124-A
and 4CzIPN by SET and protonation. Intermediates 124-A and 127-A would undergo
C-N bond-forming radical—radical cross-coupling to give 124-B, which delivered the final
amide product by regeneration of the N-heterocyclic carbene catalyst.

As part of their continuing studies on development of Ph3P radical cation-mediated
deoxygenation of carboxylic acids, Xie and Zhu recently described an impressive site-
specific umpolung amidation of carboxylic acids 128 with nitroarenes and nitroalkanes 129
by combining Fel,, P(V)/P(Ill) and visible-light photoredox catalysis in a triplet synergistic
manner (Figure 38) [96]. The reaction provides a novel approach to amide synthesis. Com-
pared with conventional amidation methods, this protocol is characterized by replacement
of amines with nitroarenes and thus tolerates several sensitive nucleophilic substituents. A
number of nitroarenes bearing nucleophilic functional groups, such as free amino, hydroxy,
and NH-free indole were all tolerated.
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Figure 38. Umpolung amidation of carboxylic acids with nitroarenes and nitroalkanes.
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As depicted in Figure 38C, photoexcited [Ir(dF(CFg)ppy)z(dtbbpy)]“ undergoes a
SET-oxidation of 131, which can be formed in situ by reduction from the precatalyst P-A in
the presence of PhSiHs and Fel,. This process leads to the formation of phosphine radical
cation species 131-A and [Ir(dF(CF3)ppy)2(dtbbpy)]°. Next, the phosphine radical cation
131-A combines with carboxylate anion 128-A to generate the radical intermediate 131-B,
which subsequently undergoes a 3-C-O bond scission to form nucleophilic acyl radical
128-C and complete the organophosphine catalytic cycle. At the same time, nitrosobenzene
129-B was produced by the reduction of nitrobenzene 129-A in the presence of Fel, and
PhSiHs. Nitrosobenzene 129-B tends to trap acyl radical 128-C to give rise to radical
intermediate 129-C. Single-electron oxidation of [Ir(dF(CF3)ppy)2(dtbbpy)]® by radical
intermediate 129-C would generate intermediate 129-D and complete the photoredox cycle.
Finally, the reduction of intermediate 129-D with Fel, /PhSiHj3 releases the desired amide
product 130.

Direct C-H amidations of heteroarenes or arenes is an alternative method to amide
synthesis, but a drawback of this intriguing strategy is the typically required harsh reaction
conditions. In 2015, the Konig group disclosed a visible-light-mediated C-H amidation
of heteroarenes with benzoyl azides using [Ru(bpy)3;]Cl, as photocatalyst (Figure 39) [97].
Interestingly, the authors noted that the addition of stoichiometric phosphoric acid as an
additive is essential for the formation of the desired amidation product. The benzoyl nitrene,
produced from the decomposition of azides, may be protonated in the presence of strongly
acidic phosphoric acid to give electrophilic nitrenium ions. Then, electrophilic nitrenium
ions react with the electron-rich heteroarene. Benzoyl azides bearing electron-donating
groups or electron-withdrawing groups at the aromatic ring were tolerated (Figure 39B).
However, alkyl, phenyl, diphenylphosphoryl or benzyl acyl azides 132 proved to be not
suitable for this reaction. The control experiments revealed that this C-H amidation process
is completely shut down, when either the visible light or the photocatalyst is excluded,
confirming the photoredox characteristics of this transformation.

A) Konig, 2015
o}

"““\ [Ru(bpy)3]Cla-6H,0 (2.5 mol%) ﬂ
Na+ 0\
R1 PN H3PO, (2.0 eq.), DMSO
rt, Ny, 2-24 h, blue LEDs (455 nm)
132 133 134
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up to 88% yield
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Figure 39. Visible-light-driven photoredox-catalyzed C-H amidation of heteroarenes with benzoyl
azides.

Fluorinated compounds have been widely used in pharmaceutical chemistry. Given
the significance of this structural motif, in 2018, Ko and co-workers reported a visible-light-
induced method for the preparation of perfluorinated alkyl amides by reaction between
fluorinated alkyl halides and amines using fac-Ir(ppy); as a photocatalyst under aerobic
conditions (Figure 40) [98].
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A) Ko, 2018
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Figure 40. Photoredox-catalyzed synthesis of fluorinated alkyl amides from perfluorinated alkyl
iodides and amines.

At almost the same time, Hisaeda and Shimakoshi’s described a visible-light-driven
amide synthesis from trichlorinated organic compounds with the Bj; complex as a catalyst
and [Ir(dtbbpy)(ppy)2]PFs as a photosensitizer (Figure 41) [99]. The reaction was performed
under aerobic conditions and triethylamine was using as a sacrificial reagent. Under the
optimal conditions, a range of trichlorinated compounds are proved to be well compatible
with the reaction to form the corresponding amide products in generally excellent yields.
Interestingly, this transformation allows access to useful x-ketoamides in high yields, when
using suitable substrates such as ethyl trichloacetate.

A) Hisaeda and Shimakoshi, 2019 Co-complex (0.33 mol%)
[Ir(ppy)2(dtbbpy)]PFg (0.03 mol%) O
cl_cl R DIPEA (40.0 eq.) _R?
* H-N RN
R ~cI R3 MeCN, tt, air, 3-6 h, R3
138 139 200 W tungsten lamp ( A 2420 nm) 140
21 examples
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, up to 99% yield|
B) Selected Examples
fe) Cl O [e)
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Ph)kw,a @AN k'WEt
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90% 87% 36%
i o} CO,Me
JEt EtO% JEt S
MeO,C N N \\\\/COZMe
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Ph” TN Ph™ N
'l‘ H CO,M
e
90% 56% 20 :
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Figure 41. Visible-light-driven amide synthesis from trichlorinated compounds.

In 2013, Yadav and co-workers reported an aerobic desulfurization-oxygenation of
thioamides 141 into amides 142 by employing eosin Y as an organic photoredox catalyst
(Figure 42) [100]. In the cases of substrates containing alkyl and aryl substituents at the
skeleton of thioamides, the reaction proceeded smoothly to give amides in good yields.
The authors showed that elemental sulfur could be detected in this catalytic system. This
result is consistent with the proposed mechanism (Figure 42C). First, visible-light-excited
photocatalyst oxidized thioamides 141 to form 141-A, and reduced-stated photocatalyst
via a SET event. Then, the molecular oxygen oxidized the reduced-state photocatalyst to
regenerate photocatalyst and close the cycle of photoredox catalysis. Nucleophilic addition
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of superoxide radical anion to thione cation radical 141-A, generating zwitterion 141-B.
Finally, the elimination of Sg produces the amide product 142.

A) Yadav, 2013

1 C) Proposed Mechanism

1 ®
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Figure 42. Visible-light-driven aerobic desulfurization-oxygenation of thioamides.

In 2013, Li and co-workers reported a visible-light-mediated radical addition reaction
between N,N-dimethylaniline derivatives 143 and isocyanates 144 (Figure 43) [101]. After
screening of six different photocatalysts, they identified bis[2-(4,6-difluorophenyl)pyridinato-
C? N](picolinato)iridium(IIl) (FIrpic) to be the best candidate. Mechanistically, the re-
action involves photoredox-catalyzed generation of o-aminoalkyl radicals from N,N-
dimethylaniline derivatives and subsequent addition to the electron-deficient carbon atom
of the isocaynates as the key steps. Generally, the aromatic isocyanates bearing electron-
donating and electron-withdrawing groups undergo the reaction efficiently to furnish the
amide products in moderate to good yields. However, alkyl isocyanate did not give the
desired x-amino amide under the current reaction conditions.

A) Li, 2013 '
[L (‘)‘ Flrpic (1.5 mol%) ‘ 1 2 ‘
T SRR ' S
R 17 '
~ N2 CH,Cly, rt, 14 WCFL R < | i :
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13 examples
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Figure 43. Visible-light-driven photoredox-catalyzed amide synthesis from isocyanates and N,N-
dimethylaniline derivatives.

66%




Molecules 2022, 27,517 33 of 41

In 2017, Molander and co-workers detailed an interesting amidation reaction between
alkylsilicate reagents 146 and alkyl/aryl isocyanates 147 by combining nickel and photore-
dox catalysis (Figure 44) [102]. This dual catalysis system shows good functional group
tolerance with respect to both alkylsilicates and alkyl and aryl isocyanates, giving the
corresponding alkyl amides in moderate to high yields. This protocol features mild reaction
conditions and the absence of stoichiometric reductant. A possible mechanism involving
a photoredox/nickel dual catalytic mode is proposed for the reaction (Figure 44C). Ini-
tially, Ni(II) carbonyl-amido intermediate 149-A is formed upon oxidative addition of Ni(0)
to the isocyanate, supported by the signal changes in the related NMR and IR spectra.
Subsequently, Ni(III) complex 149-B can be generated upon radical addition. Then, 149-B
undergoes reductive elimination to deliver Ni(I) complex 149-C, followed by protonation
to yield amide product 148. The resulting Ni(I) complex is reduced by [Ru(bpy)]'* to turn
over both the nickel and photoredox catalytic cycles.
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o (phen)NICl; (2.5 mol%) o L \N T‘ N
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Figure 44. Amide synthesis by visible-light-driven dual nickel/photoredox-catalyzed coupling
between alkylsilicates and alkyl/aryl isocyanates.
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Given the availability of arylazo sulfones from stable anilines, in 2017, Protti’s group re-
ported a practical visible-light-driven, metal-free carboamidation of arylazo sulfone 150 de-
rived aryl radical in the presence of isocyanides 151 in aqueous acetonitrile (Figure 45) [103].
Remarkably, compared to arenediazonium salts, arylazo sulfones show higher compatibil-
ity. However, the scope of isocyanide is quite limited. In this process, aryl radicals 150-C
can be generated smoothly by direct irradiation of arylazo sulfones 150 upon 410 nm LED
irradiation, which undergoes a radical addition with isocyanides to form intermediate
150-D. Subsequently, 150-D is oxidized by 150-B, giving an intermediate 150-F. Finally,
hydrolysis of 150-F produces the corresponding aromatic amide products (Figure 45C).

A) Protti, 2017

N,SO,Me 0]
Na,CO3 (2.0 eq.) R2
= *+  R%NC = -
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’/j///
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Figure 45. Visible-light-driven metal-free carbamoylation of arylazo sulfones with isocyanides.

In 2020, Giustiniano and co-workers developed a visible-light-driven photoredox-
catalyzed method for the formation of secondary amides from electron-poor organic bro-
mides and isocyanides (Figure 46) [104]. In this process, treatment of organic bromides with
isocyanides in the presence of fac-Ir(ppy)s, NapCO3 and DABCO under irradiation of blue
LED gave rise to amide products in good to high yields. The addition of a sacrificial electron
donor, diazabicyclo[2.2.2]octane (DABCO), is key to improving the yield. In addition to
working as a common base, it was reasoned that DABCO can also act as a sacrificial electron
donor to facilitate regeneration of the Ir(Ill) photocatalyst. Interestingly, aryl bromides with
an electron-withdrawing group at the phenyl ring are also compatible with reaction though
with decreased yields of amide products.
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Figure 46. Visible-light-promoted photoredox-catalyzed amide synthesis from electron-poor
alkyl/aryl bromides and isocyanides.

Recently, Xu and Xu'’s group described a robust method for direct o-C(sp®)—H car-
bamoylation of saturated aza-heterocycles 156 with isocyanides 157 by using an elegantly
designed organic photocatalyst under mild conditions (Figure 47) [105]. In the process
of condition optimization, the author found that the structure of the photosensitizer has
significant influence on the reaction. Finally, photocatalyst Cz-NI was identified to be the
best one, which has a larger dihedral angle (65.3°), larger transition dipole moment and
effective oxidative and reductive potential of the excited state; both features are critical to
promoting this reaction. On the other hand, the choice of oxidant and co-catalyst is also
very important. The optimal reaction conditions are using PENB as oxidant and TsOH as co-
catalyst. Nitrogen heterocycles of different sizes, including five-, six- and seven-membered
rings, proved to be suitable and the corresponding products could be achieved in good
to excellent yields. Larger rings such as eight, nine-membered rings are also tolerated
and amides are obtained in moderate yields. The substituents on the nitrogen heterocycle
have obvious influence on the reaction. When the phenyl group is replaced with pyridine
or 2,6-diisopropylphenyl, the reaction is completely inhibited. A possible mechanism
of this transformation is also proposed as shown in Figure 47C. Photoexcited [Cz-NIJ*
is oxidized by PENB to form the [Cz-NI]** radical and anion 159-A. Next, [Cz-NI]** is
capable of accepting an electron from amine 156 to close the photoredox catalysis cycle and
generates a nitrogen radical cation 156-A. A hydrogen atom transfer (HAT) event between
nitrogen radical cation 156-A and radical anion 159-A occurs to afford iminium ion 156-B
and intermediate 159-B. Protonation of 159-B in an acidic environment leads to its further
conversion to pentafluoro-nitrosobenzene 159-C, which is capable of accepting an electron
from substrate amine 156 or undergoing a SET process with the reduced form of the pho-
tocatalyst. Finally, the desired amide product is formed through a nucleophilic attack of
isonitrile onto iminium intermediate 156-C and following Ugi-type reaction process.
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Figure 47. Visible-light-induced photoredox-catalyzed oxidative carbamoylation of saturated aza-

heterocycles with isocyanides.

8. Conclusions and Outlook

With the impressive involvement in the fields of photochemistry and radical chemistry,
visible-light-driven photoredox catalysis has become one of the most powerful tools in
organic synthesis. Over the past few years, visible-light-driven photoredox catalysis has
been extensively applied to the synthesis of various structurally diverse amides. In this
review, we summarized the recent representative examples in field of visible-light-mediated
amide construction, which were discussed according to different catalytic modes and radical
precursors. In contrast to traditional methods involving couplings of carboxylic acids with
amines, photoredox catalysis allows the formation of amides under milder and more
sustainable reaction conditions mainly via radical processes. The majority of these reactions
often proceed at room temperature with good functional group tolerances. In some cases,
stoichiometric coupling reagents are not required. Given the unique activation modes,
this catalytic strategy further expands the range of substrates beyond the traditionally
used carboxylic acids and amines. Aryl halides, alkyl halides, arenes and even alkanes,
to name a few, can be used for the synthesis of diversely functionalized amides [106].
Actually, these advantages are mainly due to the characteristics of photoredox catalysis,
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wherein various radicals can often be generated in a controllable manner under low-energy
visible-light irradiation. Moreover, photoredox catalysis provides an opportunity for the
development dual catalysis systems, such as synergistic nickel and photoredox catalysis,
and N-heterocyclic carbene and photoredox catalysis. These catalytic systems allow the
formation of amides that are otherwise difficult to synthesize. Despite these advances,
there are still many opportunities for the development of new and robust methods in
this area. From the perspective of medicinal chemistry, the enantioselective synthesis of
amides and complex peptide through photoredox catalysis is still highly desirable. On the
other hand, most visible-light-mediated amidation reactions are performed at small-scale.
Therefore, it is highly desirable to apply continuous-flow photochemistry in the area of
amide synthesis [107]. We hope that this review will inspire further developments that
would address the abovementioned challenges [108].
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