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Abstract N-Hydroxyphthalimide (NHP) esters are easily available, stable, inexpensive, and highly photoactive compounds,
which are derived from the corresponding carboxylic acids. In recent years, the application of NHP esters in photocatalytic
decarboxylative reactions has captured huge attention. Herein, the vigorous development of photocatalytic alkylation reactions
using alkyl NHP esters as alkylating reagents is summarized based on the classification of photocatalysts.
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With rapid industrial development, the global energy
demand is increasing dramatically. Compared with the
traditional energy-consuming chemical process, visible
light-promoted photocatalytic reactions are more attractive
and efficient.!'3 Since the pioneering works independently
were reported by Macmillan,® Yoon,”! and Stephenson,™®
photocatalytic chemistry has ushered in a great renaissance
in the past decade.-2! Accordingly, numerous compounds
with photoredox activities, such as organic halides,?!-"
carboxylic acids,?%3!! and other heteroatoms (such as B, N,
0, S, Se, P, or Si, efc.)-containing compounds, have been
excavated as radical precursors for diverse organic trans-
formations.?Z441

In the alkylation reactions, although a variety of alkyl
radical precursors have been developed (e.g., pyridinium
salts,*] Hantzsch esters (HE),*! diacyl peroxides,“®
haloalkanes,” organoborons,*®4 oxime esters,***! and
Barton esterst®?]), alkanoic acids are much more abundant
and economical, making them attractive alkylating rea-
gents.[>334 The transformations of alkanoic acids through
decarboxylative reaction generally rely on transition metal
catalysts and oxidants such as AgNO3/K,S,0s at elevated
temperatures.>>->7 Therefore, the development of alkylating
reagents from alkanoic acids for the decarboxylative
transformations under mild conditions is highly desired.

N-Hydroxyphthalimide (NHP) esters, derived from their

* Corresponding authors. E-mail: bingyu@zzu.edu.cn; terentev@ioc.ac.ru; chenxl@zzu.edu.cn

Received May 23, 2021; revised June 7, 2021; published online June 8, 2021.
Project supported by the National Natural Science Foundation of China (Nos. 21971224, 22071222), the Programme of Introducing Talents of Discipline to
Universities (111 Project, No. D20003), the Key Research Projects of Universities in Henan Province (Nos. 20A 150006, 21A150053) and the Natural Science
Foundation of Henan Province (No. 202300410375).
K HRBL TS (Nos. 21971224, 22071222), w55 2R 2 RHEVHT 51 80 1HRI(1TT WUH, No. D20003). i 7 44 i 1% 2 # BHIF (Nos. 20A150006,
21A150053). {4 H AR 2 4E(No. 202300410375) BT BB H .

t JL[F] 55 —1E # (These authors contributed equally to this work).

Chin. J. Org. Chem. 2021, 41, 4661~4689 A\ ©2021 Chinese Chemical Society & SIOC, CAS http://sioc-journal.cn/ 4661




BIKE

ik SR

corresponding carboxylic acids, have been applied as pho-
toactive precursors for organic transformation under mild
photoinduced conditions in recent years.’*% Compared
with the classical alkylating systems (e.g., organotin rea-
gents/alkyl halides, Grignard reagents, organoboron com-
pounds),l®'-%3] alkyl NHP esters with high redox activities
are readily accessible, stable, inexpensive alkylating rea-
gents, which could generate alkyl radicals under mild con-
ditions.[646%]

Since Okada’s pioneering report on the activity of NHP
esters,[®71 NHP esters have been applied for organic syn-
thesis in recent years. For example, the research groups of
Baran,”?! Fu,[”* and Glorius!" have made great contribu-
tions to this field. The main form of photocatalytic decar-
boxylation of NHP esters is shown in Scheme 1a. The sin-
gle-electron reduction (SER) of alkyl NHP ester 1 generally
goes through two pathways in the presence of photocatalyst
(PC). One route is accompanied by the oxidative quenching
process of the photocatalyst: photocatalyst absorbs light
energy to form the corresponding excited-state PC*, which
is directly oxidized by the NHP ester to give PC'. The
intermediate PC" then is reduced by an electron donor to
regenerate the photocatalyst PC (Scheme 1a, path 1). An-
other route is accompanied by the reduction quenching of

the photocatalyst: the excited-state PC* is quenched by a
suitable electron donor to form PC , which then reduces the
NHP ester to give the radical anion 1' (Scheme 1a, path 2).
In both approaches, the SER of alkyl NHP ester 1 forms the
corresponding radical anion 1', which further provides alkyl
radical for various transformations via decarboxylation.

In the past five years, many photoinduced alkylation
systems involving NHP esters based on electron donor-
acceptor (EDA) complex approach have been extensively
described without typical photocatalysts (Scheme 1b), they
performed well in the process of constructing C—X (X=C,
N, O, S, B,[1 F,[761 PI7"] ¢fc.) bonds, greatly enriching the
functions and applications of NHP esters, which have great
attraction and value for efficiently realizing the challenging
in situ diversification of alkanes. In addition, with the aid of
chiral ligands, NHP esters have also shown great potential
in the construction of asymmetric carbon centers.[7378-81]

With the in-depth study of light-induced organic synthe-
sis, the application of NHP esters as coupling partners, aryl
radical precursors®>34 or catalytic auxiliary,[® etc. has
recently been reported. Although the examples of SET
(single electron transfer)-based cross-coupling reactions of
NHP esters were well-reviewed by Murarka in 2018,
based on the importance of C—C or C—X (X =hetero-

(a) The main activated mode of NHP ester in the presence of typical photocatalyst
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Scheme 1 Activation modes and application of NHP esters in the photocatalytic alkylation reaction
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atoms) bond formation.®!! Similarly, Huo and cowor-
kers??! also summarized the generation of carbon-centered
radicals from NHP esters for the construction of C—C/X
bonds. Recently, Murarka et al.®3 has updated the latest
achievements of NHP esters in the past three years. More
than 100 papers have been involved, which can witness the
importance of this field. However, in terms of photochem-
istry, the photocatalytic alkylation using alkyl NHP esters,
which is a representative track of innovation and progress in
the field of NHP esters, has not been systematically re-
viewed so far. Based on the type of photocatalysts, in this
review the alkylation reactions involving alkyl NHP esters
are classified into three categories: (i) reactions involving
metal-containing photocatalysts, (ii) reactions involving
heavy metal-free photocatalysts, (iii) reactions without
typical photocatalysts.

2 Photocatalytic system with metal pho-
tocatalysts

2.1 Reactions involving ruthenium photocatalysts

As early as 1991, Okada et al."! first disclosed that NHP
esters 1 was an efficient alkylation reagent for the Michael
addition reaction of electron-deficient olefins 2 through
photocatalytic decarboxylation (Scheme 2). In this reaction,
when Ru(bpy);Cl, was used as a photocatalyst and 1-ben-
zyl-1,4-dihydronicotinamide (BNAH) was used as a hy-
drogen donor, the expected products 3 could be obtained by
irradiation of visible light in a nitrogen atmosphere for 2 h.
This discovery opened the door to the application of such
redox-active esters in photocatalysis.

Ru(bpy)sCl, (cat.)
>\> BNAH (1 equiv.) N
2 THF/H,0 or t-BuOH/H,O R
1 Ny, 2>460nm, 2 h 3

‘methyl vinyl ketone: o
2 -cyclopentenone !

Scheme 2 Photocatalytic Michael addition of NHP esters with
electron-deficient olefins

In 2012, Overman and co-workers®! modified Okada’s
method to apply redox-active esters for the synthesis of
natural products. cis-Perhydroazulene N-(acyloxy)phtha-
limide 4 was employed as a tert-alkyl radical precursor,
which reacted with a-chlorocyclopentenone 5 to form
compounds 6 with stereogenic quaternary carbon through
1,4-conjugated addition, and the compounds 6 was further
converted into the compound 7 for the synthesis of
(—)-aplyviolene (Scheme 3). Due to the reduction in the
number of isolated intermediates, this strategy was more
efficient and practical than the original synthesis
methods.[*! This result represented the early utilization of
such substrates in the synthesis of natural products. Re-
cently, Minnaard and Witte®® had also applied this pho-
toinduced decarboxylation strategy to the conformational
conversion process of methyl D-mannoside to methyl
L-guloside.
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Scheme 3 Photocatalytic decarboxylation involved in NHP
esters in the synthesis of natural product (—)-aplyviolene

Afterward, Overman et al.®7! developed a convenient
strategy to synthesize quaternary carbon compounds di-
rectly from tertiary alcohols. Firstly, the tertiary alcohols 8
underwent acylation with chloro N-phthalimidoyl oxalate 9
to obtain tert-alkyl N-phthalimidoyl oxalates 10, which was
coupled with electron-deficient olefins by photocatalysis to
obtain conjugate addition products 11 with high yields
(Scheme 4a). In 2015, the same group realized the decar-
boxylative alkyl-substitution reaction of allyl and vinyl
halides with N-phthalimidoyl oxalates 10. In this work,
tert-alkyl radicals were generated from 10 under photoca-
talysis in the presence of the Ru-catalyst (Scheme 4b),®!
although the yields were not high.

In 2014, a novel strategy for visible-light-induced reduc-
tive decarboxylative C(sp®)—C(sp) bond coupling reaction
was reported by Chen’s group (Scheme 5).°"! Various alkyl
NHP esters 1 were employed as precursors of alkyl radicals
to react with alkynyl sulfones. Considering that the
Ru-catalyst has a lower reduction potential (Ru,™ =
—1.33 V vs. SCE), a possible mechanism was proposed,
Ru(Il) first absorbed the energy of light to afford the pho-
toexcited state Ru(II)*, which was reduced to Ru(I) by
i-ProNEt (DIPEA) or Hantzsch ester. Then NHP esters 1
and Ru(I) underwent a SET process, followed by decar-
boxylation to generate the alkyl radical SA. The alkyl rad-
ical SA was added to the alkynyl sulfone to form a radical
5B, which was converted into the desired alkyne product by
getting rid of sulfonyl radical.

Ru-photocatalyst-mediated radical cyclization of NHP
esters has also been gradually disclosed since 2015. Cheng
et al." demonstrated that the photocatalytic cascade rad-
ical cyclization of N-arylacrylamides 12 and fert-alkyl NHP
esters 13 in the presence of i-Pr,NEt and Ru(bpy);Cl,*6H,O
provided the corresponding product of 3,3-dialkyl substi-
tuted oxindoles 14 (Scheme 6). Nevertheless, only tertiary
alkyl NHP esters 13 could be applied in this procedure,
providing the corresponding fert-alkyl radicals for the de-
sired cyclization. The primary and secondary alkyl NHP

http://sioc-journal.cn/ 4663
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Scheme 4 Photocatalytic decarboxylative coupling of alkyl N-phthalimidoyl oxalates with Ru-photocatalyst
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Scheme 5 Synthesis of alkyl-substituted alkynes via photocatalytic alkylation of NHP esters with alkynyl sulfones

esters were not compatible due to the decomposition of the
NHP esters.

In 2016, Fu et al"'% demonstrated that [Ru(bpy);]Cl
was an efficient photocatalyst for the decarboxylative cou-
pling of amino acids or peptides derived NHP esters 15 with
2-isocyanobiphenyl compounds 16 under a 40 W compact
fluorescent light (CFL) bulb to furnish phenanthridine de-
rivatives 17 with biological and pharmaceutical activity
(Scheme 7). The method has the advantages of mild reac-
tion conditions, simple operation, and moderate to excellent
yields. It was worth mentioning that the strategy could be
further applied in the synthesis of amino acid/peptide
fragments-containing biologically active molecules.

Besides the two-component reactions, a novel three-
component difunctionalization of olefins via Lewis acid and
visible-light photoredox cooperative catalysis was devel-
oped by Song and Li ef al."'%?1in 2018, in which alkyl NHP
esters 1 were used as the alkyl radical precursors and

4664
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Scheme 6  Visible-light-induced decarboxylative alkylation/
cyclization of tertial alkyl NHP esters with N-arylacrylamides

various amines were employed as the amination reagents
(Scheme 8). Under the optimal reaction conditions, a
variety of 1,2-alkylamino compounds 18 were prepared,
which provided a new protocol for the construction of
valuable amine architectures.

Chin. J. Org. Chem. 2021, 41, 4661~4689
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Scheme 7 Synthesis of phenanthridine derivatives via decarboxylative alkylation/cyclization of NHP esters with 2-isocyanobiphenyl
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Scheme 8 Three-component alkylamination of olefins via Ru-photoredox catalysis

Selective C—H functionalization is a useful strategy for
the direct functionalization of simple heterocycles.['*! In
2018, a visible-light-induced redox-neutral coupling strat-
egy was applied by Opatz’s group toward the synthesis of
alkyl-substituted N-heterocyclic compounds. The reaction
between NHP esters 1 and different N-heterocyclic com-
pounds 19 proceeded through Minisci-type C—C coupling
reaction and generated several alkyl-substituted N-hetero-
cyclic compounds 20 (Scheme 9).'% Since the reaction
could also be performed in the absence of the Ru-catalyst,
two possible mechanisms were proposed. In the presence of
the photocatalyst (Scheme 9a), the reaction might undergo a
common reductive quenching cycle, NHP ester underwent
reductive decarboxylation to afford the alkyl radical 9A,
which reacted with the protonated heteroarene 9B to form
the radical cation 9C. The radical cation 9C was then oxi-
dized under deprotonation to generate the final product 9D,
closing the catalytic cycle. On the other hand, the reaction
process underwent a radical-chain mechanism without the
photocatalyst as shown in Scheme 9b.

Recently, Zhou’s group described a facile and general
synthesis of alkyl functionalized non-aromatic heterocycles
21 by Ru-photocatalyzed regioselective C(sp?)—H bond
alkylation (Scheme 10).1%] The reaction featured a broad
substrate scope and good functional group tolerance, vari-
ous alkyl NHP esters 1 could react with non-aromatic het-
erocycles (e.g., coumarins, quinolinones, quinoxalinones)
to generate the corresponding products. Particularly, some
NHP esters derived from naturally occurring biologically

Chin. J. Org. Chem. 2021, 41, 4661~4689
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active carboxylic acids could be employed as alkyl radical
precursors to adapt to this reaction.

It is worth noting that most of the radical coupling reac-
tions of NHP esters are limited to the formation of C—C
bonds. This alkylating agent also shows good performance
for the formation of C—X (X=heteroatoms) bonds. For
example, in 2016, an interesting work reported by Fu’s
group realized the synthesis of a variety of chiral a-seleno-
amino acid derivatives 23 using the NHP esters 22 as pho-
toredox chiral sources and radical precursors, which were
derived from L-aspartic acid or glutamic acid. In this work,
diselenides function as the radical acceptors to accomplish
C—Se bond coupling at room temperature with maintained
good chiral properties (Scheme 11a).1'%! This study pro-
vided a new strategy for the synthesis of unnatural chiral
a-amino acids with biological activity. In 2018, Zheng et
al."%7) reported the alkylation reaction of (2,2,6,6-tetrame-
thylpiperidin-1-yl)oxyl (TEMPO) with alkyl NHP esters 1
catalyzed by a Ru-photocatalyst, furnishing the formation
of C—O bond (Scheme 11b). Recently, the same group
successfully constructed C—S bond by the reaction of di-
sulfide with redox-active esters 1, providing various aryl
alkyl sulfides 24 under mild photocatalytic conditions
(Scheme 11¢).['%®! Regarding the formation of C—N
bonds,'® "1 Hy et al.l'%! implemented the decarboxylative
amination of NHP esters 1 through a Ru/Cu dual catalytic
strategy and expanded the way of C(sp)—N bond for-
mation (Scheme 11d).

4665
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Scheme 9 Photocatalytic Minisci-type C—C coupling of NHP
esters with N-heterocyclic compounds in the presence of Ru-
photocatalyst
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Scheme 10 Synthesis of alkyl functionalized non-aromatic

heterocycles through NHP esters as alkylation reagents

Different from Hu’s work, Sanford’s team used NHP
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esters 1 as nitrogen sources to achieve the amination of
aromatics. Interestingly, the study proposed a new light-
induced cleavage pathway of NHP ester. Firstly, NHP ester
underwent photocatalytic SER to generate intermediate 1A.
Conventionally, when R=alkyl, the homolytic cleavage of
the N—O bond in compound 1A released CO,, Re and
phthalimide anion (PhthN ). However, when the R sub-
stituent was accompanied by a strong electron-withdrawing
effect, the cleavage of 1A produced fragmented carboxylate
anion 25 and the radical PhthNe 26 which participated in the
amination reaction (Scheme 11¢).l''!]

2.2 Reactions involving iridium photocatalysts

In 2016, the group of Fu and Shang reported the visi-
ble-light-induced decarboxylative coupling of amino acid-
or peptide-derived redox-active esters 15 with N-hetero-
arenes 19. Ir[dF(CF3)ppy]2(dtbbpy)PFs catalyst was used to
produce oa-aminoalkyl radicals without overoxidation.
Moreover, the addition of phosphoric acid PA-1 as a
co-catalyst was very important to increase the electron
deficiency of N-heteroarenes (Scheme 12a).[''?! The reac-
tion showed advantages such as mild reaction conditions,
moderate to good yields, and wide substrate scope. Due to
the potential biological activity of the products 27, it pro-
vides a useful synthetic strategy for the pharmacy and
chemical biology community.

After that, the same group achieved a visible-light-
induced regioselective alkylation of N-heteroarenes with
various NHP esters, primary, secondary, and tertiary alkyl
groups could be smoothly introduced into N-heteroarenes
(Scheme 12b).['31 According to the control experiments, a
plausible mechanism was proposed. Firstly, Ir(II)
(E1p"M"'=—1.37 V vs. SCE) reduced NHP ester 1 (E1,=
—1.26 to —1.38 V vs. SCE) to form the radical anion 1A,
followed by decarboxylation to afford the alkyl radical 12A.
12A reacted with electron-deficient N-heteroarene 12B to
form the radical cation 12C, which was oxidized by Ir(II)*
to access alkylated product 12D.

In 2017, Duan’s group!!'¥) reported a photoinduced dual
decarboxylative reaction of NHP esters 1 with a,f-un-
saturated carboxylic acids 28 (Scheme 13). The reaction
was conducted with simple operation and showed good
stereoselectivity. The photocatalyst fac-Ir(ppy)s was firstly
excited into PC*, which underwent a SET process with
NHP esters 1 to generate PC' and a radical anion 1A.
Subsequently, 1A was converted into the alkyl radical 13A
and the corresponding phthalimide anion through decar-
boxylation. Then, af-unsaturated carboxylic acid 28 re-
acted with the alkyl radical 13A to produce the radical 13B,
which was deprotonated with the assistance of PhthN  to
get the radical anion 13C. Finally, 13C was oxidized by
PC" to obtain the desired product 29 and regenerate the
Ir-photocatalyst with the releasing of CO,. Shortly after-
ward, Xu’s group!' ! realized a similar photoredox-cataly-
zed dual decarboxylative coupling in the presence of
Ru-photocatalyst.

Chin. J. Org. Chem. 2021, 41, 4661~4689
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Scheme 11 Photocatalytic formation of C—X (X=heteroatoms) bonds based on NHP esters in the presence of metal photocatalysts

In the next example, using Ir(ppy)2(dtbpy)PFe as photo-
catalyst and NHP esters 1 as feedstock, Li ef al.''%! devel-
oped a simple and mild method for the synthesis of or-
ganoboron compounds (Scheme 14). Primary and second-
ary tetrafluoroborates 30 or various alkyl boronates 31
could be prepared by using different boration reagents
(tetrahydroxydiboron (B2(OH)s) or bis(pinacolato)diboron
(B2piny)). The reaction shows strong functional group tol-
erance and good yields, which is a complementary method
to the existing C(sp*)—B bond formation methods.

Lactones are abundant in natural products and bioactive
molecules. Many strategies for the construction of lactone
derivatives have been developed. In 2017, Pan and
co-workers!!'7) disclosed a mild and efficient method for the
construction of alkyl-substituted lactones from unsaturated
carboxylic acids, in which NHP esters 1 were employed as
the alkylating agents (Scheme 15). Under the photocatalysis
of Ir(ppy)2(dtbpy)PFs, unsaturated carboxylic acid under-
went an alkylation-initiated alkylation/lactonization reac-
tion. It was found that the additive TsOH*H,O and H»,O
played important roles in the reaction.

Ketones are essential to human life and have been widely
used in medicine and agriculture. Moreover, ketones are
also basic building blocks in organic synthesis. Therefore, it
is important to find a simple method for synthesizing ketone
compounds.[?$!118-1191 In 2018, two photocatalytic protocols
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© 2021 Chinese Chemical Society & SIOC, CAS

for the synthesis of aromatic ketones from the reaction of
NHP esters and olefins were reported by Song’s group!'?"!
and Ye’s group!'?!! independently. In Song’s report, silyl
enol ethers 32 were used as starting materials to react with
NHP esters 1 giving the product ketones 33 through the
extrusion of the leaving group -TMS (Scheme 16a).l'2]
Importantly, the reaction possessed great practicality. For
example, fenbufen, indomethacin, stearic acid, and dehy-
drocholic acid could be used as carboxylic acid precursors
to synthesize the corresponding ketones in this reaction.
While in Ye’s work, styrenes 34 were applied as the ac-
ceptors of alkyl radicals. Under the photocatalytic condi-
tions, the oxo-alkylation reaction was realized to generate
aryl alkyl ketones 33 in DMSO without other additives.
Interestingly, when the Breonsted acid TfOH was added to
the reaction system, a Heck-type reaction took place to
obtain the corresponding substituted alkenes 35 (Scheme
16b).[121

The radical cascade reaction is an excellent way to
achieve molecular diversity. Xiao et al.l'??! synthesized a
series of benzozepine derivatives containing ketone car-
bonyl group 37 in high yields by photoinduced iridium
catalyzed radical addition cascade reaction between
acrylamide-tethered styrenes 36 and NHP esters 1 in 2017
(Scheme 17a). Soon after, in 2018, Xiao and Shi et al.['*]
realized the cascade alkyl radical addition/semipinacol
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of NHP esters with olefins

Due to the high reactivity of carbon-centered hydrocarbyl
radicals, the asymmetric decarboxylative coupling of NHP
esters is difficult to achieve. In 2017, Liu’s group!®! suc-
cessfully developed a novel enantioselective decarboxyla-
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tive cyanation reaction by merging photoredox catalysis and
asymmetric copper catalysis to obtain chiral alkyl nitriles 41
with high yields and enantioselectivity (Scheme 18a).
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Scheme 17 Synthesis of cyclic ketones through photocatalytic
cascade cyclization of NHP esters
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Scheme 18 Photocatalytic asymmetric cyanation reaction in-
volving NHP esters catalyzed by Ir/Cu dual catalytic system.

Since both benzyl radical 18A and reactive chiral copper
species (L*Cu'"CN) were generated from the photocatalyst
cycle, the key to the transformation was that the excited
photocatalyst PC*, accompanied by a lower reduction po-
tential than the NHP ester, could be oxidatively quenched
by NHP ester to produce the oxidized photocatalyst PC".
Meanwhile, PC" should be accompanied by a higher oxi-
dation potential than the L*Cu'CN (E;(Cu'/Cu")=+0.36
V vs. SCE in MeCN) to oxidize copper(I) into reactive
copper intermediate (L*Cu''CN). Then, Han et al.['**! ap-
plied a similar Ir/Cu dual catalytic method, using NHP
esters 1 as the alkylating agents and trimethylsilyl cyanide
(TMSCN) as the cyanating agent to realize the asymmetric
cyanoalkylation of alkenes under the irradiation of blue
LED, which enriched the research content of asymmetric
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reactions involving NHP esters (Scheme 18b). Very re-
cently, Xiao et al.l>! used 1,3-dienes as the feedstocks to
carry out a three-component photocatalytic reaction with
NHP esters 1 and TMSCN to realize the enantioselective
carbocyanation of 1,3-dienes in the similar dual catalytic
system involving allylcopper intermediate (Scheme 18c).
Interestingly, perylene (PC1) was employed as an organic
photocatalyst in the reaction. Its excited state PC1* had
strong reducing capacity (Ei2(PC1""/PC1*)=—2.23 V vs.
SCE) to reduce NHP ester. The resulting photocatalytic
PCI"" (E1»(PC1""/PC1)=0.61 V vs. SCE) could be re-
duced by L*CulCN to close the photocatalytic cycle and
generate the reactive copper species L*Cu''CN.

Minisci-type reactions are one of the most favorable tools
for the later functionalization of drug molecules, however,
the absolute control of the stereocenters formed during the
addition process is still an unmet challenge. In 2018, Phipps
and colleagues!™ used NHP esters 42 derived from amino
acids as alkyl sources to address the enantioselectivity is-
sues in Minisci chemistry through the catalysis and spatial
control of chiral Brensted acids (Scheme 19). In their pro-
tocols, Ir-photocatalyst was excited by light to induce the
decarboxylation of NHP ester to form alkyl radical 19A.
Chiral phosphate could combine with nucleophilic radical
and nitrogen heterocycle to form complex 19B through
hydrogen bonding, and then complex 19B underwent an
intramolecular radical coupling process to generate 19C.
Then deprotonation and single-electron oxidation of 19C
produced the final product with absolute configuration. In
2020, Phipps and Goodman et al.'*! conducted density
functional theory (DFT) calculations and experiments on
the origin of selectivity of this photocatalyzed chiral phos-
phoric acid-mediated Minisci reaction, which supported the
control effect of the Curtin-Hammett principle in the reac-
tion: the ring addition process of radical to nitrogen heter-
ocycle is fast and reversible, and the stereoselective control
is achieved in the subsequent slower and irreversible
deprotonation process (Scheme 19).

Although the Ru-catalyzed construction of C—O bond
involving NHP esters has been mentioned above,['%”! the use
of TEMPO as the only oxygen source greatly limits the
expansion of the configuration. In 2018, Hu’s group!!?”]
reported a more practical Ir/Cu dual catalytic C—O
cross-coupling protocol, which directly synthesized a vari-
ety of alkyl aryl ethers 44 including natural products and
drug molecules from NHP esters 1 and phenols 43 (Scheme
20). Compared with traditional C(sp*)—O coupling, this
method showed complementary scale and functional group
tolerance, which was also suitable for the C(sp’)—O
cross-coupling of electrophilic reagents and phenols. It was
an unprecedented strategy for the synthesis of alkyl aryl
ethers. The mechanism study showed that Ir-catalyst in-
duced NHP ester to provide primary, secondary, tertiary
radical, and the insertion/elimination of copper complex
between radical and phenol promoted the formation of C—
O bond.

Chin. J. Org. Chem. 2021, 41, 4661~4689
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In 2019, Zhao’s group!'?®! reported an effective method to
realize the stereoselective S-C(sp?)—H alkylation through a
photoredox decarboxylative cross-coupling reaction of
enamides 45 and NHP esters 1 (Scheme 21a). In addition to
high functional group tolerance, the reaction also showed
high stereoselectivity, providing all E-type alkylated en-
amides 46. Moreover, Tang et al.'?°! found that the reaction
of NHP esters 1 and terminal aryl alkynes 47 afforded a
series of Z-type olefins 48 under mild photocatalytic con-
ditions (Scheme 21b). The control experiment found that in
the presence of Ir-photocatalyst, £ isomer could be con-
verted into Z isomer in 18 h under the standard conditions.
While without photocatalyst configuration of the E-type

Chin. J. Org. Chem. 2021, 41, 4661~4689
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compound was unchanged under the identical conditions,
indicating that the Ir-catalyst is the only key catalyst to Z/E
conversion.

Because coumarin derivatives have shown various activ-
ities, such as anti-tumor, anti-cardiovascular disease, an-
ti-osteoporosis etc., in 2019 Jin and co-workers!'*% used
Ir(ppy)s as a photocatalyst to induce the decarboxylative
coupling of coumarins and alkyl NHP esters 1 under white
light irradiation affording 3-alkylated coumarins 49
(Scheme 22). The method featured mild conditions and
good regioselectivities, which provided a new way for the
synthesis of C-3 alkylated coumarin derivatives.

http://sioc-journal.cn/ 4671
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In 2019, Paixao et al.!*!! completed the decarboxylative
coupling/[2+2+ 1] cycloaddition of NHP esters 50 and
1,7-enynes 51. With this radical cascade process, a number
of polyheterocyclic compounds 52 could be constructed
(Scheme 23a). However, when secondary benzyl and cy-
clopropyl NHP esters were employed in the reaction, no
products were detected. Despite these limitations, this pro-
tocol still had broad substrate scope, which provided the
possibility of effectively synthesizing structurally diverse
polycyclic N-heterocycles. Similarly, Xu’s group!'3?! syn-
thesized indene-containing polycyclic compounds 54 via
the photocatalyzed decarboxylative [2+2-+ 1] annulation
of 1,6-enynes 53 with NHP esters 50 (Scheme 23b). During
the reaction, the intermediate underwent a 1,5-hydrogen
atom transfer (1,5-HAT) process, and then the final cy-
clization was achieved. Moreover, the simple phos-
phine/iodide-based catalytic photocatalytic system(’! also
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suitable in this reaction.

In the same year, Li’s group!!**! documented a novel ap-
proach to synthesize 1,1-diarylalkanes 55 via photocatalytic
In(OTf);-promoted three-component alkylarylation of sty-
renes with alkyl NHP esters 1 and arenes (Scheme 24).
After generation of the alkyl radical 24A from NHP esters 1,
the addition of 24A to the double bond gave the radical
intermediate 24B, which was further oxidized into the cor-
responding cation 24C by Ir(IV). Then 24C was trapped by
arene affording the desired product 55. Notably, this
method was compatible with a variety of aromatics (e.g.,
indoles, polysubstituted pyrroles, 1,3,5-trimethoxyben-
zenes, and electron-rich arenes).

Moreover, Wang’s group!!** developed a protocol for
photoredox-catalyzed redox-neutral Minisci C—H form-
ylation reactions of N-heteroarenes 19 with specific NHP
ester, 1,3-dioxoisoindolin-2-yl 2,2-diethoxyacetate 56, as a

Chin. J. Org. Chem. 2021, 41, 4661~4689
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formyl radical equivalent (Scheme 25). This reaction fea-
tured high conversion, excellent functional group tolerance,
and mild conditions, making it an attractive strategy in the
formylation reaction of drug molecules.
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Scheme 25 Synthesis of aldehydes via photocatalytic decar-
boxylation of specific NHP ester and N-heterocycles

Given the important role of fluorine atoms in the modi-
fication of organic frameworks, in 2020 Doyle et al.l’%
disclosed a nucleophilic fluorination of NHP esters 1 by a
redox-neutral method using Ir-photocatalyst under visi-
ble-light irradiation, providing a large number of aliphatic
fluorides 57 (Scheme 26). In addition, the approach also
showed good applicability to radioactive fluorination reac-
tions with ['8F]KF, which is conducive to the radiolabeling
of bioactive molecules with '®F. In the reaction mechanism,
a radical-polar crossover (RPC) process was involved, in
which the alkyl radical generated from NHP esters was

http://sioc-journal.cn/ 4673
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further oxidized by the Ir(IV) giving the corresponding 2.3 Reactions involving copper photocatalysts

cation as a key intermediate for the following nucleophilic Compared with the precious Ir- and Ru-photocatalysts,
addition. Cu-catalyst is more economical and has a higher abundance

Recently, Zhang’s group!'”*) developed a site-selective in nature, which could also be applied in the photocatalytic
difluoroalkylation reaction of alkanes from NHP esters to decarboxylation of NHP esters. In 2017, Fu, Peters, and
prepare difluoroakylated alkanes 59. In the reaction, the co-workers(® provided an alternative to the Curtius rear-
difluoroenoxysilanes 58, as the precursor of the difluoro- rangement under photocatalytic conditions, which em-
methylene group, could react with the primary, secondary, ployed copper complex as catalyst for the decarboxylative

and tertiary alky} radicals gc?nerated from the NHP esters.l C—N coupling of NHP esters 1 to obtain protected amines
(Scheme 27). It is worth noting that although photocatalytic (Scheme 28). The reaction was catalyzed by commercially

conversion can also be carried out at room temperature, it available reagents including CuCN, 2,9-dimethyl-1,10-
provides a bet.ter yield at 60 C. This proto.col once again phenanthroline (dmp), and xantphos under blue light irra-
proved the unique advantage of NHP ester in realizing the diation. Moreover, it showed a wide substrates scope and
functionalization of nonactive sites of aliphatic compounds. performed under safe reaction conditions (5~10 ‘C, and
O O .
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Scheme 27 Photocatalytic site-selective difluoroalkylation of NHP esters in the presence of Ir-photocatalyst
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Scheme 28 Cu-catalyzed synthesis of protected amines via
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high temperatures.

In 2018, Wang and Xu et al.[3% reported the C(sp*)—H
alkylation of glycine and peptides induced by visible light
with a copper photocatalyst, which could be applied to the
synthesis of complex a-alkylated unnatural amino acids and
the alkylated modification of peptides in excellent yields

(Scheme 29).

Although the decarboxylative coupling of NHP esters
and N-heteroarenes has been widely studied, visible-light-
induced copper-catalyzed synthesis of alkylation of
N-heteroarenes with NHP esters has been rarely reported. In
2019, Wang et al.l3"! achieved the visible-light-promoted
decarboxylative coupling of NHP esters 1 and N-hetero-
arenes to synthesize the alkylated N-heteroarenes (Scheme
30). The in situ generated complex [Cu(dmp)(xantphos)]-
BF, was believed to be the active catalytic species in this
transformation. Various heteroarenes 60 including iso-
quinoline, quinoline, pyridine, pyrimidine, quinazoline,
phthalazine, phenanthridine, and pyridazine were suitable
for the construction of the corresponding alkylation prod-
ucts.

Recently, Liang’s group!'3¥! used redox-active esters 1 as
an alkyl source, and inexpensive copper salts CuCl and
Cu(acac), as catalysts to achieve the decarboxylative al-
kynylation between NHP esters and terminal aromatic al-
kynes 61 (Scheme 31a). In addition, this cross-coupling
reaction could be further expanded to aliphatic alkynes and
alkynyl silanes when a catalytic amount of preformed
copper phenylacetylide was added. Almost at the same
time, Liu et al.® revealed the photoinduced Cu-catalyzed
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Scheme 29 Cu-catalyzed intermolecular decarboxylative C(sp®)—C(sp?) cross-coupling of NHP esters with glycine and peptides
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asymmetric decarboxylative alkylation of racemic NHP
esters 62 with terminal aromatic alkynes 61, which provided
a flexible platform for the construction of chiral C(sp®)—
C(sp) bonds (Scheme 31b).

3 Photocatalytic system with heavy metal-
free photocatalysts

As mentioned above, the NHP esters can provide alkyl
radicals by decarboxylation in the presence of heavy metal
(Ir, Ru, Cu) photocatalysts. However, in the past five years,
many heavy metal-free and economic photosensitive mate-
rials, such as Eosin Y, 4CzIPN, and semiconductors, have
been applied as photocatalysts for the decarboxylative
transformations of NHP esters. In this section, the alkyla-
tion reactions catalyzed by transition-metal-free photo-
catalysts using alkyl NHP esters as reactants were summa-
rized.

3.1 Reactions involving Eosin Y (EY)

As a cheap organic dye, Eosin Y has been used as a
photosensitizer for the decarboxylative alkylation reaction
by Koénig’s group in 2016 for the first time. Starting from
the carboxylic acids, the corresponding NHP esters 1 were
synthesized according to Okada’s simple method. Then the
coupling of NHP esters and electron-deficient olefins was
realized under green light (Scheme 32a).l'*1 A wide range
of carboxylic acids including amino acids, a-oxy acids, and
fatty acids were found to be suitable for this reaction. In this
process, irradiating the photocatalyst with green light gen-
erated an excited state EY*, which was then reduced and

(@)

quenched by the electron donor DIPEA to obtain DIPEA
and EY . The reaction of EY™ with NHP ester molecule
regenerated the catalyst EY and produced the intermediate
1A, which underwent the N—O bond cleavage and elimi-
nation of CO; to generate alkyl radical 32A. This radical
could attack the double bond of Michael-type olefin to form
intermediate 32B. After a hydrogen atom transfer (HAT)
process, product 63 was finally formed.

In 2017, the same group used Eosin Y as a photocatalyst
to realize the C(sp*)—C(sp) coupling reaction of alkynyl
sulfones and NHP esters 1 under green light excitation
(Scheme 32b). This alkylation reaction had good chemical
selectivity and functional group compatibility, which
should be an environmentally friendly and inexpensive
alternative procedure for the decarboxylative alkynyla-
tions.[140]

Although redox-active NHP esters have been well de-
veloped as effective alkylation sources, their application in
the absence of metals, as C-centered radical precursors, has
been rarely reported in cyclization. In 2018, Guo’s
group!'*!l described an elegant metal-free cyclization reac-
tion of NHP esters 1 with vinyl azides 64 with 15 W CFL
irradiation for the synthesis of the important alkaloids 6-
alkylated phenanthridines 65 (Scheme 33a). According to
the fluorescence quenching experiment, EY was quenched
by the NHP ester rather than other components, indicating
that it was an oxidative quenching process. The photoexci-
tation of EY with visible light provides excited EY*. EY*
was quenched via SET by 1 to generate radical anion 1A
and EY'". Then CO, was extruded from 1A to form the

I}lEt3
2_— -0,
through R—= (,:u B
O__J
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(Cu—==—Ph)
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Scheme 31 Cu-catalyzed synthesis of alkyl-substituted alkynes via photocatalytic alkylation of NHP esters with terminal alkynes
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Scheme 32 Photocatalytic decarboxylative coupling of NHP esters with olefins or alkynes in the presence of Eosin Y

corresponding alkyl radical 33A, which was added to the
C=C bond of 64 furnishing the iminyl radical 33B by ex-
trusion of N,. Subsequently, the iminyl radical 33B un-
derwent an intramolecular cyclization reaction to offer
radical 33C, and then 33C was oxidized by EY"" to obtain
the corresponding carbocation 33D and regenerate the
photocatalyst. Finally, the deprotonation of intermediate
33D gave the product 65.

Due to the high efficiency of radical cascade cyclization
reactions, the construction of chroman-4-one derivatives
through radical cascade cyclization strategies has drawn
huge attention in recent years.'*?l Recently, Murarka et
al." reported a photocatalytic cascade cyclization reaction
using EY as a catalyst. Under photoredox conditions, ter-
tiary alkyl radicals formed from NHP esters 13 added to
2-(allyloxy)aromatic aldehydes 66 to obtain highly im-
portant 3-alkyl-substituted chroman-4-one scaffolds 67 via
an intermolecular radical cascade cyclization (Scheme 33b).

Site-selective alkylation of heteroaromatics has always
been of great value and challenge. For example, Singh’s
group!'*! realized the C-4 alkylation of coumarins with
NHP esters 1 in 2019 (Scheme 34a). Interestingly, the NHP
esters derivated from primary carboxylic acids provide the
C-4 alkylated coumarins, while the NHP esters from sec-
ondary and tertiary carboxylic acids gave C-4 alkylated
3,4-dihydrocoumarins.

In recent years, the C-3 functionalization of imid-
azo[1,2-a]pyridines derivatives 68 via radical reactions has
been extensively studied.l*>'%-141 However, the C-5 func-
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tionalization of imidazo[1,2-a]pyridines is still rare.['47:148]
Particularly, Jin and coworkers realized the selective C-5
alkylation of imidazo[1,2-a]pyridines with NHP esters 1 as
alkylation reagents under mild photocatalytic conditions
using EY as a photocatalyst and TfOH as an acidic additive
(Scheme 34b).[14%]

3.2 Reactions involving other metal-free organic
dyes

Besides Eosin Y, other organic photocatalysts were also
applied in the photocatalytic transformation of NHP
esters.[>% For instance, with 4CzIPN as the photocatalyst,
Sherwood’s team developed an elegant photoredox Minisci
reaction’*! and a photoinduced intramolecular arene al-
kylation.['*?) Good functional group tolerance and mild
conditions were the main advantages of such methods.
Furthermore, it was the first example of the photoinduced
intramolecular alkylation of arene involving NHP esters
(Scheme 35a).

Recently, 4CzIPN-catalyzed decarboxylation of NHP
esters 1 for the synthesis of sulfones 69 was disclosed by Li
and Liu et al.,'> which achieved the meaningful radical
C(sp?)-sulfonylation. In this catalytic system, in addition to
the photosensitizer 4CzIPN that induced the generation of
alkyl radicals, Cu(OTf), was also necessary as a co-catalyst
to assist the RSO, group transfer. Arenesulfinates with
either electron-withdrawing or electron-donating substitu-
ents on the aromatic ring, and alkanesulfinates could be
used as substrates affording the corresponding products in
satisfactory yields. The improved synthesis of bicalutamide,
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Scheme 33 Photocatalytic radical cascade cyclization of NHP esters in the presence of Eosin Y
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Scheme 36 Photocatalytic selective alkylation/cyclization of NHP esters with alkynylphosphine oxides in the presence of Eosin B

an anticancer drug, also manifested the feasibility of this n-conjugated benzo[b]phospholes is an important class of
redox-neutral protocol for the later modification of other organophosphorus compounds. The traditional synthesis
complex molecules and drug molecules (Scheme 35b). procedure for these compounds generally required strong
With Eosin B as organophotocatalyst, Zhou et all'>% oxidants and metal reagents, such as Cu, Zn, Mn, Ag.
reported the reaction of NHP esters 1 with alkynyl- However, the application of metal reagents generally suffers
phosphine oxides 70 in 2018. Through this selective alkyl- from metal contamination issues. Gratifyingly, this met-
ation/cyclization process, benzo[b]phosphole oxides 71 was al-free photoredox procedure overcame this limitation,
prepared without alkyl radical rearrangement products un- providing a wide range of substrates.
der the irradiation of blue LEDs (Scheme 36). This kind of In 2019, Yu’s group!'** employed rose bengal (RB) as a
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photocatalyst to synthesize various N-alkyl hydrazones 73
in excellent yields through the C(sp*)—N coupling between
a-diazoacetates 72 and alkyl NHP esters 1 (Scheme 37).
The fluorescence quenching and deuterium incorporation
experiments showed that HE was used as the electron donor
to quench the photocatalyst, and also served as a proton
source. The photoexcitation of RB gave the excited state
RB* (E(RB*/RB")=-+0.81 V vs. SCE), then the RB* was
quenched by electronic donor HE (E(HE''/HE)=4-0.89 V
vs. SCE) to obtain the radical anion RB* (E(RB/RB")=
—0.99 V vs. SCE). Then RB™ interacted with NHP ester to
regenerate the photocatalyst RB along with the anion 1A,
which further provided the corresponding alkyl radical 37A.
Finally, 37A coupled the terminal nitrogen of the diazo
compound to achieve C(sp’)—N coupling, which was
converted into the desired hydrazone product 73 via HAT
from HE.

The C(sp®)—X—C(sp®) (X=heteroatoms) is an indis-
pensable component of many pharmaceuticals. The con-
ventional construction of C(sp®)— X — C(sp®) structure
usually depends on the polar binding between nucleophiles
and electrophiles under harsh conditions. Recently, Ohmiya
and Nagao et al.l'* skillfully applied the RPC strategy,
describing the organophotoredox-catalyzed C(sp®) — O
bonding reaction starting from NHP esters 1 (Scheme 38).
In particular, as an effective photocatalyst and RPC-
catalyst, N-Ar-phenothiazine (PTH) went through a SET
process with NHP esters to generate radical cation 38C of
the catalyst and alkyl radical 38A. Then 38A and 38C
formed alkylsulfonium intermediate 38D through single-
electron oxidation or radical-radical coupling. 38D could

release electrophilic alkyl cation, which combined with
nucleophilic alkoxy group from alcohol 74 to form the
product. Nucleophiles were not only limited to alcohols, but
also other heteroatom nucleophiles such as water, amides,
and thiols.

Recently, Liao’s group!'®”! used NHP esters 1 as alkyl
sources to realize in situ thiolation of the alkyl after
light-induced decarboxylation (Scheme 39). Eosin Y-Na,
could be used as a good photocatalyst to initiate the reac-
tion. The aryl thioamide 2a played an important role in the
thiolation of alkyl radicals. It was not only an effective
sulfur donor, but also a chain transfer agent to increase the
radical addition rate of alkyl radicals, effectively inhibiting
the formation of competitive by-products (R—H). This
work directly converted the ubiquitous carboxylic acids
gently into the corresponding free thiols 75 containing
mercapto group, and fully demonstrated the application of
free thiols as an important precursor to generate other sul-
fides.

3.3 Reduction of NHP ester involving heterogene-
ous semiconductor photocatalyst

Compared with homogeneous photocatalysts, the appli-
cation of heterogeneous semiconductor photocatalysts in
organic synthesis was underdeveloped. In 2018, Cong’s
group!"*®! reported a visible-light-induced decarboxylative
C(sp®)—H alkylation of tetrahydroisoquinoline derivatives
76, using erythrosine B sensitized P25-type titanium diox-
ide (TiO,) as a photocatalyst (Scheme 40). It is found that
the combination of erythrosine B and TiO; is significant for
the reaction, in which the photoexcited state dye* donated
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Scheme 37  Synthesis of N-alkyl hydrazones via decarboxylative C(sp*)—N coupling of NHP esters with a-diazoacetates in the presence

of Rose Bengal
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an electron into the conduction band of the semiconductor
to reduce the NHP ester 1. On the other hand, the applica-
tion of polar 2,2,2-trifluoroethanol (TFE) was critical to
facilitate the electron transfer via hydrogen bonding to
generate the alkyl radical R'. The substrate 76 underwent
single-electron oxidation and deprotonation to afford the
benzylic radical, which subsequently coupled with R to
generate the target product 77.

4 Photocatalytic system without typical
photocatalysts

In 2016, an efficient photoredox decarboxylative cou-
pling of NHP esters 1 and thiophenols 78 was developed by
Fu’s group. Importantly, the aryl sulfides 79 could be ob-
tained in high yields without any ligands and photocatalysts
(Scheme 41).I'1 The mechanism study showed that the
complex 41A formed from the inorganic base Cs,CO3 and
NHP ester acted as a photosensitizer and converted into the
corresponding excited state 41B under the irradiation of
light. Furthermore, through a single electron transfer from
thiophenol anion ArS to 41B, NHP ester radical anion 1A
was produced, which could give alkyl radical 41C for fur-
ther coupling to generate the desired sulfides products 79.

In the same year, Fu’s group!'®”! continued to work on the
photocatalytic decarboxylation of NHP esters without
photocatalyst, and the complex 41A formed by Cs,CO3 and
NHP ester was excited by light to provide alkyl radicals.
The intramolecular decarboxylation and amination of NHP
ester and the intermolecular C—C couplings involving
NHP esters 1 were carried out by using simple and com-
mercially available thiophenol as organic catalyst (Scheme
42). The reaction had good functional group tolerance and
the optimization of the conditions showed that p-trifluoro-
methyl thiophenol was the best organic catalyst in the re-

H 0
SeRNveta
+ N-O
76 0 1

erythrosine B (0.5 mol%)
160 mg TiO, (P25)

action.

Generally, NHP esters are widely considered to be a good
source of alkyl radicals. The application of NHP esters as an
aryl source was reported by Glorius et al'® in 2017
(Scheme 43a). In this procedure, the in situ generated aryl
NHP ester 80 was excited under 400 nm LEDs providing
43A (E\p*=+1.6 V vs. SCE). The adduct 43B of Bopin,
and pyridine could be used as a suitable electron donor to
interact with 43A, giving the required aryl radical, which
was further boronized to form an aryl boronic ester com-
pound 81.

Different from Glorius’s work, Aggarwal’s group used
alkyl NHP esters 1 as alkyl donors to synthesize a wide
range of alkyl-substituted boronic esters 82 in the presence
of diboron compounds. In this work, N,N-dimethyl-
acetamide (DMAc), was not only a solvent but also a Lewis
base (Scheme 43b).[*! The adduct formed from diboronate
ester and Lewis base as an electron donor is important for
the formation of an electron donor-acceptor complex with
NHP ester to complete the electron transfer process. Such
strategies avoided the use of external photocatalysts and
realized the construction of important C—B bonds under
mild conditions.

In 2018, Glorius!'®" and Ful'%2-1931 ¢ a/. have developed a
series of palladium-catalyzed Heck-type coupling reactions
of NHP esters 1 and olefins. This new photoactive Pd-cata-
lyst opened a new mode of decarboxylative alkylation of
NHP esters. Recently, Glorius’s group applied such a
Pd-catalyzed system in the synthesis of m-allylpalladium
complexes by employing NHP esters 1 as alkyl donors
(Scheme 44).4 In this reaction, 1,4-aminoalkylation of
dienes was realized with more than 60 substrates, which
proved the synthetic potential of this strategy. It was worth
noting that Pd(0) formed an excited state Pd(0)* under the

blue LED, 40 °C, 14 h
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Scheme 40 Semiconductor mediated heterogeneous photocatalytic decarboxylation of NHP esters
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Scheme 42 Visible-light-induced decarboxylative intramolecular or intermolecular coupling of NHP esters using thiophenol as an or-

ganic catalyst

irradiation of light. The excited state Pd(0)* and the NHP
ester underwent an electron transfer process, which pro-
moted the generation of alkyl radical R".

Based on the optical activity of the EDA complexes
formed by NHP esters and HE, Shang’s group!'®4 dis-
covered a method for hydrodecarboxylation and de-
carboxylative Giese addition of NHP esters without
photocatalyst (Scheme 45a). Experiments had con-
firmed that the solvation effect had an important im-
pact on the formation of EDA complexes. In the standard
DMAc solvent, the UV-visible absorption peak of the
mixture of NHP ester and HE showed a strong batho-
chromic shift compared to the absorption of a single com-
ponent, which promoted the response of the EDA com-
plexes to visible light. Of course, the formation of the NHP
ester/HE complex had been reported by Chen’s team in
2018, however, their work did not lead to the decarboxyla-

Chin. J. Org. Chem. 2021, 41, 4661~4689
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tive process of redox-active esters, but made the ar-
yl-substituted NHP ester 83 provide the aryl carboxyl rad-
ical through the homolysis of N—O bond (Scheme 45b).[16]

In 2019, Bosque’s group used 3-acetoxyquinuclidine
(g-Oac, 84) as an electron donor and tetrachlorophthalide
esters 85 as acceptor partners to form EDA complexes,
which provide alkyl radicals for further reactions under the
irradiation of blue light (455 nm) (Scheme 46).82 Im-
portantly, the potential of single-electron reduction of 85
(E1,=—0.70 to —0.54 V vs. SCE) is higher than that of
NHP esters (E1,=—1.24 to —1.38 V vs. SCE), which is
critical for the formation of the EDA complex. Moreover,
only catalytic amounts (10~25 mol%) of ¢g-OAc were
required, which could be regenerated with the assistance of
the substrates or the solvent, without the need for external
additives.
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Scheme 44 Pd-catalyzed radical approach for the synthesis of m-allylpalladium complexes involving NHP esters

In the same year, Fu et al.”* reported an economical and
superior method for decarboxylative alkylations using NHP
esters as alkylating reagents. Instead of heavy metal-contai-
ning photosensitizers and synthesized organic dyes, it was
found that a combination of triphenylphosphine (PPh;) and
sodium iodide (Nal), which are cheap and easy to obtain,
could catalyze the alkylation of silyl enol ethers by electron
transfer with the redox-active esters 1 under the blue LEDs
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of 456 nm (Scheme 47). Additionally, in the presence of
PPhs/Nal system, a large number of alkylated N-hetero-
cycles were synthesized via the photocatalytic Minisci-type
alkylation of N-heterocycles. Moreover, the same system
could also be combined with chiral phosphoric acid to ob-
tain products with high enantioselectivity. Taking Minisci
alkylation of N-heterocycle as an example, the possible
mechanism was proposed. Firstly, PPh;, Nal, and NHP

Chin. J. Org. Chem. 2021, 41, 4661~4689
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(a) Shang's work in 2019: photoinduced formation of alkyl radical from the EDA complex composed of NHP ester and HE
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(b) Chen's work in 2018: photoinduced formation of aryl carboxyl radical from the EDA complex composed of NHP ester and HE
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Scheme 45 Application of EDA system composed of NHP esters and HE in the photocatalytic decarboxylation of NHP esters

Cl

0 0 Cl o
Cl m g-OAc (10 mol%) Cl
NI v~
Cl Boc DMF, r.t. cl N
/
& O g 4= 455 nm, 17 ~ 20 h & OBod

[Nﬂj:“ o L [ S
/ @ cl { S @ R’

Intermolecular

85
charge transfer or EDA °°
hydrogen atom transfer complex
C o q co
2
OAc | N >R
[ N-O

N cl ¢ _

& O TCIPhth

Scheme 46 3-Acetoxyquinuclidine mediated photocatalytic single electron transfer of NHP esters

ester formed a charge-transfer complex (CTC) 47B. After Moreover, by forming a CTC with Phs;P/Nal system,
photo-fragmentation of the CTC, the generated alkyl radical NHP esters derived from a-amino acids and a-hydroxy
47A attacked N-heteroarene to form the intermediate 47D. acids reacted with 1,1-diarylethylene 86, or with cinnamic

PPhs-I' radical 47C [E(PPhs-I/PPhs;+1 )=0.69 V vs. acid derivatives 87 through dual decarboxylation under the
SCE], could oxidize the delocalized radical 47D with lower irradiation of blue light, achieving photocatalytic alkenyla-
oxidation potential. Therefore, PPh; and Nal could be re- tion reactions (Scheme 48).[1%6]

generated to make the redox cycle proceed smoothly.

Chin. J. Org. Chem. 2021, 41, 4661~4689 © 2021 Chinese Chemical Society & SIOC, CAS http://sioc-journal.cn/ 4685
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Scheme 47 Decarboxylative coupling of NHP esters with silyl enol ethers or N-heterocycles mediated by PPhs/Nal system

Very recently, Li and co-workers!'*”! used potassium io-
dide (KI) and tricyclohexyl phosphine (PCys3) as co-catalyst
to promote the novel photoirradiated decarboxylative [2+
2+m] cyclization between NHP esters 1 and 1,7-enynes to
prepare carbocycle-fused polycycles with low cost and
environmentally friendly way (Scheme 49). This is the first
application of the characteristic EDA combination com-
posed of iodine, phosphine and NHP ester in the cyclization
reaction, which revealed the great prospect of this green and
economic avenue of generating diversified alkyl radicals in
the field of photocatalytic alkylation.

5 Conclusion

In this review, we systematically summarized the appli-
cation of redox-active esters NHP esters as alkyl radical
precursors in photocatalytic transformations. As an effect-

tive alternative to traditional alkylating reagents such as
alkyl halides and organometallic reagents, it has outstand-
ing performance in the alkylation of olefins, alkynes, al-
cohols, sulfides, selenides, amine compounds, diazo com-
pounds, fluoride, diboronate esters, and heteroarenes under
green photocatalytic conditions. In the form of catalysis,
there is a diversified development trend. Initially, the pre-
cious metal photocatalysts (Ru- and Ir-catalyst) participated
in the electron transfer of NHP esters, which opened a new
door in this field. Gradually, organic dyes (Eosin Y, Eosin
B, 4CzIPN, rose bengal, efc.) as photocatalysts have also
shown excellent effects in the decarboxylation of NHP
esters. Until Fu’s report, the electron transfer donors rep-
resented by the cheap and readily available PPhs/Nal system
have enabled NHP esters to be more elegantly extended in
photocatalytic systems.

Ar o o R PPhs (10 mol%) Ar
>= — Nal (10 mol%) _
Ar * N-O /X acetone, Ar Ar X
>
R! blue LEDs, rt., 24 h R2 R
86 (@]
COOH O O NHBoc PPh3 (20 mol%)
J/ Nal (20 mol%) ki
+ N—-O AN Ph
(Het)Ar PH acetone, Ar Ar
blue LEDs, r.t., 24 h
87 (@]

Scheme 48 Decarboxylative coupling of NHP esters with 1,1-diarylethylene or cinnamic acid derivatives using PPhs/Nal catalysis
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Scheme 49 Decarboxylative cyclization reaction of NHP esters with 1,7-enynes mediated by PCy3/KI system

The novel light-induced decarboxylative alkylation
strategies mentioned in the review have achieved many
difficult and significant organic transformations. In the
synthesis of natural products and drugs, and the late-stage
functionalization of bioactive molecules and complex mo-
lecular frameworks, these reaction strategies have been
widely explored and applied, showing great development
prospects. Despite such achievements, there are still some
challenges ahead. For example, (1) NHP esters as precur-
sors of aryl radicals are limited to specific molecular modes,
and general arylation methods have not been fully explored.
(2) There are only a few examples of light-induced asym-
metric alkylation, and more asymmetric carbon centers can
be developed with the enrichment of bond types. (3) New
photocatalytic systems can continue to be developed, and
the research on the realization of C—C coupling has been
greatly enriched, however, the strategies of C—X (X=N,
O, P, F, etc.) coupling based on decarboxylation of NHP
esters is extremely lacking. In addition, NHP esters can also
be considered for alkylation of novel molecular frameworks
under mild conditions. (4) The strategy of in situ diversifi-
cation of hydrocarbon groups by decarboxylation of NHP
esters has great potential in pharmaceutical synthesis and
modification of active molecules. All in all, with the vig-
orous development of photochemistry and green chemistry,
NHP esters as eco-friendly radical precursors will definitely
exhibit greater value. More importantly, we also hope that
the description of the innovation process of NHP esters
photoactivated system can stimulate researchers to explore
and develop other radical precursors under photocatalytic
conditions.
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