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Abstract: The glycine motif is widely prevalent in bioactive peptides. Thus, the direct and precise
modification of glycine derivatives has attracted significant attention over the past few decades.
Among various protocols for the modification of glycine derivatives, the visible-light-driven direct
o-C(sp®)-H bond functionalization of glycine derivatives has emerged as a powerful tool to achieve
this objective, owing to its merits in atom economy, selectivity, reaction simplicity, and sustainability.
This review summarizes the recent advancements in visible-light-driven direct a-C(sp®)-H bond
functionalization of glycine derivatives. The contents of this review are organized based on the
photocatalysts employed and the various reaction modes in the functionalization process. The
mechanism, the challenges encountered, and future trends are also discussed, enabling readers to
understand the current developmental status in this field.
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1. Introduction

Visible light, a renewable energy resource, emerges as a prime reagent conducive to
environmentally sustainable and green chemical synthesis. In recent decades, a noteworthy
upswing in interest has been observed, regarding the utilization of visible light to expedite
organic transformations [1-4]. The integration of visible light into the reaction system
consistently facilitates high-energy consumption synthetic processes under remarkably
mild reaction conditions. Notably, the abundance of wavelengths within the visible light
spectrum, as manifested in the solar spectrum, underscores the potential of visible-light-
driven organic reactions as a promising, clean, cost-effective, and sustainable alternative
for synthesizing functional organic molecules.

As the simplest x-amino acid, glycine’s direct derivatization and modification could
consistently deliver diverse unnatural amino acids that are meaningful for constructing
bioactive peptides and peptide drugs [5-7]. For this reason, the past decades have seen
a booming interest in the direct derivatization and modification of glycine derivatives.
Many pioneering works toward this target have been intensively reported. Among them,
the direct «-C(sp®)-H bond functionalization of glycine derivatives is privileged, owing
to the inherent advantages of the atom economy, chemoselectivity, and reaction simplic-
ity [8-14]. To date, according to the reaction modes, the strategies for accomplishing
this process could be classified into four types: (1) Strong base-assisted functionalization
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of a-carbanions [15]; (2) Traditional radical precursors involved or UV light promoted
direct radical coupling [16-20]; (3) Transition-metal catalyzed or thermal catalytic cross-
dehydrogenative coupling (CDC) [21-36]; (4) Visible-light-driven «-C(sp®)-H bond func-
tionalization [37-42].

Among these strategies, visible-light-driven «-C(sp®)-H bond functionalization has
demonstrated a progressive trajectory, characterized by its propensity for mild reaction
conditions, judicious utilization of solar energy, commendable reaction efficiency, and
concomitant adherence to environmentally conscientious practices [37-42]. More impor-
tantly, benefiting from the very mild reaction conditions of this strategy, it might possess
the following two superiorities: (1) The direct modification of glycine motif-containing
polypeptides with undisturbed biological functions and spatial structures [43-45]; (2) The
excellent reaction stereoselectivity assisted by the chiral ligands or additives [46,47]. Re-
cently, the visible-light-driven «-C(sp®)-H bond functionalization of glycine derivatives
has been successfully used for constructing the C—C bond and C-X bond, producing a
variety of a-substituted glycine derivatives efficiently and selectively (Figure 1) [37-42].
The construction of C—C bonds mainly proceeded via the x-alkylation and «-arylation. The
photocatalytic cycle always involved visible-light-driven single electron transfer (SET) and
the following cascade transformations [48].

Glycine Derivatives
o @ PC or PC-Free 0

- a-C(sp®)-H bond functionalization

H

PC = Transition-metal complexes, organic dyes, or heterogeneous photoactive semiconductors
= Alkyl, Ar, NR or Halogen

Figure 1. Visible-light-driven a-C(sp®)-H bond functionalization of glycine derivatives.

It is widely recognized that the short-conjugated system of many glycine deriva-
tives hinders the direct absorption of visible light. Consequently, the augmentation of
photocatalytic efficiency in such reactions commonly relies on the utilization of external
photocatalysts, which include transition-metal complexes, organic dyes, and heteroge-
neous photoactive semiconductors. Nonetheless, noteworthy investigations have emerged
wherein visible-light-driven a-C(sp®)-H bond functionalization has been accomplished
without the reliance on traditional photocatalysts. These findings suggest that electron
donor-acceptor (EDA) complexes formed within the confines of these reaction systems
possess the capacity to function as internal photocatalysts [49,50].

This comprehensive review summarizes the recent advancements in visible-light-
driven C-H bond functionalization of glycine derivatives. The organization is based on
the type of photocatalyst employed and the reaction modes utilized. Furthermore, the
review discusses the reaction mechanisms and challenges associated with specific cases.
This review aims to impart readers with an in-depth understanding of this promising field
and inspire further development of this novel strategy for modifying molecules containing
the glycine motif.

2. Visible-Light-Driven «-C(sp®)-H Bond Functionalization of Glycine Derivatives
with Transition-Metal Complexes

Transition-metal (TM) complexes have been extensively utilized in the visible-light-
driven o-C(sp®)-H bond functionalization glycine derivatives. The role of transition-metal
complexes within this context can be categorized into three primary functions based on
the reaction mechanism. Firstly, transition-metal complexes, such as Ru or Ir complexes,
act solely as photocatalysts, absorbing visible light and initiating the photocatalytic cycle
through energy transfer (ET) or single electron transfer (SET). Secondly, transition-metal
salts work synergistically with the photocatalyst to facilitate the reaction, exclusively
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contributing to the transition-metal catalytic cycle. Lastly, the transition-metal complex
serves as a dual catalyst in the reaction system by harnessing visible light and enabling the
transition-metal catalytic cycle (Scheme 1).

[TM] = Photoredox catalyst

Photoredox catalysis

[0} (0]
n\l)k [TM] + Photoredox catalyst H

[TM] = a dual catalyst = Alkyl, Ar or NR'

M sreds Ivsi
P eadox C y

Scheme 1. Different roles of [TM] in visible-light-driven oc—C(sp3)—H bond functionalization of
glycine derivatives.

Over the past few decades, there have been significant advancements in the utilization
of transition metal complexes to drive visible-light-induced reactions involving glycine
derivatives. These developments have brought about noteworthy improvements in reac-
tion selectivity, efficiency, and the range of applicable substrates. This section explores
representative examples within this context, considering the specific reaction types and the
pivotal role transition metal complexes play in the photocatalytic cycle.

2.1. a-C(sp®)-C Bond Formation
2.1.1. oc—C(sp3)—H Alkylation

The utilization of visible light to drive the «-C(sp®)-H alkylation of glycine derivatives
represents a versatile method to generate alkylated glycine derivatives or valuable hetero-
cycles via subsequent cascade cyclization [51-59]. Various alkyl sources were constantly
employed in this alkylation, including 3-keto esters, alkyl boronic acids, alkanes, alkyl
Katritzky salts, and NHPI esters. The accomplishment of this alkylation primarily relies
on a radical cross-coupling or a transition metal-catalyzed nucleophilic process. In 2013,
Wu et al. introduced a dual photocatalytic system for the a-C(sp?)-H alkylation of glycine
derivatives 1 using Ru(bpy);Cl, and Cu(OTf), (Scheme 2) [60]. In this approach, with
visible light exposure in the presence of air, the photocatalyst Ru(bpy)sCl, facilitates the
initial oxidation of glycine derivatives 1 to iminium intermediates, which could be isolated
without the alkylation partner under the standard reaction conditions. Concurrently, the
nucleophilic alkyl source, 3-keto esters 2, coordinated with the copper catalyst to enhance
the 3-keto esters’ nucleophilicity. Subsequently, the nucleophilic reaction of the copper
complex with the iminium intermediate occurs efficiently, leading to the selective and
efficient generation of a broad array of a-C(sp®) alkylated products. This particular «-
C(sp®)-H alkylation strategy harmonizes photoredox and copper catalysis, with the Ru
complex serving solely as the photocatalyst. In contrast to conventional transition-metal
catalyzed thermal methods, this approach yields comparable productivity while operating
under mild reaction conditions and obviates the need for stoichiometric external oxidants.

In 2015, the same research group reported an alternative protocol for the visible-
light-driven o-C(sp®)-H alkylation of glycine derivatives with B-keto esters. This ap-
proach involved the utilization of Ru(bpy)s;(PFg); as a photocatalyst to instigate the visible-
light-driven single electron transfer (SET) process for the oxidation of glycine derivatives.
Co(dmgH),pyCl (where dmgH signifies dimethylglyoximate) served as a metal catalyst,
responsible for the interception of electrons and protons. Through the synergistic interplay
of photoredox catalysis and cobalt catalysis, various alkylated glycine derivatives were
efficiently synthesized under redox-neutral conditions. More importantly, due to using a
cobalt catalyst, the reaction occurred sacrificial oxidant-free and external base-free. The
sole byproduct, as substantiated through a series of deuterium experiments, is hydrogen
gas. (Scheme 3) [61].
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Scheme 2. A dual photocatalytic system for the a-C-H alkylation of glycine derivatives with f3-
keto esters.
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Scheme 3. A Ru/Co co-catalyzed visible-light-driven alkylation of glycine esters with 3-keto es-ters.

As a powerful transition-metal catalyst in cross-coupling and C-H bond activation
reactions, the Pd complex can also work with photocatalysts to trigger the visible-light-
driven «-C-H alkylation of glycine derivatives [62]. In 2015, Xiao et al. disclosed a
combination of palladium catalysis and visible light photoredox catalysis for the x-C—
H allylation of glycine derivatives (Scheme 4) [63]. In this reaction, [Pd(PPhs)4] and
[Ir(ppy)2(dtbbpy)]PFs were used as co-catalysts, and cinnamyl diethyl phosphates 7 were
selected to be the allyl source. The proposed reaction mechanism indicated that visible-
light-excited Ir(Ill)* oxidized the glycine derivative to deliver the radical cation of the
glycine derivative. Subsequently, the allyl radical was generated from the reduction of -
allylpalladium (II) complex by Ir(II). Then, the radical cross-coupling of the radical cation
and the allyl radical produced the desired x-C-H allylation product.
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Scheme 4. Visible-light-driven «-C-H allylation of glycine derivatives with cinnamyl diethyl
phos—phate.

In the past few decades, the alkyl NHPI ester, a well-known alkyl radical source, was
widely employed in visible-light-driven alkylation reactions [64-68]. As such, Xu et al.
reported a visible-light-induced Cu-catalyzed «-C(sp®)-H decarboxylative alkylation of
glycine derivatives and alkyl NHPI esters in 2018 (Scheme 5) [69]. This approach fea-
tures excellent functional group tolerance, high efficiency, and mild reaction conditions.
More importantly, the reaction is compatible with synthesizing diverse alkylated peptides,
providing an optimistic application potential in developing peptide drugs. Control experi-
ments revealed that the inclusion of the copper catalyst with the two ligands (L1 = dmp,
L4 = xantpho) is imperative for achieving optimal reaction productivity. The copper com-
plex might function exclusively as a photosensitizer. Upon the blue LED light irradiation,
the excited copper complex [Cu'L]* reduced the NHPI ester 9 to give the alkyl radical
12 via a single electron transfer (SET). Meanwhile, the formed [CulTL] species oxidized the
glycine derivative 1 to generate the radical cation intermediate 4. Intermediate 4 underwent
deprotonation and subsequent 1,2-H shift process in the presence of a base, forming the
stable x-carbon radical 13. Finally, a radical-radical cross-coupling between alkyl radical
12 and «-carbon radical 13 occurred to deliver the alkylated product 10.
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H 15% L1 and 15% L4 /N\l)L
Ar” \l)LR + N-0 DMF, DABCO AT R
H Blue LED R
o)
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Scheme 5. Visible-light-driven Cu-catalyzed C(sp?)-H alkylation of glycine derivatives.
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Due to the high reactivity of radicals, it is well-known that the regioselectivity control
of radical-involved visible-light-driven reactions usually faces challenges in many scenar-
ios [70]. In this context, a rhodium/photoredox dual-catalyzed regiodivergent cc-allylation
of glycine derivatives was developed by Breit in 2019 (Scheme 6) [71]. In this protocol,
1-phenyl-1-propyne 14 was employed as the allyl source. With the cooperation of photore-
dox catalysis and Rh catalysis, the radical intermediate generated from the photoredox
catalytic cycle reacted with the Rh-coordinated alkyne regioselectively, delivering the cor-
responding homoallylic glycine derivative (branched or linear, B/L) in 65% yield. This
direct and regioselective synthetic strategy serves as a complementary approach to other
transition-metal-catalyzed allylation protocols.

o]
H
Ph/N\)kOEt [Rh(cod)Cl], (5 mol%) PhNH /H

11 DPEphos (10 mol%) = O o Ph OFt O

) I PFg (2 molY PPh PPh

. [Ir(ppy)(dtbbpy)]PFs (2 mol%) Ph  OEt 2 2

PhMe,CCO,H (20 mol%) Phi DPEphos
Me——=——Ph DMF/DCE = 2:1 (0.1 M)
14 RT, Blue LED 15 (BIL), 65%, B:L=89: 11, dr=1:1

Scheme 6. A rhodium/photoredox catalyzed x-allylation of glycine derivatives.

Continuous focusing on the regioselectivity of visible-light-driven reactions, in the
same year, Duan et al. presented a controllable regioselective visible-light-driven «-
C(sp®)—H alkylation reaction of glycine derivatives (Scheme 7) [72]. In this case, N-
alkoxyphthalimides 16 were employed as the alkyl source, and a copper complex ([Cu
(Xantphos)(dmp)]BE4) was used as the photocatalyst. The different additives tuned the reac-
tion site. The introduction of R-BNDHP, an acid, prompted the 1,5- hydrogen atom transfer
(HAT), delivering the 6-C(sp3)—H alkylated alcohols (28 examples, 40-92% yields). While
DABCO, a base, provided the oc—C(sp?’)—H alkylated alcohols (18 examples, 30-86% yields).
Notably, certain glycine acids underwent alkylation under modified conditions, accom-
panied by concurrent decarboxylation, yielding decarboxylated products seamlessly. The
scalability of this reaction was demonstrated effectively, operating seamlessly in larger
quantities, thus indicating a promising avenue for late-stage functionalization of peptides.

R [Cu(Xantphos)(dmp)]BF4 (10 mol%) RO
Arw R o (R)-BNDHP (0.2 equiv.) Are
H/ﬁf + ‘m DMA, rt. N, N OH
0 P Blue LED H RIR?
1 16 17
............................................................. 40-92% yields _____
Ar
1 [Cu(Xantphos)(dmp)]BF 4 (10 mol%) R?2 HN”
AR o R DABCO (2.0 equiv.) R
H " phth R2 DMA, rt., N, R
lo] Blue LED OH O
1 16 18

30-86% yields

Scheme 7. A controllable regioselective visible-light-driven oc—C(sp3)—H alkylation reaction of
glycine derivatives.

Apart from the regioselectivity control, the high reactivity of photogenerated radical
ions or radicals also provides significant hurdles for controlling stereoselectivity in visible-
light-driven catalytic organic processes. In 2021, Xu et al. reported a visible-light-induced
Cu-catalyzed asymmetric C(sp®)-H alkylation of glycine derivatives [73]. In this work, the
NHPI ester was used as the alkyl radical source, and the copper complex generated from
the copper salt and the organic chiral ligand was employed as a photocatalyst as well as
a chiral catalyst (Scheme 8). The collaboration of chiral ligand (S)-BINAP and Cu(OTf),
elegantly controlled the stereoselectivity, giving the desired C(sp®)—H alkylation product
efficiently in high enantiomeric excess (ee) value (19-1 to 19-3). This reaction provides a
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new asymmetric approach for synthesizing essential molecules such as unnatural «-amino
acids and bioactive peptides.

[OJNe] c
ArHN H . u(OTf), OO
\WR >\*R (S)-Xyl-BINAP, DABCO NHArR PAr;
H * N-O DMF, -10 °C R H( PAr;
o Blue LED o O

up to 91% vyield (S)-Xyl-BINAP
1.1:1t0>20:1 d.r,, up to 99% ee Ar = 3,5-xylyl

J\jHQ J\IHQ Q o

/ \N It , t i, : H\)L

BuO,C~ "~ BuO,C N

<0 L3 emmypy oo
~N

e Ph
19-1, 87%, 99% ee 19-2, 91% yield, 94% ee 19-3, 80% yield, >20:1 d.r.

Scheme 8. A visible-light-induced Cu-catalyzed asymmetric C(sp3) —H alkylation of glycine derivatives.

Recently, two indispensable works have successfully extended the above asymmetric
photocatalytic synthesis. In these two works, using glycosyl NHPI esters as alternative
alkylation sources delivered various glycopeptides stereoselectively under similar reaction
conditions (Scheme 9) [74,75]. These two photocatalytic systems merged the photoredox
and asymmetric catalysis, featuring a high efficiency and good functional group tolerance.
More importantly, these two strategies might be suitable for the synthesis of carbohydrate
moiety-containing peptides in an excellent stereoselective manner, which shows great
application potential for the development of peptide drugs.

Cu(OTf),
DMAgc, Ar, Blue LED

0_>OR (S)-PHANEPHOS, DABCO

0 0Q
AHN H W RO
Hv‘\'sw/N\/\/\ + N-0 ( —
=01
© 0
9

X 0
Cu(OTf), E SN
n DMF, -10 °C, B
Blue LED NHAr
20

! (S)-XyIBINAP, DABCO
Scheme 9. Cu-catalyzed visible-light-driven stereoselective a-C(sp)-H glycosylation of glycine
derivatives.

The photoactive copper complex possesses the inherent advantage over the Ru or
Ir complex regarding availability and cost [76-79]. Therefore, it has become an effective
photocatalyst in diverse visible-light-driven organic reactions [78]. In 2021, on their contin-
uous interests in the modification of glycine derivatives [24-28,31,34], Huo et al. reported
an efficient Cu-catalyzed visible-light-driven a-C(sp®)-H alkylation of glycine derivatives
with diverse alkylation reagents (Scheme 10) [80]. Alkanes, haloalkanes, nitriles, alcohols,
and even aliphatic aldehydes are all well-compatible with this alkylation reaction. In this
photocatalytic cycle, with the aid of Cu photocatalyst and visible-light-irradiation, aryl
radical, and «-amino radical formed via single electron transfer (SET), evidenced by the
radical capture experiments. The C—H bond cleavage of the alkyl donor occurred via the
hydrogen atom transfer (HAT) with the aryl radical, delivering the alkyl radical smoothly.
The alkylation was finally accomplished by the direct radical coupling of the alkyl and
the «-amino radical. In comparison to preceding methodologies, the current approach
demonstrates advancements in accommodating a diverse range of alkylation sources, and
notably, it operates without the requirement for external oxidants or reductants.
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Scheme 10. An efficient Cu-catalyzed visible-light-driven C(sp®)—H alkylation of glycine derivatives
with diverse alkylation reagents.

Katritzky salts, assembled with 2,4,6-trimethylpyrylium tetrafluoroborate and alky-
lamines because of their low redox potential, have become popular alkyl radical precursors
for visible-light-driven organic reactions [45,81]. In this regard, Lou et al. reported a
visible-light-driven o-C(sp?)-H alkylation of glycine derivatives using Katritzky salts 24 as
the alkyl source (Scheme 11) [82]. In this protocol, [Ir(dtbbpy)(ppy)2]PFs was selected as
the photocatalyst to reduce the Katritzky salts for the generation of alkyl radicals under
blue LED irradiation. As a qualified alkyl radical donor, the Katritzky salts performed well
and delivered diverse alkylated glycine derivatives precisely and efficiently. Due to the
mild reaction conditions and high efficiency inherent in this approach, it can be effectively
employed to modify drug molecules and bioactive peptides.

y 0 Ph _ Ph 0
2 4 Ir(dtbb PF _N
Ar/N\)LR . RYNV [Ir(dtbbpy)(PPY)alPFs 5. R
P BF,- H20 (50 equiv.), DMA,
R Ph 4 Blue LED R17OR2
1 24 25, 56-66% yields

Scheme 11. Visible-light-driven «-C(sp®)—H alkylation of glycine derivatives using Katritzky salts.

Alkyl bromides, as readily available alkyl sources, also can be applied to the visible-
light-driven o-C(sp®)-H alkylation of glycine derivatives with a transition-metal complex.
Accordingly, Ready et al. reported a visible-light-driven o-C(sp3)-H alkylation of glycine
derivatives with alkyl bromides in 2019 (Scheme 12) [83]. In this visible-light-driven
reaction, [Ir(dF(CF3)ppy)2(dtbbpy)(PFs)] was chosen as the photocatalyst. Exploiting the
appropriate photoredox potential of the Ir complex (E1 2% = 1.21 V vs. SCE, Ir*®" /Ir?*;
E; /2r8d = —1.37 vs. SCE, Ir?* /Ir*), the photoexcited [Ir(IIT)]* complex facilitated the smooth
oxidation of the glycine derivative into the x-amine radical. Simultaneously, the Ir(II)
species exhibited the capability to reduce the alkyl bromide, yielding the corresponding
alkyl radical. The cross-coupling of x-amine radical and alkyl radical produced the final
alkylated glycine derivatives.
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Scheme 12. A visible-light-driven cx—C(sp3)—H alkylation of glycine derivatives with alkyl bromides.

Alkyl bromides also can be used as the effective alkyl donor in the visible-light-
driven regioselective and enantioselective synthesis of alkylated glycine derivatives. In
2021, Wang et al. disclosed a merge of Brensted acid /photoredox catalysis, enabling the
synthesis of enantioenriched alkylated glycine derivatives with a-bromoketones as the
alkylation reagents (Scheme 13) [84]. Depending on the combination of the Brensted acid
and the photoredox catalyst [Ir(dF(CF3)ppy)2(dtbbpy)]PF¢, glycine esters 1 and racemic
a-bromoketones 28 reacted smoothly, giving highly valuable alkylated glycine derivatives
with two contiguous stereogenic centers. The photocatalytic cycle begins with the oxidation
of the glycine ester 1 by the photoexcited [Ir']* through twice single electron transfer (SET)
processes with the formation of [1r1], leading to the iminium 30. The [1r1] species then
reduces the x-bromoketone 28 into the carbon radical 31, accompanied by the regeneration
Ir photocatalyst. Subsequently, a stereoselective radical addition occurred with the help
of chiral phosphoric acid (R)-CPA-5, giving the enantiomeric cationic radical 33. Finally,
33 undergoes a reduction by the Ir!! species to produce the alkylation product 29 stereose-
lectively. In contrast to alternative methodologies, this approach holds a distinct advantage
in achieving high diastereoselectivities and outstanding enantioselectivities. Consequently,
it offers a straightforward pathway to accessing chiral amino acids.

0 3 H (R)-CPA-5 (10 mol%) (0] NHAr
R COR [Ir(dF(CF3)ppy)(dtbbpy)]PFe (2 mol%)
R1 R2 + . R1 COR

H \HAr NaHCO; (1.1 equiv.), 3A MS 5

. 3 R2

Br MeCN/1,4-dioxane R* R

Blue LED, 15°C

28 1 29

up to 89% yield; up to 95% ee
1.2:1t0 >20:1 d.r.
*************************************************** Proposed Mechanism  ---------------mmomomommsmos e

R
P
H—|—NHAr . AT R1JJ§/'\COR /Yo

Ho2eH _ ROCTNT — RS R? Il OO o
1 H 29 9 R
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|l R i
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CPA-5 .. COR
Photoredox Cycle . o
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Scheme 13. A visible-light-driven regioselective and enantioselective synthesis of alkylated glycine
derivatives with a-bromoketones.
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Alkyl boronic acids, serving as the alkyl radical precursors, are also compatible with
the visible-light-driven cx—C(sp3 )-H alkylation of glycine derivatives. In 2022, Huo et al.
developed a visible-light-driven aerobic oxidative alkylation of glycine derivatives 1 with
alkyl boronic acids 34 (Scheme 14) [85]. In this approach, the synergistic copper catalysis
and photoredox catalysis fruitfully delivered a wide range of alkylated glycine derivatives
under very mild reaction conditions. Notably, the photocatalytic cycle produced the alkyl
radical in the presence of air.

H 2 0
N Ru(bpy)s(PFe)z (1 mol%) §
Ar” R+ R-B(OH), CuCl (10 mol%) Ar” R
R' = Alkyl 0Oy, DCM, 1t R
1 34 Blue LED 9

up to 91% yield

Scheme 14. A visible-light-driven aerobic oxidative alkylation of glycine derivatives with alkyl
boronic acids.

As an alternative alkyl donor of NHPI esters, oxalates can also be used in visible-
light-driven C(sp®)-H alkylation of glycine derivatives. Very recently, Cheng’s group
disclosed a novel method for synthesizing x-amino phenylpropanoids through «-C-H
benzylation of N-phenyl glycine ester 1 with benzyl oxalates 36 under visible light irradia-
tion (Scheme 15) [86]. In this reaction, Ir(ppy)s served as the most suitable photocatalyst
to initiate the generation of the alkyl radical and «-amino radical, and the radical cross-
coupling produced the desired product phenylpropanoids. This protocol represents a
novel discovery in the realm of alkylation reagents, showcasing a unique capability for
functionalizing natural molecules.

o Oy OMe H ©
H I AN R
AN \)J\R . N0 ERys, DMSO. N,
| ft, Blue LED N
I | R
R Z
1 36 37

up to 88% yield

Scheme 15. A method for synthesizing «-amino phenylpropanoids through visible-light-driven
«-C-H benzylation of N-phenyl glycine esters with benzyl oxalates.

2.1.2. «-C(sp®)-H Arylation

Visible-light-driven o-C(sp®)-H arylation of glycine derivatives with transition metal
complexes has also been a hot topic in the past decade. Various arylated unnatural amino
acids and peptides could be synthesized successfully in a green and sustainable manner
via this reaction. In contrast with the redox-neutral alkylation mentioned above, the
arylation always proceeded via aerobic visible-light-driven oxidation and nucleophilic
addition [87-92]. In 2012, Rueping et al. reported the first application of visible-light photo
redox catalysis in the a-C(sp?)-H arylation of glycine derivatives and peptides with indoles
as the aryl source. In this work, the Ir complex, as the photocatalyst, worked with the
Lewis acid catalyst Zn(OAc), to trigger the photocatalytic cycle (Scheme 16) [93]. The
visible-light-driven oxidation delivered the intermediate imine 40. The desired product
was obtained via a Lewis acid-catalyzed nucleophilic addition of imine with the indole as
the nucleophilic reagent. The reaction site of the indole is the C3 position, which possesses
the highest electron density. In the same year, Li et al. also reported a protocol for the
photocatalytic a-C(sp®)-H arylation of glycine derivatives and peptides with indoles. The
most significant difference between these two works is the reaction conditions. In Li’s
work, the Ru(bpy);Cl, was employed as the photocatalyst, and the nucleophilic addition
proceeded without the Lewis acid catalyst [94].
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Scheme 16. Photocatalytic «-C(sp>)-H arylation of glycine derivatives and peptides with indoles.

Similar to the C3 position of indoles, the para position of phenyl amines also possesses
high electron density and could participate in nucleophilic reactions. Zhang’s group
recently created an efficient aerobic oxidative visible-light-driven dehydrogenative coupling
reaction between glycine esters 1 and electron-rich phenyl amines 42 (Scheme 17) [95]. In
this work, the Ce(OTf);3 acted as the photocatalyst as well as the Lewis acid catalyst. The
reaction tolerates various substituents and offers a rapid method for synthesizing o-aryl
glycine derivatives efficiently.

H 0}
ij.l\ © Ce(OTf)3, MeCN, air, rt A i
Ar” R +
H " N\Rz Blue LEDs
R! N\R2
1 42 43, up to 90% vyield

Scheme 17. Photocatalytic oc—C(spS)—H arylation of glycine derivatives with electron-rich phenyl amines.

2.2. a-C(sp®)-N Formation

C-N bonds widely occur in drug candidates and natural bioactive compounds [96,97].
Pleasingly, the visible-light-driven «-C(sp®)-H bond functionalization of glycine derivatives
with transition metal complexes can also be used to construct C-N bonds. In 2021, Jiang’s
group first reported a visible-light-driven C-H bond functionalization of glycine derivatives
to form C-N bonds (Scheme 18) [98]. Possibly due to the installation of polyfluorophenyl,
the polarity of the NHPI ester molecule completely reversed. Consequently, in contrast
with previous works [64-68], the NHPI ester is not the carbon radical source. Conversely,
it functioned as the source of nitrogen radicals, as substantiated by the formation of
TEMPO-trapped adducts. In the presence of [Ru(bpy)3]Cly, the photocatalytic cycle worked
well and smoothly produced the x-amino carbon radical and the nitrogen radical. Their
coupling provides a wide range of N-decorated glycine derivatives and peptides in good
to excellent yields.
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Scheme 18. A visible-light-driven C-H bond functionalization of glycine derivatives for forming
C-N bonds.

3. Visible-Light-Driven «-C(sp®)-H Bond Functionalization of Glycine Derivatives
with Organic Dyes

Organic dyes offer a viable alternative to transition-metal (TM)-based photocatalysts
when considering the visible-light-driven «-C(sp®)-H bond functionalization of glycine
derivatives [99-101]. The utilization of organic dyes presents notable advantages in terms
of cost-effectiveness, low toxicity, and ease of handling (Figure 2). However, organic dyes
differ from multifunctional transition-metal complexes in that they exclusively facilitate
the absorption of visible light and initiate the photoredox catalytic cycle. In specific
scenarios, the organic dyes can synergistically cooperate with transition-metal catalysts
to achieve metallaphotoredox catalysis. In this section, representative examples of the
application of organic dyes in visible-light-driven o-C(sp®)-H bond functionalization of
glycine derivatives will be discussed, emphasizing their role in the photocatalytic cycle.

— Organic dyes in visible-light-driven a-C(sp®)-H bond functionalization of glycine derivatives —
O cr

Crt, "

Br- Br ~
-

L0 ey

HO (@) OH ! !
Br Br
Eosin Y Methylene blue Rose Bengal

N e,

—

N o S N N O
: H
Rhodamine B Rhodamine 6G 4CzIPN

Figure 2. Commonly used-organic dyes in visible-light-driven «-C(sp>)-H bond functionalization of
glycine derivatives.

3.1. a-C(sp®)-C Formation
3.1.1. «-C(sp®)-H Alkylation

The introduction of organic dye as the photocatalyst could make the visible light o-
C(sp3)—H alkylation of glycine derivatives occur efficiently in a metal-free manner [102-108].
However, it can only be a photocatalyst; in some cases, it must work with other catalysts
to maximize its catalytic power. In 2017, Sugiyama reported an organic dye-catalyzed
visible-light-driven o-C(sp®)-H alkylation of glycine derivatives (Scheme 19) [109]. In this
reaction, 5-aminofluorescein was used to accelerate the visible-light-driven oxidation of
the glycine derivative 1. The glycine derivative 1 was oxidized into the imine intermediate
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6 via this process. Subsequently, with the help of the Lewis acid catalyst (InBrs3), 1-phenyl-1-
trimethylsiloxyethylene 46, as a nucleophile, reacted with the imine intermediate smoothly,
delivering a variety of alkylated glycine derivatives in high yields. In contrast to preceding
the transition-metal catalytic processes, this protocol eliminates the necessity for rigorous
reaction conditions, such as --BuOOH, DDQ), and elevated temperatures.

VA
OTMS O HN r

0 InBr3 (20 mol %) R
H\)j\ 5-aminofluorescein (10 mol %)
Ar” R + , THF, air (1 atm), RT R o
R

Fluorescent lamp

1 46 47
up to 99% yield

Visible light OTMS o
/\ InBr H
. N
Dye Dye e . Ar g
R
N -
Dye~= o} \ o
. H
O —_—
) Ara'?'\)LR Ar/N*)LR r
4 6
a7

Scheme 19. An organic dye-catalyzed visible-light-driven «-C(sp3)-H alkylation of glycine deriva-
tives with 1-phenyl-1-trimethylsiloxyethylenes.

Peroxides are typically used as oxidants to fulfill oxidation reactions. In 2021, Guo
presented a visible-light-induced o-C(sp®)-H ketoalkylation of glycine derivatives using a
cheap and non-toxic organic dye as the photocatalyst (Scheme 20) [110]. In this reaction,
the cyclic peroxide was an effective alkylation reagent, not an oxidant. In the presence of
rhodamine B, the N-phenylglycinate 1 was oxidized into an a-amine carbon radical under
visible light irradiation, and the cyclopentyl hydroperoxide 48 was reduced into a carbon
radical through an alkoxy radical-initiated C—C bond cleavage process. The ketoalkylation
was accomplished by their radical cross-coupling. The above approach features transition
metal-free and good functional group compatibility, providing an ideal tool to access distal
keto-functionalized x-amino acid derivatives.

o o} RZ O
H\)j\ R2 Rhodamine B (2.0 mol%) .
AN R .n CF4CO,Na (15 equiv) R R
+ OOH "UN
= DMF, Ny, Blue LEDs “Ar
1 48 49
46-92% yields
1:1.6to 1:1d.r.

49-1, 52% yield, 1:1.6 d.r. 49-1, 70% yield, 1:1 d.r. 49-3, 92% yield
Scheme 20. A visible-light-driven C(sp3)—H ketoalkylation of glycine derivatives.

Hydroperoxides always act as radical initiators in thermal cross-dehydrogenative
reactions. The working temperature of them is typically above 100 °C [22]. Using them in
visible-light-driven organic reactions could make them effective under very mild reaction
conditions. In 2021, Yao et al. reported an Eosin-Y catalyzed visible-light-driven o-C(sp®)-
H alkylation of glycine derivatives (Scheme 21) [111]. Additionally, hydrofurans were used
as the alkyl radical precursors. In the presence of tert-butyl hydroperoxide (TBHP), the
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alkyl radial generation via the photocatalytic cycle proceeded well and efficiently, and a
range of x-alkylated glycine derivatives were obtained in good to excellent yields. The
procedure is operationally easy, providing an economical, metal-free, mild alternative for
synthesizing the x-alkylated glycine derivatives.

Eosin Y (10 mol%)

Ar\N/\[rR . 2 TBHP (2 equiv.) Ay R
H o N,, rt, Blue LED H §
1 50 51
42-95% yields
1:1t02.5:1dr.
o) F o] o]
( l COPh \©\ ©\
N N COOEt N COOEt
H H H

51-1, 42% yield, 1.5:1 d.r. 51-2, 92% yield, 1:1d.r. 51-3, 95% yield, 1.2:1d.r.
Scheme 21. A visible-light-induced oxidative x-alkylation of glycine derivatives.

In the past few years, cycloketone oxime esters were intensively explored as radical
precursors in light-induced organic transformations [112]. In 2022, Li et al. reported a
visible-light-induced «-C(sp®)-H alkylation of glycine derivatives 1 with cycloketone oxime
esters 52 as the radical source (Scheme 22) [113]. In this transformation, an organic dye
named 3CzCIIPN was chosen as the suitable photocatalyst. The reaction proceeded without
any additives. Many glycine derivatives can be converted into corresponding products
under mild reaction conditions in good to excellent yields (53-2 to 53-3). The catalytic
cycle began with visible-light-induced oxidation to produce the iminyl radical from the
glycine derivative and the generation of the alkyl radical from the cycloketone oxime
ester via the single electron transfer and ring-opening. In the end, the radical coupling
proceeded to provide the desired product. This reaction highlights the introduction of
a novel alkylation reagent for the modification of glycine derivatives coupled with the
utilization of an organic photocatalyst.

o ArOCO, 3CzCIIPN H
H N MeCN, RT N
N + /) = A CN
Ar \)J\R d Blue LEDs I\/\
0” R
1 52 53

Br H H (0] H
[jﬁ(’“ [jﬁ“@ O Wi"“
CN CN CN
53-1. 60% vield 53-2. 67% vield 53-3. 93% vield

Scheme 22. A 3CzCIIPN catalyzed visible-light-induced o-C(sp®)-H alkylation of glycine deriva-tives
with cycloketone oxime esters.

The fluorophore 4CzIPN, characterized by its inherent stability and conducive pho-
toredox potential, has emerged as a compelling organic photocatalyst in recent investi-
gations [114—117]. Within this context, Cai and colleagues documented a 4CzIPN-catalyzed
visible-light-induced o-C(sp®)-H alkylation of glycine derivatives using N-alkoxyphthalimides
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as the radical precursors (Scheme 23) [118]. As the NHPI ester analogs, N-alkoxyphthalimides
were prepared from aliphatic alcohols rather than carboxylic acids. 4CzIPN exhibited a com-
parative advantage over transition metal-based photocatalysts, demonstrating pronounced
photoactivity in generating iminyl and alkyl radicals. Diverse alkylated glycine derivatives
were obtained with commendable yields. Using 4CzIPN in this protocol presents a facile
alternative to alkylation strategies relying on transition metal-based photocatalysts.

O

0 o)
H , H
N R'  4CzIPN, DMSO _N
Ar” QLR * N—O/_ Ar %R
Blue LEDs, 60 °C R'
o}
1 9

10, up to 92% yield

Scheme 23. A 4CzIPN catalyzed visible-light-induced «-C(sp®)-H alkylation of glycine derivatives.

3.1.2. oc—C(sp3 )-H Arylation

Besides alkylations, organic dyes are also capable of catalyzing the visible-light-driven
«-C(sp?)-H arylation of glycine derivatives. In most cases, the photocatalytic cycle includes
two core steps: (1) The generation of iminyl radicals from glycine derivatives triggered
by the photo-excited organic dyes. (2) The nucleophilic reaction of electron-rich aromatics
with the iminyl radical. Better than the transition-metal complex involved visible-light-
driven a-C(sp’)-H arylation, organic dye always makes the approaches cheaper and
greener [119-121]. In 2018, Li et al. reported a visible-light-driven a-C(sp?)-H arylation of
glycine derivatives with electron-rich -naphthols (Scheme 24) [122]. In this reaction, the
rhodamine 6G (Rh-6G) was the photocatalyst for the photo-oxidation to produce the iminyl
radical. The veracity of this interaction was corroborated through a fluorescence quenching
experiment. FeSO,4-7H,0 is a Lewis acid catalyst for the nucleophilic coupling of the iminyl
radical with 3-naphthol. The reaction site is the hydroxy group’s ortho-position, which
possesses the highest electron density.

O OH Rh-6G

H
/N\)J\ . = FeS0,*7H,0 Ar—NH )—
Ar R 3, blue LEDs \ 5
R DCE, air, r.t. o 7R
RHO
1 54 55

41-85% yields
Scheme 24. A visible-light-driven «-C(sp®)-H arylation of glycine derivatives with -napthols.

In the same year, a photocatalytic a-C(sp®)-H arylation of glycine derivatives with
N-substituted anilines 56 was developed by Su’s group (Scheme 25) [123]. This reaction
proceeded smoothly using methylene blue as a photocatalyst under visible-light-irradiation.
A paramount innovation in this work is the complete omission of any metal, oxidant, or
additive in the entire approach. A range of x-aryl amino derivatives are synthesized in
moderate to excellent yields (57-1 to 57-4). Analogous to the aforementioned arylation, the
nucleophilic arylation took place at the para position of the amine group, characterized by
its electron-rich nature.

In 2019, Lu et al. reported a visible-light-driven oxidative arylation of glycine deriva-
tives 1 with indoles 38 in the presence of Rose Bengal (RB) (Scheme 26) [124]. Benefitting
from using RB, the reaction could occur under transition-metal-free and mild reaction
conditions. A bunch of indole-decorated glycine derivatives were obtained efficiently. Like
other arylations, the electron-rich position, the C3 position of indole is still the reaction
target site.
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Scheme 25. A photocatalytic oc—C(sp3)—H arylation of glycine esters with N-substituted anilines.

(0] 1
H\)J\ R\ N Rose bengal
Ar” R | A\ MeCN, air
+
Z N Blue LED
RZ
1 38

up to 81% yield

Scheme 26. A rose bengal-catalyzed visible-light-driven «-C(sp®)-H arylation of glycine derivatives
with indoles.

4. Visible-Light-Driven «-C(sp®)-H Bond Functionalization of Glycine Derivatives
with Heterogeneous Photocatalysts

Exploiting the heterogeneous nature of photocatalysts, the incorporation of heteroge-
neous photocatalysts (HE-PC) in the visible-light-driven «-C(sp®)-H bond functionalization
of glycine derivatives has consistently demonstrated remarkable capabilities in terms of
photocatalyst reusability and recyclability. Thus far, various photoactive semiconductors,
including quantum dots (QDs), metal-covalent organic frameworks (M-COFs), and covalent
organic frameworks (COFs), have been effectively employed as viable options within this
visible-light-driven reaction system [125-131]. These photocatalysts have demonstrated
comparable reaction efficiencies to their homogeneous counterparts. Upon excitation of
the heterogeneous photocatalyst by visible light, the photogenerated hole can oxidize the
glycine derivative to form a radical cation. The radical cation could subsequently undergo
direct coupling with another alkyl radical donor for alkylation or transform into an imine
cation, enabling Lewis acid-catalyzed arylation (Figure 3).

0,

W
a-C(sp®)-H Bond Alkylation ) _ & a-C(sp®)-H Bond Arylation
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H+ 702
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Figure 3. The role of HE-PC in heterogeneous visible-light-driven a-C(sp®)-H bond functionalization
of glycine derivatives.

Quantum dots (QDs) represent semiconductor particles with dimensions on the order
of nanometers. Because of the quantum mechanical effects, these entities manifest distinc-
tive optical and electronic characteristics, including notable light absorption, modulated



Catalysts 2023, 13, 1502

17 of 26

photoredox potential, large surface area, and good stability. These inherent features bestow
upon quantum dots the potential for compelling applications as heterogeneous photocat-
alysts in visible-light-driven organic transformations [132]. In 2021, Wu et al. developed
a QDs-catalyzed visible-light-driven a-C(sp®)-H alkylation of glycine derivatives with
alkenes (Scheme 27a) [133]. In this work, benefitting from the fantastic power of photoex-
cited QDs, allylic C(sp®)-H bonds and a-amino C-H bonds were both activated together
to form the corresponding allylic radicals and «-amino alkyl radicals. Various alkylated
glycine derivatives were precisely obtained via the radical cross-coupling in good yields.
Notably, the generated proton from the C-H bond activation steps accepted electrons
from QDs to form hydrogen radicals, and two of them combined to release one molecule
of hydrogen to accomplish the catalytic cycle. In the same year, they disclosed another
application of QDs in visible-light-driven (x—C(sp3)—H alkylation of glycine derivatives
(Scheme 27b) [134]. In this case, tetrahydrofuran (THF) was used as the alkylation reagent.
The «-C-H bond of THF was directly activated to give the alkyl radical with QDs under
visible-light-irradiation. The mechanistic investigation indicated that QD/THF conjugates
formed and played a crucial role in the C-H bond activation of THF. Compared with
previous works, the above two works highlight no need for oxidants or additives, and the
only byproduct is hydrogen gas. The ease of catalyst recyclization exhibits a bright future
for QDs in visible-light-driven organic transformations and green chemistry.
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Scheme 27. QDs-catalyzed visible-light-driven o-C(sp?®)-H alkylation of glycine derivatives with
(a) alkenes or (b) tetrahydrofuran.

Except for QDs, other heterogeneous photocatalysts (HE-PC) were also found to be
effective in the visible-light-driven oc—C(sp3)—H bond functionalization of glycine deriva-
tives [135]. In 2022, Di Carmine’s group applied mesoporous graphitic carbon nitride
(mpg-CN) as a heterogeneous organocatalyst for the photocatalytic «-C(sp®)-H arylation of
glycine derivatives with indoles 38 to synthesize indole-functionalized unnatural NPAAs
(Scheme 28) [136]. In this reaction, mpg-CN functioned as a heterogeneous photocatalyst,
generating an iminyl radical that was identified through in situ EPR experiments. The
iminyl radical underwent oxidation by molecular oxygen to yield the imine intermediate.
Subsequently, facilitated by mpg-CN, the Friedel-Crafts arylation proceeded seamlessly to
furnish the desired product. Notably, the heterogeneous nature and exceptional photoac-
tivity of mpg-CN distinguish this approach from previous methods, ensuring the efficient
accomplishment of reactions in a sustainable manner.
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Scheme 28. Visible-light-driven cx—C(sp3)—H arylation of glycine derivatives catalyzed by mpg-CN.
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Two-dimensional covalent organic frameworks (2D-COFs), as a rapidly emerg-
ing class of crystalline porous materials, due to their highly ordered structure, large
surface area, good chemical stability, and excellent photoactivity, have been a kind of
suitable photocatalysts for visible-light-driven organic transformations. In 2021, Neogi
et al. designed and synthesized a Ru-immobilized COF (Ru-COF) and applied it as the
photocatalyst for visible-light-driven o-C(sp?)-H arylation of glycine derivatives with
indoles. In this heterogeneous system, like homogeneous catalysts, Ru-COF worked
for the photo-oxidation of glycine derivatives into the imine. Zn(OAc), is responsible
for the nucleophilic coupling with electron-rich indoles (Scheme 29) [137]. This work
features the immense potential of a modified COF as a synergistic heterogeneous and
recyclable photocatalyst for environmentally friendly visible-light-driven a-C(sp®)-H
arylation of glycine derivatives.
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Scheme 29. The photocatalytic arylation of glycine derivatives with indoles catalyzed by Ru-COF.

5. External Photocatalyst-Free Visible-Light-Driven «-C(sp®)-H Bond
Functionalization of Glycine Derivatives

The direct absorption of visible light by glycine derivatives is limited. Typically,
it is always a must to add external photocatalysts for achieving visible-light-driven o-
C(sp®)-H bond functionalization of glycine derivatives. However, in some cases, electron
donor-acceptor (EDA) complexes, formed from glycine derivatives, radical precursors,
and additives, could harvest the visible light to trigger the catalytic cycle. Consequently,
external photocatalysts are unnecessary for these reactions, offering a facile and sustain-
able alternative to accomplish this photocatalytic transformation [138-149]. In external-
photocatalyst-free reactions, either glycine derivatives or additives can serve as electron
donors, leading to the excitation of the EDA complex upon exposure to visible light. Sub-
sequently, a radical intermediate is generated through single electron transfer (SET), and
the ensuing radical coupling process culminates in the «-C(sp®)-H bond functionalization
(Figure 4).
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ro L =
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EDA-complex

Figure 4. The role of EDA complex in visible-light-driven «-C(sp®)-H bond functionalization of
glycine derivatives.
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In 2019, Fu and Shang discovered that a combination of triphenylphosphine and
sodium iodide, when exposed to blue LEDs, can trigger the decarboxylative alkylation with
NHPI esters [150]. In this reaction, the EDA complex formed with triphenylphosphine,
sodium iodide, and NHPI esters is the actual internal photocatalyst. As a continuous
study of this work, in 2021, Shang disclosed that a catalytic amount of ammonium io-
dide salt could initiate the regioselective decarboxylative alkylation of glycine derivatives
(Scheme 30) [151]. In this reaction, relying on the EDA complex formed with tetrahexylam-
monium iodide (THAI) and NHPI esters, a single electron transfer (SET) occurred smoothly
under visible-light irradiation to produce the alkyl radical. Compared with their previous
works, this present work advances the avoidance of triphenylphosphine. However, to
ensure the stability of the EDA complex via a solvent cage, the use of dimethylacetamide
(DMA) as the solvent is still necessary. The simplicity and practicality of this approach,
along with its broad substrate scope, highlights the synthetic potential of photocatalysis
mediated by the EDA complex.
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Scheme 30. Visible-light-driven alkylation of glycine derivatives with ammonium iodide salt.

In the same year, Wang et al. presented an alternative additive (Li,S) for the generation
of the EDA complex to drive the decarboxylative alkylation of glycine derivatives under
visible-light irradiation (Scheme 31) [152]. The sulfide anion was employed to work with
the NHPI esters to form the EDA complex. As with the above work, DMA as the solvent is
also indispensable for reaction efficiency.
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Scheme 31. Visible-light-driven alkylation of glycine derivatives with Li,S.

Katritzky salts can also be used to form an EDA complex for light harvesting. In 2020,
Xu etal. reported a photocatalyst-free visible-light-driven deaminative C(sp®)—H alkylation
of glycine derivatives and peptides (Scheme 32) [153]. In this process, a photoactive EDA
complex is formed with the Katritzky salt and the glycine derivative. The alkyl radical
is produced along with the single electron transfer occurring between them under light
irradiation. A series of alkylated glycine derivatives and peptides were obtained via the
radical cross-coupling. Notably, benefitting from the mild reaction conditions, this approach
provides a facile path for the modification of peptides.
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Scheme 32. Visible-light-driven deaminative C(sp3)—H alkylation of glycine derivatives.
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Not all external photocatalyst-free reactions rely on the EDA complex. In 2021, as a
continuation of their interest in external photocatalyst-free reactions, Fu et al. developed a
convenient and environmentally friendly method for the site-selective C(sp®)-H hydrazina-
tion of glycine derivatives and peptides with azo compounds (Scheme 33) [154]. In this
protocol, no external photocatalysts and additives are needed. Differing from the EDA
complex-involved strategy, the azo compound in this photocatalytic cycle is the real reagent
for light harvesting. It is not only the actual photocatalyst but also the hydrazination source.
Consequently, the reaction features a high atomic efficiency and a low E factor (E = 0),
which is ideal for synthesizing unnatural x-amino acids and short peptides.

H ||30C o]
Ar/N\I)J\R . /N¢N,Boc Purple LED or blue LED Boc\N/N .
A oc DCE or MeCN, 1t or 45°C N
HN
SAr
1 60 61

up to 96% yield, 1.1:1t0 2.2:1d.r.

Scheme 33. The site-selective visible-light-driven C(sp3)-H hydrazination of glycine derivatives and
peptides with azo compounds.

6. Summary and Outlook

The field of visible-light-driven «-C(sp®)-H bond functionalization of glycine deriva-
tives has experienced significant advancements in recent years, unveiling a plethora of
efficient methods for this transformative process. Through visible light irradiation, the
normally inert «-C(sp®)-H bonds in glycine derivatives can be selectively activated under
mild reaction conditions, forming new C—C or C—X bonds. Mechanistic investigations have
revealed that generating radical cations from glycine derivatives is pivotal in this process,
achieved through photo-induced electron transfer with either external or internal photo-
catalysts. Subsequent radical coupling or nucleophilic reactions facilitate the formation
of functionalized products, potentially offering a more sustainable and environmentally
friendly approach for synthesizing unnatural amino acids and peptides.

Nevertheless, several challenges must be addressed to advance this transformation
further. Firstly, relying on organic solvents for the current functionalization methods may
pose limitations when modifying bioactive proteins, necessitating exploring alternative
solvent systems. Secondly, while electron donor-acceptor (EDA) complexes hold promise
as alternatives to external photocatalysts, their efficiency relies heavily on the structural
features and visible light absorption properties of the substrates. Developing a designable
heterogeneous photocatalyst or collaborating with the enzyme catalysis [155-158] may
provide a more sustainable solution. Thirdly, the restricted availability of aryl sources
for C-H bond arylation, primarily limited to nucleophilic heterocycles like indoles, calls
for developing a universal aryl source to expand the scope of this transformation. Lastly,
implementing visible-light-driven methodologies in scale-up and industrial contexts poses
challenges. The constrained utilization rate of low light energy has restricted their practical
application in fine-chemical production. Exploring potential solutions involves the devel-
opment of technologies such as flow chemistry or enhancing photochemical processes, such
as sunlight-driven organic reactions, to establish more robust and efficient methodologies
for addressing this issue.

The authors anticipate that this comprehensive review will serve as a catalyst for
organic chemists, inspiring them to conceive and implement innovative catalytic systems
that effectively address crucial considerations encompassing substrate scope, product diver-
sity, reaction efficiency, and green chemistry principles in the realm of visible-light-driven
«-C(sp®)-H bond functionalization of glycine derivatives. By advancing such method-
ologies, the synthesis of novel peptide drugs stands to gain substantial advancements
and improvements.



Catalysts 2023, 13, 1502 21 of 26

Author Contributions: Y.T.: Writing the original draft; X.B.: writing, review, and editing; Y.T. and X.B.
contributed equally; Y.C.: conceptualization; L.W.: editing; J.E.: editing; ].Z.: conceptualization; H.X.:
conceptualization; A.H.: conceptualization; X.Y.: conceptualization, writing, review, and editing,
funding acquisition, and supervision; Z.Z.: conceptualization. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was financially supported by the Basic Scientific Project of the Universities in
Liaoning Province (LJKQZ2021052), Liaoning Revitalization Talents Program (XLYC2203110), Natural
Science Foundation of Shenyang (23-503-6-10), Youth Cross-disciplinary Fund of Henan University,
and the Engineering Technology Research Centre of Catalysis for Energy and Environment-Major
Platform for Science and Technology of the Universities in Liaoning Province.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yoon, T.P;Ischay, M.A.; Du, J. Visible light photocatalysis as a greener approach to photochemical synthesis. Nat. Chem. 2010, 2,
527-532. [CrossRef]

2. Schultz, D.M.; Yoon, T.P. Solar Synthesis: Prospects in Visible Light Photocatalysis. Science 2014, 343, 1239176. [CrossRef]
[PubMed]

3. Shaw, M.H.; Twilton, J.; MacMillan, D.W.C. Photoredox Catalysis in Organic Chemistry. J. Org. Chem. 2016, 81, 6898-6926.
[CrossRef] [PubMed]

4. Marzo, L.; Pagire, S.K.; Reiser, O.; Konig, B. Visible-Light Photocatalysis: Does It Make a Difference in Organic Synthesis? Angew.
Chem. Int. Ed. 2018, 57, 10034-10072. [CrossRef] [PubMed]

5. Muttenthaler, M.; King, G.F,; Adams, D.J.; Alewood, P.F. Trends in peptide drug discovery. Nat. Rev. Drug Discovery 2021, 20,
309-325. [CrossRef] [PubMed]

6. Henninot, A.; Collins, J.C.; Nuss, ].M. The Current State of Peptide Drug Discovery: Back to the Future? J. Med. Chem. 2018, 61,
1382-1414. [CrossRef]

7. Wang, L.; Wang, N.; Zhang, W.; Cheng, X.; Yan, Z.; Shao, G.; Wang, X.; Wang, R.; Fu, C. Therapeutic peptides: Current applications
and future directions. Signal Transduct. Target. Ther. 2022, 7, 48. [CrossRef] [PubMed]

8.  Noisier, A EM.; Brimble, M.A. C-H Functionalization in the Synthesis of Amino Acids and Peptides. Chem. Rev. 2014, 114,
8775-8806. [CrossRef]

9.  Brandhofer, T.; Garcia Mancherfio, O. Site-Selective C-H Bond Activation/Functionalization of Alpha-Amino Acids and Peptide-
Like Derivatives. Eur. J. Org. Chem. 2018, 2018, 6050-6067. [CrossRef]

10. Zhu, Z.; Xiao, L.; Xie, Z. Recent Advances in the zx—C(sp3)—H Bond Functionalization of Glycine Derivatives. Chin. J. Org. Chem.
2019, 39, 2345-2364. [CrossRef]

11.  Zhang, RK,; Huang, X.; Arnold, FH. Selective C-H bond functionalization with engineered heme proteins: New tools to generate
complexity. Curr. Opin. Chem. Biol. 2019, 49, 67-75. [CrossRef]

12. Hartwig, ].E; Larsen, M.A. Undirected, Homogeneous C-H Bond Functionalization: Challenges and Opportunities. ACS Cent.
Sci. 2016, 2, 281-292. [CrossRef] [PubMed]

13.  Godula, K;; Sames, D. C-H Bond Functionalization in Complex Organic Synthesis. Science 2006, 312, 67-72. [CrossRef]

14. Aguilar Troyano, EJ.; Merkens, K.; Anwar, K.; Gémez-Suarez, A. Radical-Based Synthesis and Modification of Amino Acids.
Angew. Chem. Int. Ed. 2021, 60, 1098-1115. [CrossRef]

15. Beak, P,; Zajdel, W.].; Reitz, D.B. Metalation and electrophilic substitution of amine derivatives adjacent to nitrogen:.alpha.-metallo
amine synthetic equivalents. Chem. Rev. 1984, 84, 471-523. [CrossRef]

16. Easton, C.J.; Scharfbillig, .M.; Wui Tan, E. Selective modification of glycine residues in dipeptides. Tetrahedron Lett. 1988, 29,
1565-1568. [CrossRef]

17.  Easton, C.J.; Hutton, C.A.; Rositano, G.; Tan, E.W. Regioselective functionalization of N-phthaloyl-substituted amino acid and
peptide derivatives. J. Org. Chem. 1991, 56, 5614-5618. [CrossRef]

18.  Knowles, H.S.; Hunt, K.; Parsons, A.F. Photochemical alkylation of glycine leading to phenylalanines. Tetrahedron Lett. 2000, 41,
7121-7124. [CrossRef]

19. Xue, H.; Guo, M.; Wang, C.; Shen, Y.; Qi, R.; Wu, Y,; Xu, Z.; Chang, M. Photo-induced preparation of unnatural c-amino acids:
Synthesis and characterization of novel Leu5—enkephalin analogues. Org. Chem. Front. 2020, 7, 2426-2431. [CrossRef]

20. Tian, H.; Xu, W,; Liu, Y.; Wang, Q. Unnatural x-Amino Acid Synthesized through x-Alkylation of Glycine Derivatives by Diacyl
Peroxides. Org. Lett. 2020, 22, 5005-5008. [CrossRef]

21. Zhao, L.; Li, C.-J. Functionalizing Glycine Derivatives by Direct C-C Bond Formation. Angew. Chem. Int. Ed. 2008, 47, 7075-7078.
[CrossRef] [PubMed]

22. Li, C.-J. Cross-Dehydrogenative Coupling (CDC): Exploring C—C Bond Formations beyond Functional Group Transformations.

Acc. Chem. Res. 2009, 42, 335-344. [CrossRef] [PubMed]


https://doi.org/10.1038/nchem.687
https://doi.org/10.1126/science.1239176
https://www.ncbi.nlm.nih.gov/pubmed/24578578
https://doi.org/10.1021/acs.joc.6b01449
https://www.ncbi.nlm.nih.gov/pubmed/27477076
https://doi.org/10.1002/anie.201709766
https://www.ncbi.nlm.nih.gov/pubmed/29457971
https://doi.org/10.1038/s41573-020-00135-8
https://www.ncbi.nlm.nih.gov/pubmed/33536635
https://doi.org/10.1021/acs.jmedchem.7b00318
https://doi.org/10.1038/s41392-022-00904-4
https://www.ncbi.nlm.nih.gov/pubmed/35165272
https://doi.org/10.1021/cr500200x
https://doi.org/10.1002/ejoc.201800896
https://doi.org/10.6023/cjoc201903006
https://doi.org/10.1016/j.cbpa.2018.10.004
https://doi.org/10.1021/acscentsci.6b00032
https://www.ncbi.nlm.nih.gov/pubmed/27294201
https://doi.org/10.1126/science.1114731
https://doi.org/10.1002/anie.202010157
https://doi.org/10.1021/cr00063a003
https://doi.org/10.1016/S0040-4039(00)80353-6
https://doi.org/10.1021/jo00019a029
https://doi.org/10.1016/S0040-4039(00)01175-8
https://doi.org/10.1039/D0QO00696C
https://doi.org/10.1021/acs.orglett.0c01574
https://doi.org/10.1002/anie.200801367
https://www.ncbi.nlm.nih.gov/pubmed/18671311
https://doi.org/10.1021/ar800164n
https://www.ncbi.nlm.nih.gov/pubmed/19220064

Catalysts 2023, 13, 1502 22 of 26

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

Zhao, L.; Baslé, O.; Li, C.-]. Site-specific C-functionalization of free-(INH) peptides and glycine derivatives via direct C-H bond
functionalization. Proc. Natl. Acad. Sci. USA 2009, 106, 4106-4111. [CrossRef] [PubMed]

Jia, X.; Peng, E; Qing, C.; Huo, C.; Wang, X. Catalytic Radical Cation Salt Induced Csp3—H Functionalization of Glycine Derivatives:
Synthesis of Substituted Quinolines. Org. Lett. 2012, 14, 4030-4033. [CrossRef] [PubMed]

Huo, C.; Yuan, Y.; Wu, M,; Jia, X.; Wang, X.; Chen, E; Tang, ]. Auto-Oxidative Coupling of Glycine Derivatives. Angew. Chem. Int.
Ed. 2014, 53, 13544-13547. [CrossRef] [PubMed]

Jia, X.; Wang, Y.; Peng, F.; Huo, C.; Yu, L,; Liu, J.; Wang, X. Catalytic sp3 C-H Oxidation of Peptides and Their Analogues by
Radical Cation Salts: From Glycine Amides to Quinolines. |. Org. Chem. 2013, 78, 9450-9456. [CrossRef] [PubMed]

Huo, C.; Wang, C.; Sun, C,; Jia, X.; Wang, X.; Chang, W.; Wu, M. Triarylaminium Salt-Initiated Aerobic Double Friedel-Crafts
Reaction of Glycine Derivatives with Indoles. Adv. Synth. Catal. 2013, 355, 1911-1916. [CrossRef]

Huo, C.; Wang, C.; Wu, M,; Jia, X.; Xie, H.; Yuan, Y. Copper(I) Chloride-Catalyzed Aerobic Oxidative Arylation of Glycine Ester
and Amide Derivatives. Adv. Synth. Catal. 2014, 356, 411-415. [CrossRef]

Zhi, H.; Ung, S.P.-M.; Liu, Y; Zhao, L.; Li, C.-]J. Phosphorylation of Glycine Derivatives via Copper(I)-Catalyzed Csp3 —H Bond
Functionalization. Adv. Synth. Catal. 2016, 358, 2553-2557. [CrossRef]

Liu, P; Wang, Z.; Lin, ].; Hu, X. An Efficient Route to Quinolines and Other Compounds by Iron-Catalysed Cross-Dehydrogenative
Coupling Reactions of Glycine Derivatives. Eur. |. Org. Chem. 2012, 2012, 1583-1589. [CrossRef]

Liu, J.; Wang, Y.; Yu, L.; Huo, C.; Wang, X,; Jia, X. Cerium(IV)-Catalyzed sp3 C-H Bond Oxidation of Glycine Derivatives: Radical
Cation Prompted Dioxygen Activation in the Presence of Triarylamine. Adv. Synth. Catal. 2014, 356, 3214-3218. [CrossRef]

Sun, B.; Wang, Y,; Li, D.; Jin, C.; Su, W. A copper/O,-mediated direct sp3 C-H/N-H cross-dehydrogen coupling reaction of
acylated amines and N-aryl glycine esters. Org. Biomol. Chem. 2018, 16, 2902-2909. [CrossRef] [PubMed]

Tong, H.-R.; Li, B.; Li, G.; He, G.; Chen, G. Postassembly Modifications of Peptides via Metal-Catalyzed C-H Functionalization.
CCS Chem. 2020, 3, 1797-1820. [CrossRef]

Liang, J.; Fu, Y.; Bao, X,; Ou, L.; Sang, T.; Yuan, Y.; Huo, C. Cyanation of glycine derivatives. Chem. Commun. 2021, 57, 3014-3017.
[CrossRef] [PubMed]

Li, C.-J. On Inventing Cross-Dehydrogenative Coupling (CDC): Forming C—C Bond from Two Different C—H Bonds. Chin. ].
Chem. 2022, 40, 838-845. [CrossRef]

Song, S.; Cheng, X.; Cheng, S.; Lin, Y.-M.; Gong, L. Fe-Catalyzed Aliphatic C—H Methylation of Glycine Derivatives and Peptides.
Chem. Eur. ]. 2023, 29, €202203404. [CrossRef]

Xie, J.; Jin, H.; Xu, P.; Zhu, C. When C-H bond functionalization meets visible-light photoredox catalysis. Tetrahedron Lett. 2014,
55, 36-48. [CrossRef]

Xie, J.; Zhu, C. Functionalization of C(sp3)—H Bond by Visible-Light Photoredox Catalysis. In Sustainable C(sp3)-H Bond Functional-
ization; Xie, J., Zhu, C., Eds.; Springer: Berlin/Heidelberg, Germany, 2016; pp. 61-81. [CrossRef]

Thakur, A.; Manisha; Kumar, I.; Sharma, U. Visible Light-induced Functionalization of C—H Bonds: Opening of New Avenues in
Organic Synthesis. Asian J. Org. Chem. 2022, 11, €202100804. [CrossRef]

Revathi, L.; Ravindar, L.; Fang, W.-Y.; Rakesh, K.P,; Qin, H.-L. Visible Light-Induced C—H Bond Functionalization: A Critical
Review. Adv. Synth. Catal. 2018, 360, 4652-4698. [CrossRef]

Chen, Y;; Lu, L.-Q.; Yu, D.-G.; Zhu, C.-].; Xiao, W.-]. Visible light-driven organic photochemical synthesis in China. Sci. China
Chem. 2019, 62, 24-57. [CrossRef]

Yuan, Z.; Liu, X;; Liu, C.; Zhang, Y.; Rao, Y. Recent Advances in Rapid Synthesis of Non-proteinogenic Amino Acids from
Proteinogenic Amino Acids Derivatives via Direct Photo-Mediated C-H Functionalization. Molectles 2020, 25, 5270. [CrossRef]
Malins, L.R. Decarboxylative couplings as versatile tools for late-stage peptide modifications. Pept. Sci. 2018, 110, e24049.
[CrossRef]

Ryu, K.A.; Kaszuba, C.M.; Bissonnette, N.B.; Oslund, R.C.; Fadeyi, O.O. Interrogating biological systems using visible-light-
powered catalysis. Nat. Rev. Chem. 2021, 5, 322-337. [CrossRef] [PubMed]

Yousif, A.M.; Colarusso, S.; Bianchi, E. Katritzky Salts for the Synthesis of Unnatural Amino Acids and Late-Stage Functionaliza-
tion of Peptides. Eur. J. Org. Chem. 2023, 26, €202201274. [CrossRef]

Hong, B.; Luo, T.; Lei, X. Late-Stage Diversification of Natural Products. ACS Cent. Sci. 2020, 6, 622—635. [CrossRef]

Baudoin, O. Multiple Catalytic C—H Bond Functionalization for Natural Product Synthesis. Angew. Chem. Int. Ed. 2020, 59,
17798-17809. [CrossRef] [PubMed]

Hari Babu, M.; Sim, J. Radical-Mediated C—H Alkylation of Glycine Derivatives: A Straightforward Strategy for Diverse
a-Unnatural Amino Acids. Eur. . Org. Chem. 2022, 2022, €202200859. [CrossRef]

Lang, Y,; Li, C.-J.; Zeng, H. Photo-induced transition-metal and external photosensitizer-free organic reactions. Org. Chem. Front.
2021, 8, 3594-3613. [CrossRef]

Deb, M.L.; Saikia, B.S.; Borpatra, PJ.; Baruah, PK. Progress of Metal-Free Visible-Light-Driven a-C—H Functionalization of
Tertiary Amines: A Decade Journey. Asian J. Org. Chem. 2022, 11, €202100706. [CrossRef]

Chen, Y,; Ye, X,; He, F; Yang, X. Asymmetric synthesis of oxazolines bearing «-stereocenters through radical addition—
enantioselective protonation enabled by cooperative catalysis. Org. Chem. Front. 2021, 8, 5804-5809. [CrossRef]

Deng, Q.-H.; Zou, Y.-Q.; Lu, L.-Q.; Tang, Z.-L.; Chen, J.-R.; Xiao, W.-]. De Novo Synthesis of Imidazoles by Visible-Light-Induced
Photocatalytic Aerobic Oxidation/[3+2] Cycloaddition/Aromatization Cascade. Chem. Asian J. 2014, 9, 2432-2435. [CrossRef]


https://doi.org/10.1073/pnas.0809052106
https://www.ncbi.nlm.nih.gov/pubmed/19251635
https://doi.org/10.1021/ol301909g
https://www.ncbi.nlm.nih.gov/pubmed/22812489
https://doi.org/10.1002/anie.201406905
https://www.ncbi.nlm.nih.gov/pubmed/25288283
https://doi.org/10.1021/jo401018v
https://www.ncbi.nlm.nih.gov/pubmed/23952331
https://doi.org/10.1002/adsc.201300276
https://doi.org/10.1002/adsc.201300535
https://doi.org/10.1002/adsc.201600539
https://doi.org/10.1002/ejoc.201101656
https://doi.org/10.1002/adsc.201400005
https://doi.org/10.1039/C8OB00176F
https://www.ncbi.nlm.nih.gov/pubmed/29616693
https://doi.org/10.31635/ccschem.020.202000426
https://doi.org/10.1039/D0CC08126D
https://www.ncbi.nlm.nih.gov/pubmed/33623936
https://doi.org/10.1002/cjoc.202100796
https://doi.org/10.1002/chem.202203404
https://doi.org/10.1016/j.tetlet.2013.10.090
https://doi.org/10.1007/978-3-662-49496-7_3
https://doi.org/10.1002/ajoc.202100804
https://doi.org/10.1002/adsc.201800736
https://doi.org/10.1007/s11426-018-9399-2
https://doi.org/10.3390/molecules25225270
https://doi.org/10.1002/pep2.24049
https://doi.org/10.1038/s41570-021-00265-6
https://www.ncbi.nlm.nih.gov/pubmed/37117838
https://doi.org/10.1002/ejoc.202201274
https://doi.org/10.1021/acscentsci.9b00916
https://doi.org/10.1002/anie.202001224
https://www.ncbi.nlm.nih.gov/pubmed/32220111
https://doi.org/10.1002/ejoc.202200859
https://doi.org/10.1039/D1QO00359C
https://doi.org/10.1002/ajoc.202100706
https://doi.org/10.1039/D1QO00970B
https://doi.org/10.1002/asia.201402443

Catalysts 2023, 13, 1502 23 of 26

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Meng, Q.-Y.,; Gao, X.-W,; Lei, T.; Liu, Z.; Zhan, F; Li, Z.-].; Zhong, J.-J.; Xiao, H.; Feng, K.; Chen, B.; et al. Identifying key
intermediates generated in situ from Cu(Il) salt-catalyzed C-H functionalization of aromatic amines under illumination. Sci. Adv.
2017, 3, €1700666. [CrossRef] [PubMed]

Zhu, X.; Zhu, Z.-Q.; Guo, D.; Liu, S; Ji, J.-J.; Tang, J.; Yuan, E.; Xie, Z.-B.; Le, Z.-G. Cascade cyclization of glycine derivatives
with p-ketoesters for polysubstituted 1,4-dihydropyridines by visible light photoredox catalysis. Tetrahedron 2020, 76, 131353.
[CrossRef]

Dong, W.; Hu, B.; Gao, X; Li, Y.; Xie, X.; Zhang, Z. Visible-Light-Induced Photocatalytic Aerobic Oxidation/Povarov Cyclization
Reaction: Synthesis of Substituted Quinoline-Fused Lactones. J. Org. Chem. 2016, 81, 8770-8776. [CrossRef] [PubMed]

Hu, X.; Chen, X,; Li, B.; He, G.; Chen, G. Construction of Peptide Macrocycles via Radical-Mediated Intramolecular C-H
Alkylations. Org. Lett. 2021, 23, 716-721. [CrossRef]

Yang, X.; Li, L.; Li, Y.; Zhang, Y. Visible-Light-Induced Photocatalytic Aerobic Oxidative Csp3—H Functionalization of Glycine
Derivatives: Synthesis of Substituted Quinolines. J. Org. Chem. 2016, 81, 12433-12442. [CrossRef]

Wang, S.; Ye, Y.; Hu, Y,; Meng, X.; Liu, Z,; Liu, J.; Chen, K; Zhang, Z.; Zhang, Y. Visible-light-induced Csps—H functionalization of
glycine derivatives by cerium catalysis. Chem. Commun. 2023, 59, 2628-2631. [CrossRef]

Wang, S.; Gao, Y.; Hu, Y; Zhou, J.; Chen, Z.; Liu, Z.; Zhang, Y. Direct annulation between glycine derivatives and thiiranes
through photoredox/iron cooperative catalysis. Chem. Commun. 2023, 59, 12783-12786. [CrossRef]

Gao, X.-W.; Meng, Q.-Y.; Xiang, M.; Chen, B.; Feng, K; Tung, C.-H.; Wu, L.-Z. Combining Visible Light Catalysis and Transition
Metal Catalysis for the Alkylation of Secondary Amines. Adv. Synth. Catal. 2013, 355, 2158-2164. [CrossRef]

Gao, X.-W.; Meng, Q.-Y,; Li, ].-X,; Zhong, J.-J.; Lei, T,; Li, X.-B.; Tung, C.-H.; Wu, L.-Z. Visible Light Catalysis Assisted Site-Specific
Functionalization of Amino Acid Derivatives by C-H Bond Activation without Oxidant: Cross-Coupling Hydrogen Evolution
Reaction. ACS Catal. 2015, 5, 2391-2396. [CrossRef]

Chen, X.; Engle, KM.; Wang, D.-H.; Yu, J.-Q. Palladium(II)-Catalyzed C-H Activation/C-C Cross-Coupling Reactions: Versatility
and Practicality. Angew. Chem. Int. Ed. 2009, 48, 5094-5115. [CrossRef] [PubMed]

Xuan, J.; Zeng, T.-T.; Feng, Z.-].; Deng, Q.-H.; Chen, J.-R.; Lu, L.-Q.; Xiao, W.-].; Alper, H. Redox-Neutral «-Allylation of Amines
by Combining Palladium Catalysis and Visible-Light Photoredox Catalysis. Angew. Chem. Int. Ed. 2015, 54, 1625-1628. [CrossRef]
Murarka, S. N-(Acyloxy)phthalimides as Redox-Active Esters in Cross-Coupling Reactions. Adv. Synth. Catal. 2018, 360,
1735-1753. [CrossRef]

Parida, S.K.; Hota, S.K.; Kumar, R.; Murarka, S. Late-Stage Alkylation of Heterocycles Using N-(Acyloxy)phthalimides. Chem.
Asian J. 2021, 16, 879-889. [CrossRef] [PubMed]

Niu, P; Li, J.; Zhang, Y.; Huo, C. One-Electron Reduction of Redox-Active Esters to Generate Carbon-Centered Radicals. Eur. J.
Org. Chem. 2020, 2020, 5801-5814. [CrossRef]

He, S.; Li, H.; Chen, X,; Krylov, I.B.; Terent’ev, A.O.; Qu, L.; Yu, B. Advances of N-Hydroxyphthalimide Esters in Photocatalytic
Alkylation Reactions. Chin. ]. Org. Chem. 2021, 41, 4661-4689. [CrossRef]

Budnikov, A.S.; Krylov, I.B.; Lastovko, A.V.; Yu, B.; Terent’ev, A.O. N-Alkoxyphtalimides as Versatile Alkoxy Radical Precursors
in Modern Organic Synthesis. Asian J. Org. Chem. 2022, 11, €202200262. [CrossRef]

Wang, C.; Guo, M,; Qi, R; Shang, Q.; Liu, Q.; Wang, S.; Zhao, L.; Wang, R.; Xu, Z. Visible-Light-Driven, Copper-Catalyzed
Decarboxylative C(sp®)—H Alkylation of Glycine and Peptides. Angew. Chem. Int. Ed. 2018, 57, 15841-15846. [CrossRef]

Prier, C.K.; Rankic, D.A.; MacMillan, D.W.C. Visible Light Photoredox Catalysis with Transition Metal Complexes: Applications
in Organic Synthesis. Chem. Rev. 2013, 113, 5322-5363. [CrossRef]

Zheng, J.; Breit, B. Regiodivergent Hydroaminoalkylation of Alkynes and Allenes by a Combined Rhodium and Photoredox
Catalytic System. Angew. Chem. Int. Ed. 2019, 58, 3392-3397. [CrossRef]

Wang, C.; Yu, Y,; Liu, W.-L.; Duan, W.-L. Site-Tunable Csp3—H Bonds Functionalization by Visible-Light-Induced Radical
Translocation of N-Alkoxyphthalimides. Org. Lett. 2019, 21, 9147-9152. [CrossRef] [PubMed]

Qi, R.; Wang, C.; Huo, Y.; Chai, H.; Wang, H.; Ma, Z.; Liu, L.; Wang, R.; Xu, Z. Visible Light Induced Cu-Catalyzed Asymmetric
C(sp3)—H Alkylation. J. Am. Chem. Soc. 2021, 143, 12777-12783. [CrossRef] [PubMed]

Qi, R.; Wang, C.; Ma, Z.; Wang, H.; Chen, Q.; Liu, L.; Pan, D.; Ren, X.; Wang, R.; Xu, Z. Visible-Light-Promoted Stereoselective
C(sp®)—H Glycosylation for the Synthesis of C-Glycoamino Acids and C-Glycopeptides. Angew. Chem. Int. Ed. 2022, 61,
€202200822. [CrossRef] [PubMed]

Ding, Y.-N.; Li, N.; Huang, Y.-C.; An, Y,; Liang, Y.-M. Visible-Light-Induced Copper-Catalyzed Asymmetric C(sps)—C(sp3)—H
Glycosylation: Access to C-Glycopeptides. Org. Lett. 2022, 24, 4519—-4523. [CrossRef] [PubMed]

Li, X.; Li, X.; Cui, W.; Wu, Q.; Wang, L.; Lv, ]; Yang, D. Visible-Light Copper Catalysis for the Synthesis of «-Alkyl-Acetophenones
by the Radical-Type Ring Opening of Sulfonium Salts and Oxidative Alkylation of Alkenes. Org. Lett. 2023, 25, 3260-3265.
[CrossRef] [PubMed]

Li, X;; Jiang, M.; Zuo, J.; Song, X.; Ly, J.; Yang, D. Anti-Markovnikov ring-opening of sulfonium salts with alkynes by visible
light/copper catalysis. Sci. China Chem. 2023, 66, 791-798. [CrossRef]

Li, X,; Jiang, M.; Zhu, X.; Song, X; Deng, Q.; Lv, J.; Yang, D. A desulphurization strategy for Sonogashira couplings by visible
light/copper catalysis. Org. Chem. Front. 2022, 9, 386-393. [CrossRef]

Hossain, A.; Bhattacharyya, A.; Reiser, O. Copper’s rapid ascent in visible-light photoredox catalysis. Science 2019, 364, eaav9713.
[CrossRef]


https://doi.org/10.1126/sciadv.1700666
https://www.ncbi.nlm.nih.gov/pubmed/28875165
https://doi.org/10.1016/j.tet.2020.131353
https://doi.org/10.1021/acs.joc.6b01253
https://www.ncbi.nlm.nih.gov/pubmed/27431671
https://doi.org/10.1021/acs.orglett.0c03940
https://doi.org/10.1021/acs.joc.6b02683
https://doi.org/10.1039/D2CC07071E
https://doi.org/10.1039/D3CC04580C
https://doi.org/10.1002/adsc.201300311
https://doi.org/10.1021/acscatal.5b00093
https://doi.org/10.1002/anie.200806273
https://www.ncbi.nlm.nih.gov/pubmed/19557755
https://doi.org/10.1002/anie.201409999
https://doi.org/10.1002/adsc.201701615
https://doi.org/10.1002/asia.202100151
https://www.ncbi.nlm.nih.gov/pubmed/33662188
https://doi.org/10.1002/ejoc.202000525
https://doi.org/10.6023/cjoc202105041
https://doi.org/10.1002/ajoc.202200262
https://doi.org/10.1002/anie.201809400
https://doi.org/10.1021/cr300503r
https://doi.org/10.1002/anie.201813646
https://doi.org/10.1021/acs.orglett.9b03524
https://www.ncbi.nlm.nih.gov/pubmed/31670519
https://doi.org/10.1021/jacs.1c05890
https://www.ncbi.nlm.nih.gov/pubmed/34351761
https://doi.org/10.1002/anie.202200822
https://www.ncbi.nlm.nih.gov/pubmed/35315966
https://doi.org/10.1021/acs.orglett.2c01501
https://www.ncbi.nlm.nih.gov/pubmed/35729799
https://doi.org/10.1021/acs.orglett.3c00990
https://www.ncbi.nlm.nih.gov/pubmed/37133281
https://doi.org/10.1007/s11426-022-1373-y
https://doi.org/10.1039/D1QO01548F
https://doi.org/10.1126/science.aav9713

Catalysts 2023, 13, 1502 24 of 26

80.

81.

82.

83.
84.

85.

86.

87.
88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Wang, J.; Ye, Y.; Sang, T.; Zhou, C.; Bao, X.; Yuan, Y.; Huo, C. C(sp3)—H / C(sp3)—H Dehydrogenative Radical Coupling of Glycine
Derivatives. Org. Lett. 2022, 24, 7577-7582. [CrossRef] [PubMed]

Correia, J.T.M.; Fernandes, V.A.; Matsuo, B.T.; Delgado, J.A.C.; de Souza, W.C.; Paixao, M.W. Photo-induced deaminative
strategies: Katritzky salts as alkyl radical precursors. Chem. Commun. 2020, 56, 503-514. [CrossRef]

Xu, Y.; Xu, Z.-J; Liu, Z.-P; Lou, H. Visible-light-mediated deaminative alkylation of N-arylamines with alkyl Katritzky salts. Org.
Chem. Front. 2019, 6, 3902-3905. [CrossRef]

Leng, L.; Ready, ].M. Photocatalytic «-Alkylation of Amines with Alkyl Halides. ACS Catal. 2020, 10, 13196-13201. [CrossRef]
Che, C; Li, Y.-N.; Cheng, X.; Lu, Y.-N.; Wang, C.-J. Visible-Light-Enabled Enantioconvergent Synthesis of x-Amino Acid
Derivatives via Synergistic Brensted Acid/Photoredox Catalysis. Angew. Chem. Int. Ed. 2021, 60, 4698-4704. [CrossRef]

Wang, J.; Su, Y,; Quan, Z.; Li, ].; Yang, J.; Yuan, Y.; Huo, C. Visible-light promoted x-alkylation of glycine derivatives with alkyl
boronic acids. Chem. Commun. 2021, 57, 1959-1962. [CrossRef] [PubMed]

Wang, L.; Li, K,; Ye, T.; Huang, L.; Wu, H.; Zhang, ].; Xie, H.; Liu, Y.; Zeng, J.; Cheng, P. Visible-Light-Promoted «-Benzylation of
N-Phenyl a-Amino Acids to a-Amino Phenylpropanoids. J. Org. Chem. 2023, 88, 11924-11934. [CrossRef]

Liu, Q.; Wu, L.-Z. Recent advances in visible-light-driven organic reactions. Nat. Sci. Rev. 2017, 4, 359-380. [CrossRef]

Wang, C.; Qi, R.; Wang, R.; Xu, Z. Photo-induced C(sp3)—H Functionalization of Glycine Derivatives: Preparation of Unnatural
a-Amino Acids and Late-Stage Modification of Peptides. Acc. Chem. Res. 2023, 56, 2110-2125. [CrossRef] [PubMed]

He, Y.-H.; Xiang, Y.; Yang, D.-C.; Guan, Z. Combining enzyme and photoredox catalysis for aminoalkylation of indoles via a relay
catalysis strategy in one pot. Green Chem. 2016, 18, 5325-5330. [CrossRef]

Shen, M.-L.; Shen, Y.; Wang, P-S. Merging Visible-Light Photoredox and Chiral Phosphate Catalysis for Asymmetric Friedel-Crafts
Reaction with in Situ Generation of N-Acyl Imines. Org. Lett. 2019, 21, 2993-2997. [CrossRef]

Tang, Z.; Pi, C.; Wu, Y,; Cui, X. Visible-light-promoted tandem decarboxylation coupling/cyclization of N-aryl glycines with
quinoxalinones: Easy access to tetrahydroimidazo[1,5-a]quinoxalin-4(5H)-ones. Green Synth. Catal. 2022, in press. [CrossRef]
Zhu, Z.-Q.; Liu, S,; Hu, Z.-Y,; Xie, Z.-B.; Tang, ].; Le, Z.-G. Visible-Light-Induced Aerobic Oxidative Csp3 —H Functionalization of
Glycine Derivatives for 2-Substituted Benzoxazoles. Adv. Synth. Catal. 2021, 363, 2568-2572. [CrossRef]

Zhu, S.; Rueping, M. Merging visible-light photoredox and Lewis acid catalysis for the functionalization and arylation of glycine
derivatives and peptides. Chem. Commun. 2012, 48, 11960-11962. [CrossRef] [PubMed]

Wang, Z.-Q.; Hu, M.; Huang, X.-C.; Gong, L.-B.; Xie, Y.-X,; Li, J.-H. Direct x-Arylation of x-Amino Carbonyl Compounds with
Indoles Using Visible Light Photoredox Catalysis. J. Org. Chem. 2012, 77, 8705-8711. [CrossRef]

Wang, S.; Ye, Y,; Shen, H.; Liu, J.; Liu, Z,; Jiang, Z.; Lei, J.; Zhang, Y. Visible-light induced C(sp3)—H arylation of glycine derivatives
by cerium catalysis. Org. Biomol. Chem. 2023, 21, 8364-8371. [CrossRef] [PubMed]

Xu, H.; Zhang, J.; Zuo, J.; Wang, E; Ly, J.; Hun, X.; Yang, D. Recent Advances in Visible-Light-Catalyzed C—C Bonds and
C—Heteroatom Bonds Formation Using Sulfonium Salts. Chin. J. Org. Chem. 2022, 42, 4037-4059. [CrossRef]

Creutz, S.E.; Lotito, K.J.; Fu, G.C,; Peters, ].C. Photo-induced Ullmann C-N Coupling: Demonstrating the Viability of a Radical
Pathway. Science 2012, 338, 647-651. [CrossRef] [PubMed]

Zhao, X,; Li, B,; Xu, J.; Tang, Q.; Cai, Z.; Jiang, X. Visible-Light-Driven Redox Neutral Direct C—H Amination of Glycine
Derivatives and Peptides with N-Acyloxyphthalimides. Chem. Eur. J. 2021, 27, 12540-12544. [CrossRef] [PubMed]

Lv, Y,; Cui, H.; Meng, N.; Yue, H.; Wei, W. Recent advances in the application of sulfinic acids for the construction of sulfur-
containing compounds. Chin. Chem. Lett. 2022, 33, 97-114. [CrossRef]

Fukuzumi, S.; Ohkubo, K. Organic synthetic transformations using organic dyes as photoredox catalysts. Org. Biomol. Chem.
2014, 12, 6059-6071. [CrossRef]

Nicewicz, D.A.; Nguyen, T.M. Recent Applications of Organic Dyes as Photoredox Catalysts in Organic Synthesis. ACS Catal.
2014, 4, 355-360. [CrossRef]

Chen, L.; Chao, C.S,; Pan, Y.; Dong, S.; Teo, Y.C.; Wang, J.; Tan, C.-H. Amphiphilic methyleneamino synthon through organic dye
catalyzed-decarboxylative aminoalkylation. Org. Biomol. Chem. 2013, 11, 5922-5925. [CrossRef] [PubMed]

Liu, Y;; Dong, X.; Deng, G.; Zhou, L. Synthesis of aziridines by visible-light induced decarboxylative cyclization of N-arylglycines
and diazo compounds. Sci. China Chem. 2016, 59, 199-202. [CrossRef]

Luo, C.; Zhou, T.; Wang, W.; Han, P; Jing, L. An Efficient Approach to Access 2,2-Diarylanilines via Visible-Light-Promoted
Decarboxylative Cross-Coupling Reactions. Asian J. Org. Chem. 2021, 10, 2342-2346. [CrossRef]

Zhu, Z.-Q.; Guo, D.; Ji, J.-].; Zhu, X,; Tang, J.; Xie, Z.-B.; Le, Z.-G. Visible-Light-Induced Dehydrogenative Imidoylation of
Imidazo[1,2-a]pyridines with a-Amino Acid Derivatives and a-Amino Ketones. J. Org. Chem. 2020, 85, 15062-15071. [CrossRef]
[PubMed]

He, Y,; Yan, B.; Tao, H.; Zhang, Y.; Li, Y. Metal-free photocatalyzed aerobic oxidative Csp3—H functionalization of glycine
derivatives: One-step generation of quinoline-fused lactones. Org. Biomol. Chem. 2018, 16, 3816-3823. [CrossRef] [PubMed]
Wang, J.; Li, L.; Guo, Y,; Li, S.; Wang, S; Li, Y.; Zhang, Y. Visible-light-enabled aerobic oxidative Csp3—H functionalization of
glycine derivatives using an organic photocatalyst: Access to substituted quinoline-2-carboxylates. Org. Biomol. Chem. 2020, 18,
8179-8185. [CrossRef]

Zhou, H,; Yang, X,; Li, S.; Zhu, Y.; Li, Y.; Zhang, Y. Visible light-induced aerobic oxidative cross-coupling of glycine esters with
a-angelicalactone: A facile pathway to y-lactams. Org. Biomol. Chem. 2018, 16, 6728-6734. [CrossRef]


https://doi.org/10.1021/acs.orglett.2c02951
https://www.ncbi.nlm.nih.gov/pubmed/36214657
https://doi.org/10.1039/C9CC08348K
https://doi.org/10.1039/C9QO01175G
https://doi.org/10.1021/acscatal.0c04519
https://doi.org/10.1002/anie.202012909
https://doi.org/10.1039/D0CC07688K
https://www.ncbi.nlm.nih.gov/pubmed/33502406
https://doi.org/10.1021/acs.joc.3c01196
https://doi.org/10.1093/nsr/nwx039
https://doi.org/10.1021/acs.accounts.3c00260
https://www.ncbi.nlm.nih.gov/pubmed/37467427
https://doi.org/10.1039/C6GC00550K
https://doi.org/10.1021/acs.orglett.9b00442
https://doi.org/10.1016/j.gresc.2022.10.001
https://doi.org/10.1002/adsc.202100134
https://doi.org/10.1039/c2cc36995h
https://www.ncbi.nlm.nih.gov/pubmed/23128983
https://doi.org/10.1021/jo301691h
https://doi.org/10.1039/D3OB01458D
https://www.ncbi.nlm.nih.gov/pubmed/37815482
https://doi.org/10.6023/cjoc202209004
https://doi.org/10.1126/science.1226458
https://www.ncbi.nlm.nih.gov/pubmed/23118186
https://doi.org/10.1002/chem.202101982
https://www.ncbi.nlm.nih.gov/pubmed/34164860
https://doi.org/10.1016/j.cclet.2021.06.068
https://doi.org/10.1039/C4OB00843J
https://doi.org/10.1021/cs400956a
https://doi.org/10.1039/c3ob41091a
https://www.ncbi.nlm.nih.gov/pubmed/23900637
https://doi.org/10.1007/s11426-015-5513-8
https://doi.org/10.1002/ajoc.202100458
https://doi.org/10.1021/acs.joc.0c01940
https://www.ncbi.nlm.nih.gov/pubmed/33135893
https://doi.org/10.1039/C8OB00240A
https://www.ncbi.nlm.nih.gov/pubmed/29741548
https://doi.org/10.1039/D0OB01837F
https://doi.org/10.1039/C8OB01844H

Catalysts 2023, 13, 1502 25 of 26

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Okamura, I; Park, S.; Han, ].H.; Notsu, S.; Sugiyama, H. A Combination of Visible-light Photoredox and Metal Catalysis for the
Mannich-type Reaction of N-Aryl Glycine Esters. Chem. Lett. 2017, 46, 1597-1600. [CrossRef]

Xin, H.; Yuan, Z.-H.; Yang, M.; Wang, M.-H.; Duan, X.-H.; Guo, L.-N. Metal-free, visible-light driven C-H ketoalkylation of
glycine derivatives and peptides. Green Chem. 2021, 23, 9549-9553. [CrossRef]

Song, Y.; Zhang, H.; Guo, J.; Shao, Y.; Ding, Y.; Zhu, L.; Yao, X. Visible-Light-Induced Oxidative x-Alkylation of Glycine
Derivatives with Ethers under Metal-Free Conditions. Eur. |. Org. Chem. 2021, 2021, 5914-5921. [CrossRef]

Guin, S.; Majee, D.; Samanta, S. Recent Advances in Visible-Light-Driven Photocatalyzed y-Cyanoalkylation Reactions. Asian J.
Org. Chem. 2021, 10, 1595-1618. [CrossRef]

Zhou, S.-Y.; Zhang, D.; Liu, X.-J.; Qin, J.-H.; Fu, Z.-L.; Li, S.-L.; Cai, F-J.; Li, Y.; Li, J.-H. Visible-light-driven photoredox-catalyzed
C(sp3)—C(sp3) cross-coupling of N-arylamines with cycloketone oxime esters. Org. Chem. Front. 2022, 9, 2534-2540. [CrossRef]
Wang, Z.; Liu, Q.; Liu, R;; Ji, Z.; Li, Y,; Zhao, X.; Wei, W. Visible-light-initiated 4CzIPN catalyzed multi-component tandem
reactions to assemble sulfonated quinoxalin-2(1H)-ones. Chin. Chem. Lett. 2022, 33, 1479-1482. [CrossRef]

Chen, X.; Ouyang, W.-T.; Li, X.; He, W.-M. Visible-Light Induced Organophotocatalysis for the Synthesis of Difluoroethylated
Benzoxazines. Chin. |. Org. Chem. 2023, 202307026.

Chen, J.-Y.; Wu, H.-Y;; Song, H.-Y,; Li, H.-X; Jiang, J.; Yang, T.-B.; He, W.-M. Visible-Light-Induced Annulation of Iodonium Ylides
and 2-Isocyanobiaryls to Access 6-Arylated Phenanthridines. J. Org. Chem. 2023, 88, 8360-8368. [CrossRef] [PubMed]

Shang, T.-Y.; Lu, L.-H.; Cao, Z.; Liu, Y.; He, W.-M.; Yu, B. Recent advances of 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene
(4CzIPN) in photocatalytic transformations. Chem. Commun. 2019, 55, 5408-5419. [CrossRef] [PubMed]

Gao, Y,; Liu, J.; Wei, C.; Li, Y,; Zhang, K; Song, L.; Cai, L. Photo-induced B-fragmentation of aliphatic alcohol derivatives for
forging C-C bonds. Nat. Commun. 2022, 13, 7450. [CrossRef]

Zhang, G.-Y,; Xiang, Y.; Guan, Z.; He, Y.-H. Enzyme and photoredox sequential catalysis for the synthesis of 1,3-oxazine
derivatives in one pot. Catal. Sci. Technol. 2017, 7, 1937-1942. [CrossRef]

Zhang, Y,; Li, S.; Zhu, Y.; Yang, X.; Zhou, H.; Li, Y. Visible Light-Induced Oxidative Cross Dehydrogenative Coupling of Glycine
Esters with 3-Naphthols: Access to 1,3-Benzoxazines. . Org. Chem. 2020, 85, 6261-6270. [CrossRef]

Zhang, Y.; Yang, X.; Zhou, H; Li, S.; Zhu, Y.; Li, Y. Visible light-induced aerobic oxidative cross-coupling of glycine derivatives
with indoles: A facile access to 3,3’ bisindolylmethanes. Org. Chem. Front. 2018, 5, 2120-2125. [CrossRef]

Li, S.; Yang, X.; Wang, Y.; Zhou, H.; Zhang, B.; Huang, G.; Zhang, Y.; Li, Y. Visible Light-Induced Aerobic Oxidative Csp3fH
Arylation of Glycine Derivatives. Adv. Synth. Catal. 2018, 360, 4452-4456. [CrossRef]

Sun, B,; Deng, J.; Li, D.; Jin, C.; Su, W. Photocatalytic aerobic cross-coupling reaction of N-substituted anilines with N-aryl glycine
esters: Synthesis of x-aryl ax-amino esters. Tetrahedron Lett. 2018, 59, 4364—4369. [CrossRef]

Ni, C; Chen, W,; Jiang, C.; Lu, H. Visible light-induced aerobic oxidative cross-coupling reaction: Preparation of «-indolyl glycine
derivatives. New J. Chem. 2020, 44, 313-316. [CrossRef]

Shi, A; Sun, K.; Chen, X; Qu, L.; Zhao, Y.; Yu, B. Perovskite as Recyclable Photocatalyst for Annulation Reaction of N-Sulfonyl
Ketimines. Org. Lett. 2022, 24, 299-303. [CrossRef]

Han, H.; Zheng, X.; Qiao, C.; Xia, Z.; Yang, Q.; Di, L.; Xing, Y.; Xie, G.; Zhou, C.; Wang, W.; et al. A Stable Zn-MOF for
Photocatalytic Csp3—H Oxidation: Vinyl Double Bonds Boosting Electron Transfer and Enhanced Oxygen Activation. ACS Catal.
2022, 12, 10668-10679. [CrossRef]

Zhang, Z.; Jia, J.; Zhi, Y.; Ma, S.; Liu, X. Porous organic polymers for light-driven organic transformations. Chem. Soc. Rev. 2022,
51, 2444-2490. [CrossRef]

Song, H.-Y,; Jiang, J.; Wu, C.; Hou, J.-C.; Lu, Y.-H.; Wang, K.-L.; Yang, T.-B.; He, W.-M. Semi-heterogeneous g-C3N, /Nal dual
catalytic C-C bond formation under visible light. Green Chem. 2023, 25, 3292-3296. [CrossRef]

Shi, A,; Sun, K.; Wu, Y,; Xiang, P; Krylov, I.B.; Terent'ev, A.O.; Chen, X.; Yu, B. Oxygen-doped carbon nitride for enhanced
photocatalytic activity in visible-light-induced decarboxylative annulation reactions. J. Catal. 2022, 415, 28-36. [CrossRef]

Gui, Q.-W,; Teng, F; Yu, P.; Wu, Y.-F; Nong, Z.-B.; Yang, L.-X.; Chen, X.; Yang, T.-B.; He, W.-M. Visible light-induced Z-scheme
V,05/g-C3Ny heterojunction catalyzed cascade reaction of unactivated alkenes. Chin. . Catal. 2023, 44, 111-116. [CrossRef]
Lu, Y.-H,; Wu, C,; Hou, J.-C.; Wu, Z.-L.; Zhou, M.-H.; Huang, X.-J.; He, W.-M. Ferrocene-Mediated Photocatalytic Annulation of
N-Sulfonyl Ketimines on a Polycrystalline WSe, Semiconductor Photocatalyst. ACS Catal. 2023, 13, 13071-13076. [CrossRef]

Li, X.-B.; Tung, C.-H.; Wu, L.-Z. Semiconducting quantum dots for artificial photosynthesis. Nat. Rev. Chem. 2018, 2, 160-173.
[CrossRef]

Huang, C; Qiao, J.; Ci, R.-N.; Wang, X.-Z.; Wang, Y.; Wang, J.-H.; Chen, B.; Tung, C.-H.; Wu, L.-Z. Quantum dots enable direct
alkylation and arylation of allylic C(sp3)—H bonds with hydrogen evolution by solar energy. Chem 2021, 7, 1244-1257. [CrossRef]
Qiao, J.; Song, Z.-Q.; Huang, C.; Ci, R.-N,; Liu, Z.; Chen, B.; Tung, C.-H.; Wu, L.-Z. Direct, Site-Selective and Redox-Neutral x-C—H
Bond Functionalization of Tetrahydrofurans via Quantum Dots Photocatalysis. Angew. Chem. Int. Ed. 2021, 60, 27201-27205.
[CrossRef] [PubMed]

Zhu, Y,; Li, S; Yang, X.; Wang, S.; Zhang, Y. Direct synthesis of triphenylamine-based ordered mesoporous polymers for metal-free
photocatalytic aerobic oxidation. J. Mater. Chem. A 2022, 10, 13978-13986. [CrossRef]


https://doi.org/10.1246/cl.170706
https://doi.org/10.1039/D1GC03230E
https://doi.org/10.1002/ejoc.202101242
https://doi.org/10.1002/ajoc.202100212
https://doi.org/10.1039/D2QO00128D
https://doi.org/10.1016/j.cclet.2021.08.036
https://doi.org/10.1021/acs.joc.3c00380
https://www.ncbi.nlm.nih.gov/pubmed/37262353
https://doi.org/10.1039/C9CC01047E
https://www.ncbi.nlm.nih.gov/pubmed/31020957
https://doi.org/10.1038/s41467-022-35249-7
https://doi.org/10.1039/C6CY02682F
https://doi.org/10.1021/acs.joc.9b01440
https://doi.org/10.1039/C8QO00341F
https://doi.org/10.1002/adsc.201801018
https://doi.org/10.1016/j.tetlet.2018.10.067
https://doi.org/10.1039/C9NJ05211A
https://doi.org/10.1021/acs.orglett.1c03960
https://doi.org/10.1021/acscatal.2c02674
https://doi.org/10.1039/D1CS00808K
https://doi.org/10.1039/D2GC04843D
https://doi.org/10.1016/j.jcat.2022.09.027
https://doi.org/10.1016/S1872-2067(22)64162-7
https://doi.org/10.1021/acscatal.3c02268
https://doi.org/10.1038/s41570-018-0024-8
https://doi.org/10.1016/j.chempr.2021.01.019
https://doi.org/10.1002/anie.202109849
https://www.ncbi.nlm.nih.gov/pubmed/34536248
https://doi.org/10.1039/D2TA02423C

Catalysts 2023, 13, 1502 26 of 26

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Poletti, L.; Ragno, D.; Bortolini, O.; Presini, F,; Pesciaioli, F.; Carli, S.; Caramori, S.; Molinari, A.; Massi, A.; Di Carmine, G.
Photoredox Cross-Dehydrogenative Coupling of N-Aryl Glycines Mediated by Mesoporous Graphitic Carbon Nitride: An
Environmentally Friendly Approach to the Synthesis of Non-Proteinogenic x-Amino Acids (NPAAs) Decorated with Indoles. J.
Org. Chem. 2022, 87, 7826-7837. [CrossRef]

Kumar, G.; Pillai, R.S.; Khan, N.-u.H.; Neogi, S. Structural engineering in pre-functionalized, imine-based covalent organic
framework via anchoring active Ru(II)-complex for visible-light triggered and aerobic cross-coupling of x-amino esters with
indoles. Appl. Catal. B 2021, 292, 120149. [CrossRef]

Ji, P; Zhang, Y.; Wei, Y.; Huang, H.; Hu, W.; Mariano, P.A.; Wang, W. Visible-Light-Mediated, Chemo- and Stereoselective Radical
Process for the Synthesis of C-Glycoamino Acids. Org. Lett. 2019, 21, 3086-3092. [CrossRef]

Wang, Z.; Meng, N.; Lv, Y.; Wei, W.; Yue, H.; Zhong, G. Photocatalyst-free visible-light-mediated three-component reaction of
a-diazoesters, cyclic ethers and NaSCN to access organic thiocyanates. Chin. Chem. Lett. 2023, 34, 107599. [CrossRef]

Xu, H.; Li, X.; Ma, J.; Zuo, J.; Song, X.; Lv, ].; Yang, D. An electron donor—acceptor photoactivation strategy for the synthesis of
S-aryl dithiocarbamates using thianthrenium salts under mild aqueous micellar conditions. Chin. Chem. Lett. 2023, 34, 108403.
[CrossRef]

Xu, H.; Li, X.; Dong, Y.; Ji, S.; Zuo, J.; Lv, J.; Yang, D. Thianthrenium-Enabled Phosphorylation of Aryl C-H Bonds via Electron
Donor-Acceptor Complex Photoactivation. Org. Lett. 2023, 25, 3784-3789. [CrossRef]

Ji, H.-T.; Wang, K.-L.; Ouyang, W.-T.; Luo, Q.-X,; Li, H.-X.; He, W.-M. Photoinduced, additive- and photosensitizer-free multi-
component synthesis of naphthoselenazol-2-amines with air in water. Green Chem. 2023, 25, 7983-7987. [CrossRef]

Lu, Y.-H.; Zhang, Z.-T.; Wu, H.-Y,; Zhou, M.-H.; Song, H.-Y,; Ji, H.-T; Jiang, J.; Chen, J.-Y.; He, W.-M. TBAI/H,O-cooperative
electrocatalytic decarboxylation coupling-annulation of quinoxalin-2(1H)-ones with N-arylglycines. Chin. Chem. Lett. 2023, 34,
108036. [CrossRef]

Yang, X.; Zhu, Y.; Xie, Z.; Li, Y.; Zhang, Y. Visible-Light-Induced Charge Transfer Enables Csp3—H Functionalization of Glycine
Derivatives: Access to 1,3-Oxazolidines. Org. Lett. 2020, 22, 1638-1643. [CrossRef] [PubMed]

Han, Y,; Shi, J.; Li, S.; Dan, T.; Yang, W.; Yang, M. Selective editing of a peptide skeleton viza C-N bond formation at N-terminal
aliphatic side chains. Chem. Sci. 2022, 13, 14382-14386. [CrossRef] [PubMed]

Zhu, Z.-Q.; Hu, ].-Y.; Xie, Z.-B.; Tang, ].; Le, Z.-G. Visible-Light-Enabled Photosensitizer- and Additive-Free Decarboxylative
Coupling Cyclization of Enaminone with N-Arylglycine for 3-Aminoalkyl Chromones. Adv. Synth. Catal. 2022, 364, 2169-2173.
[CrossRef]

Jiang, C.; Sha, X.; Ni, C.; Qin, W.; Zhu, X.; Wang, S.; Li, X.; Lu, H. Visible-Light-Promoted Cross Dehydrogenative /Decarboxylative
Coupling Cascades of Glycine Ester Derivatives and 3-Keto Acids. J. Org. Chem. 2022, 87, 8744-8751. [CrossRef] [PubMed]
Song, H.-Y,; Xiao, F; Jiang, J.; Wu, C.; Ji, H.-T.; Lu, Y.-H.; Wang, K.-L.; He, W.-M. External photocatalyst-free C-H alkylation of
N-sulfonyl ketimines with alkanes under visible light. Chin. Chem. Lett. 2023, 34, 108509. [CrossRef]

Song, H.-Y,; Liu, M.-Y.; Huang, J.; Wang, D.; Jiang, J.; Chen, ].-Y.; Yang, T.-B.; He, W.-M. Photosynthesis of 3-Alkylated Coumarins
from Carboxylic Acids Catalyzed by a NayS-Based Electron Donor—Acceptor Complex. J. Org. Chem. 2023, 88, 2288-2295.
[CrossRef]

Fu, M.-C,; Shang, R.; Zhao, B.; Wang, B.; Fu, Y. Photocatalytic decarboxylative alkylations mediated by triphenylphosphine and
sodium iodide. Science 2019, 363, 1429-1434. [CrossRef]

Wang, G.-Z.; Fu, M.-C.; Zhao, B.; Shang, R. Photocatalytic decarboxylative alkylations of C(sp3 )-H and C(spz)—H bonds enabled
by ammonium iodide in amide solvent. Sci. China Chem. 2021, 64, 439-444. [CrossRef]

Liu, M.-T;; Liu, D.-G.; Qin, Z.-W.; Wang, G.-Z. Visible Light-induced Decarboxylative Alkylations Enabled by Electron Donor-
Acceptor Complex. Asian J. Org. Chem 2022, 11, €202200335. [CrossRef]

Wang, C.; Qi, R.; Xue, H,; Shen, Y.; Chang, M.; Chen, Y.; Wang, R.; Xu, Z. Visible-Light-Promoted C(sp3)—H Alkylation by
Intermolecular Charge Transfer: Preparation of Unnatural «-Amino Acids and Late-Stage Modification of Peptides. Angew. Chem.
Int. Ed. 2020, 59, 7461-7466. [CrossRef] [PubMed]

Wang, G.-Z.; Liu, D.-G.; Liu, M.-T.; Fu, Y. Photocatalyst- and additive-free site-specific C(sp3)—H hydrazination of glycine
derivatives and peptides. Green Chem. 2021, 23, 5082-5087. [CrossRef]

Litman, Z.C.; Wang, Y.; Zhao, H.; Hartwig, ]J.F. Cooperative asymmetric reactions combining photocatalysis and enzymatic
catalysis. Nature 2018, 560, 355-359. [CrossRef]

Zhang, S.; Liu, S.; Sun, Y.; Li, S.; Shi, ].; Jiang, Z. Enzyme-photo-coupled catalytic systems. Chem. Soc. Rev. 2021, 50, 13449-13466.
[CrossRef]

Li, J.; Kumar, A.; Lewis, ].C. Non-native Intramolecular Radical Cyclization Catalyzed by a Bjy-Dependent Enzyme. Angew. Chem.
Int. Ed. 2023, €202312893. [CrossRef]

Hu, J.-Y,; Xie, Z.-B.; Tang, J.; Le, Z.-G.; Zhu, Z.-Q. Combining Enzyme and Photoredox Catalysis for the Construction of
3-Aminoalkyl Chromones. J. Org. Chem. 2022, 87, 14965-14969. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/acs.joc.2c00474
https://doi.org/10.1016/j.apcatb.2021.120149
https://doi.org/10.1021/acs.orglett.9b00724
https://doi.org/10.1016/j.cclet.2022.06.022
https://doi.org/10.1016/j.cclet.2023.108403
https://doi.org/10.1021/acs.orglett.3c01303
https://doi.org/10.1039/D3GC02575F
https://doi.org/10.1016/j.cclet.2022.108036
https://doi.org/10.1021/acs.orglett.0c00234
https://www.ncbi.nlm.nih.gov/pubmed/32037834
https://doi.org/10.1039/D2SC04909K
https://www.ncbi.nlm.nih.gov/pubmed/36545141
https://doi.org/10.1002/adsc.202200304
https://doi.org/10.1021/acs.joc.2c00149
https://www.ncbi.nlm.nih.gov/pubmed/35708260
https://doi.org/10.1016/j.cclet.2023.108509
https://doi.org/10.1021/acs.joc.2c02679
https://doi.org/10.1126/science.aav3200
https://doi.org/10.1007/s11426-020-9905-1
https://doi.org/10.1002/ajoc.202200335
https://doi.org/10.1002/anie.201914555
https://www.ncbi.nlm.nih.gov/pubmed/32078758
https://doi.org/10.1039/D1GC01210J
https://doi.org/10.1038/s41586-018-0413-7
https://doi.org/10.1039/D1CS00392E
https://doi.org/10.1002/anie.202312893
https://doi.org/10.1021/acs.joc.2c01977

	Introduction 
	Visible-Light-Driven -C(sp3)–H Bond Functionalization of Glycine Derivatives with Transition-Metal Complexes 
	-C(sp3)–C Bond Formation 
	-C(sp3)–H Alkylation 
	-C(sp3)–H Arylation 

	-C(sp3)–N Formation 

	Visible-Light-Driven -C(sp3)–H Bond Functionalization of Glycine Derivatives with Organic Dyes 
	-C(sp3)–C Formation 
	-C(sp3)–H Alkylation 
	-C(sp3)–H Arylation 


	Visible-Light-Driven -C(sp3)–H Bond Functionalization of Glycine Derivatives with Heterogeneous Photocatalysts 
	External Photocatalyst-Free Visible-Light-Driven -C(sp3)–H Bond Functionalization of Glycine Derivatives 
	Summary and Outlook 
	References

