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en asymmetric aldol reaction of
ketones and glycinates via synergistic Lewis acid/
photoredox catalysis†

Jiuqi Tan, Longqing Yang, Hanyu Su, Yuntian Yang, Ziwei Zhong,
Xiaoming Feng * and Xiaohua Liu *

Visible-light-driven direct asymmetric a-C(sp3)–H bond functionalization of glycinate provides a direct and

efficient route for the synthesis of diverse optically enriched a-amino acid derivatives. However, asymmetric

coupling between glycinate radical species and ketones faces significant challenges, including competitive

pathways, mutable intermediates, as well as congested stereogenic centers. Herein, we disclose the first

example for the asymmetric photocatalytic synthesis of a diverse array of b-diaryl-b-hydroxy-a-amino

acetate derivatives from glycinates and heteroaryl ketones through the synergistic catalysis of achiral

iridium photoredox catalyst and chiral lanthanide Lewis acid catalysts. The enantioselective radical

addition pathway is supported by spectroscopic experiments, control experiments and DFT calculations.
Introduction

Glycine is the only achiral proteinogenic a-amino acid, but the
a-functionalization of the C(sp3)–H bond of glycine derivatives
provides a direct and efficient route for the synthesis of diverse
natural or unnatural chiral a-amino acids and modied
peptides.1 Visible-light-driven a-C(sp3)–H bond functionaliza-
tion of glycinate has witnessed considerable developments
beneting from the harmonization of photoredox catalyst and/
or metal complex/organocatalyst (Scheme 1a).2 The general
mechanistic prole involves the oxidation of glycine ester into
amino radical cation, which triggers rapid a-deprotonation to
yield a carbon-centered a-amino radical (i), then further
oxidation into cationic iminium (ii).3 Based on this strategy,
a plethora of a-alkylation and a-arylation reactions of glycinate
have been achieved using various alkyl sources and electron-
rich aryls (Scheme 1a, path 1). Recently, the enantioselective
variation was reported, which provides efficient access to opti-
cally enriched amino acid derivatives. Wang et al.3e,h reported
enantioconvergent cross-coupling between racemic a-bromo
ketones and N-substituted glycine esters by a cooperative pho-
toredox/Brønsted acid catalysis (Scheme 1b). Xu et al. realized
the enantioselective alkylation of quinolinyl-preinstalled glyci-
nate derivative using N-hydroxyphthalimide (NHP) esters as the
nology, Ministry of Education, College of

0064, P. R. China. E-mail: xmfeng@scu.

ESI) available: 1H, 13C{1H} and 19F{1H}
crystallographic data for C5. CCDC
a in CIF or other electronic format see

–16058
alkyl radical sources enabled by photoinduced chiral copper
complexes.4 However, there are sporadic reports related to the
addition or coupling with unsaturated compounds (Scheme 1a,
path 2), such as carbonyl compounds reported by Xiao et al.,5a

azo compounds by Fu et al.,5b or phenylpropyne by Breit et al.,5c
Scheme 1 Visible light-driven a-C(sp3)–H bond functionalization of
glycinates.
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which could serve as complementary approaches to the a-
C(sp3)–H bond functionalization of glycinate. Moreover, König
et al.6 utilized 3DPA2FBN as the photocatalyst to trigger the
formation of carbanion intermediate (iii) bearing an exogenous
alkylamine substitution, leading to the addition into carbonyl
compounds.

b-Hydroxy-a-amino acids are a class of molecules commonly
found in polypeptide natural products and pharmaceuticals.7

The direct aldol reaction of glycinates represents an intriguing
and straightforward strategy.8,9 Zhao et al. realized biomimetic
aldol reaction of triuoromethyl ketones9f,g and aldehydes9h by
carbonyl catalysis. The enantioselective a-C(sp3)–H functional-
ization of glycinate to general ketones remains elusive.
Intrigued by visible-light-driven radical cross-coupling between
glycinates and diaryl ketones,5a,6 we wish to achieve the more
challenging enantioselective synthesis of b-diaryl-b-hydroxyl-a-
amino acids via this approach.

There are several challenges for the target process (Scheme
1c). The use of photoredox catalysts is imperative but both
glycinate and ketone can perform the SET process, which may
cause competitive catalytic cycles: reductive quenching or
oxidative quenching cycle.10 The excessive oxidation of glycinate
into cationic iminium (ii) is disadvantageous to the coupling
with ketone, enhancing the formation of the diamine byprod-
uct. The conjugated system of diaryl ketones leads to the excited
species via the direct absorption of visible light or energy
transfer from photocatalysts,11–13 and the formed ketyl radical
(iv) gives rise to the hydrogenation of ketone and dehydroge-
nation of glycinate. In addition, the addition to ketones results
in the construction of vicinal stereo-congested centers,
including a quaternary carbon center, which is one of the
synthetic challenges in asymmetric catalysis. In addition, the
alkoxy radical intermediate might undergo b-scission, leading
to the decomposition of the product.14 The merging of a pho-
toredox catalyst and a chiral catalyst for synergistic catalysis
would provide an important platform, which could not only
control the formation of the radical species to minimize unde-
sired radical species but also guide the facial approach of the
two reactive species. Herein, we disclosed a new synergistic
catalysis by the combination of an Ir(III)-based photoredox
catalyst and chiral lanthanide catalyst of N,N0-dioxide ligands
developed by our group for the purpose.15,16 The rst example
for the visible light-driven asymmetric a-C(sp3)–H bond func-
tionalization of glycinate for the synthesis of b-quaternary-
stereocentric serine derivatives was achieved (Scheme 1c).

Results and discussion

Initially, we chose phenyl(pyridin-2-yl)methanone A1 and ethyl
phenylglycine B1 as themodel substrates to identify the optimal
catalytic system (Table 1 and see ESI† for details). The screening
of a number of metal salts combined with chiral N,N0-dioxide
L3-RaPr2 in the presence of photocatalyst [Ir1] and DMAP as the
base at room temperature revealed that lanthanide salts with
larger ion radii showed higher enantioselectivity. We found that
La(OTf)3 could give product C1 excellent ee value for two dia-
stereomers and moderate yield (Table 1, entry 1). The use of
© 2024 The Author(s). Published by the Royal Society of Chemistry
organic photocatalyst 4CzIPN (entry 2) or [Ir2] (entry 3) gave the
product with slightly increased diastereoselectivity, although
the yield dropped. Using the ligand L3-RaPr3 with increased
steric hindrance at the amide subunits gave rise to the product
with somewhat higher diastereoselectivity (entry 4). The yield of
amino alcohol C1 is not good due to the strongly competitive
reactions, which led to the generation of homo-coupling F and
oxidated imine G from B1 and also the reduced byproduct H
from A1. Later, when the transformation was carried out with
weakened irradiation light (entry 5), decreased reaction
temperature (entry 6), and lower amount of [Ir2] (entry 7) within
less reaction time (10 hours; entry 8), the desired amino alcohol
C1 could be isolated in a gradually increased yield as a result of
minimizing the formation of byproducts and avoiding the
decomposition of the product. In these conditions, product C1
could be isolated in 66% yield, with 98% and 92% ee for each
diastereomers once the amount of glycinate increased to three
equivalents (entry 9). Fortunately, the reaction can be further
enhanced by the addition of 30 mol% of sodium tetrakis[3,5-
bis(triuoromethyl)phenyl]borate (NaBArF4), resulting in
a 93% NMR yield of the product and 84% isolated yield (entry
10). This result might contribute to the counteracting ion
exchange with lanthanide catalyst and [Ir2] or the stabilization
of the alkoxy radical intermediate (see ESI† for details). The
concentration did not considerably affect the reaction results
(entry 11). Considering environmental friendliness and
economic efficiency, we chose a minimal quantity of the
solvent. The homo-coupling product F was obtained in about
5% yield and the imine G was detected in 7% yield. In addition,
the alcohol H was detected in less than 4% yield in this case.
Finally, the optimal conditions (entry 11) giving the amino
alcohol C1 in the best selectivity and isolated yield (84% yield,
68:32 dr, with 98% and 92% ee for each isomer) involved
0.5 mol% of [Ir2], chiral La(OTf)3/L3-RaPr3 catalyst, and DMAP
in THF (0.2 M) under the irradiation of visible light (460 nm, 2
W) at−30 °C aer 10 h. The systemwas sensitive to air but water
and other protonic additives were tolerable (see ESI† for
details). We also tested several other chiral ligands, such as
bisoxazoline and phosphine ligands, as well as chiral phos-
phoric acid organocatalysts, but the stereoselectivity was poor
(see ESI† for details). The comparison reaction in the presence
of only [Ir2] and DMAP generated the racemic diastereomers in
19% yield, and ketone was recovered in 56% yield (entry 12 vs.
entry 8), highlighting the acceleration of lanthanum catalyst.
Note that the mixture of ketone A1 and glycinate B1 in the
presence of chiral lanthanum catalyst could afford the product
upon direct irradiation with 400 nm light without an additional
photocatalyst, and the amino alcohol was isolated in 38% yield
with maintained enantioselectivity (entry 13). It manifested that
this addition reaction could be performed via different path-
ways depending on the photocatalyst, ketone, and light energy
as well.

With the optimal reaction conditions (Table 1, entry 11)
established, the substrate scope with respect to glycinates was
investigated. As shown in Scheme 2, phenylglycinates with
varied ester group regardless of the steric hindrance reacted
with ketone A1 smoothly, providing the desired serine
Chem. Sci., 2024, 15, 16050–16058 | 16051
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Table 1 Optimization of the reaction conditionsa

Entry Condition variation Yieldb (%) eec (%) drc

1 L3-RaPr2/[Ir1] (2 mol%)/5 W/r.t./24 h 35 99/91 52 : 48
2 L3-RaPr2/4CzIPN (2 mol%)/5 W/r.t./24 h 22 98/92 60 : 40
3 L3-RaPr2/[Ir2] (2 mol%)/5 W/r.t./24 h 10 99/91 60 : 40
4 [Ir2] (2 mol%)/5 W/r.t./24 h 16 93/90 66 : 34
5 [Ir2] (2 mol%)/r.t./24 h 30 95/93 66 : 34
6 [Ir2] (2 mol%)/24 h 36 95/91 72 : 28
7 24 h 51 95/92 68 : 32
8 — 60 98/92 70 : 30
9 B1 (3.0 equiv.) 66 98/92 66 : 34
10 B1 (3.0 equiv.)/NaBArF4 (30 mol%) 85 (93) 98/93 68 : 32
11 B1 (3.0 equiv.)/NaBArF4 (30 mol%)/THF (0.5 mL) 84 (93) 98/92 68 : 32
12 w/o L3-RaPr3/La(OTf)3 19 —/— 50 : 50
13 w/o [Ir2]/400 nm/15 °C/24 h 38 98/93 58 : 42

a Unless otherwise noted, all reactions were carried out with A1 (0.1mmol), B1 (2.0 equiv.), La(OTf)3/L3-RaPr3 (1:1, 10mol%), DMAP (0.2mmol), [Ir2]
(0.5 mol%) in THF (1.0 mL) at −30 °C upon irradiation with LEDs (460 nm, 2 W) under nitrogen for 10 hours. b Total isolated yield of two
diastereoisomers, and the data in the parentheses referred to the 1H NMR yield with dibromomethane as the internal standard. c ee and dr
values were determined by HPLC analysis on a chiral stationary phase. DMAP = 4-dimethylaminopyridine. THF = tetrahydrofuran. r.t. = room
temperature.
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derivatives C1–C4 in good yield (77–84%) and excellent levels of
enantioselectivity for each diastereomer (98–99% ee for major
diastereomer, 91–98% ee for the minor one). The para-tertbutyl
group introduced at the N-aryl substitution slightly raised the
diastereoselectivity (C5–C6), and the absolute conguration of
the major isomer of the product C5 was determined to be
(2R,3R) by X-ray crystallography analysis.17 Ether glycinates
bearing a series of substituted aryl groups as N-protection
groups could be tolerated well. It revealed that ortho-substitu-
ents had a greater effect on both the yield and the stereo-
selectivity due to the steric hindrance (C7–C8); however, various
substitutions at the meta- and para-position had no obvious
inuence on the enantioselectivity of each diastereomers (C9–
C27; 91–99% ee for major diastereomer, and 82–93% ee for the
minor one). The yields were satisfactory with para-cyano group
(C21) as an exception, probably because its high oxidation
potential is unfavorable to the photo-reductive quenching of
[Ir2]. Notably, several functional groups, such as alkenyl (C22),
alkynyl (C23), acyl (C24), ester (C25), boron ester group (C26),
were compatible in the transformation. 1-Naphthyl (C28) and 2-
naphthyl substitutions (C29) were competent in the reaction,
but the former showed lower outcome as a result of steric
hindrance. N-PMP-containing product C30 was isolated in 40%
16052 | Chem. Sci., 2024, 15, 16050–16058
yield because of the thermodynamic instability in column
chromatography purication. Moreover, this approach could be
applied to late-stage modication (C31–C34), involving the
introduction of alcohols to glycine as ester groups or peptide as
the amide substitution.

Subsequently, we turned our attention to the variation of
ketones. As shown in Scheme 3, a series of 2-pyridine-based
diaryl ketones bearing electron-decient or -rich substitutions
on the meta- or para-position of the phenyl ring performed well,
and they delivered the corresponding adducts C35–C46 in
moderate to good yields (66–81%) and excellent enantiose-
lectivities (91–99% ee for the major diastereomer and 71–98%
ee for the minor one), and the diastereoselectivity (up to 90 : 10
dr) was higher when there was a para-substituted phenyl group.
Ortho-substitutes were not eligible to the addition, which might
be due to the spatial congestion hindering the addition of
radical species (see ESI† for details). Pyridin-2-yl(pyridin-4-yl)
methanone delivered the related product C47 in 70% yield
with good enantioselectivity (93%/87% ee) and 72:28 dr.
Substitution at the C2 or C3-position of the pyridine subunit
(C48–C51) could be compatible, but the C4-bromo substituted
one led to the formation of C52 with decreased enantiose-
lectivity, especially for the minor isomer. The 2-pyridinyl group
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Substrate scope ofN-aryl glycinate derivatives.aUnless otherwise noted, all reactions were carried out with A1 or A3 (0.1 mmol), B (3.0
equiv.), La(OTf)3/L3-RaPr3 (1:1, 10 mol%), DMAP (0.2 mmol), [Ir2] (0.5 mol%), NaBArF4 (30 mol%) in THF (0.2 M) at −30 °C upon irradiation with
LEDs (460 nm, 2 W) under nitrogen for 10 hours. Total isolated yield of two diastereoisomers. ee values were determined by HPLC or UPC2

analysis on a chiral stationary phase. dr value was determined by 1H NMR.b 4CzIPN (2 mol%), at 20 °C for 20 h.
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of the ketone could be changed into the 3-isoquinolinyl (C53) or
2-pyrimidinyl group (C54) without diminishing the reactivity
and enantioselectivity. In contrast, the addition of di(pyridin-2-
yl)methanone yielded the product C55with a poor ee value (20%
ee), indicating that the diastereoselectivities of the unsym-
metric ketones originate from the facially selective approach of
glycinate and that the tertiary alcohol centers of the two isomers
are likely to be identical in other cases. Additionally, 1-(pyridin-
2-yl)ethan-1-one (C56) and benzothiazolphenone (C58) worked
well despite there being a slight decrease in the reactivity (61–
67% yield) and enantioselectivity. The reaction of
cyclopropyl(pyridin-2-yl)methanone afforded the product C57
in moderate yield without ring-opening, manifesting that the
addition process did not involve the ketyl radical intermediate.

As shown in Scheme 4a, the reaction of ketone A1 at the
4 mmol scale with glycinate B5 performed well under the
© 2024 The Author(s). Published by the Royal Society of Chemistry
optimized reaction conditions, and the gram-scale synthesis of
C5 gave 80% yield (1.42 g) with 99%/93% ee and 78:22 dr. Using
the enantiomer of the ligand L3-RaPr3 instead, ent-C5 was
delivered with comparable results (see ESI† for details). Aer
recrystallization, nearly optically pure C5 (99% ee, >95:5 dr) was
obtained, which could be readily reduced into the useful 2-
amino-1,3-diol18 D1 by diisobutylaluminium hydride (DIBAL-H)
or be transformed into oxazolidinone D2 in moderate yield
without the erosion of stereoselectivity aer the treatment with
triphosgene.

To glean insights into the overall mechanism, some spec-
troscopic studies and control experiments were conducted
(Scheme 4 and ESI†). UV-vis absorption spectroscopy analysis
suggested that the main light-absorbing species is the iridium
photocatalyst rather than ketone A1 or glycine ester B5 under
the irradiation at 460 nm (see ESI† for details). Stern–Volmer
Chem. Sci., 2024, 15, 16050–16058 | 16053
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Scheme 3 Substrate scope of ketones. aUnless otherwise noted, all reactions were carried out with A (0.1 mmol), B5 or B16 (3.0 equiv.), La(OTf)3/
L3-RaPr3 (1:1, 10 mol%), DMAP (0.2 mmol), [Ir2] (0.5 mol%), NaBArF4 (30 mol%) in THF (0.2 M) at −30 °C upon irradiation with LEDs (460 nm, 2 W)
under nitrogen for 15 hours. Total isolated yield of two diastereoisomers. ee values were determined by HPLC or UPC2 analysis on a chiral
stationary phase. dr value was determined by 1H NMR.
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uorescence quenching studies (Scheme 4b) showed that the
excited photocatalyst [Ir2] (*Ered (*IrIII/IrII) = +1.21 V vs. SCE)10a

could be quenched by both glycine ester B5 (Ep/2
ox = +0.85 V vs.

SCE) and A1 or La(III)-bonded A1, but the plot manifested that
the quenching by the former is much stronger than that by the
ketone, indicating a more favorable reductive quenching cycle.
Furthermore, electrochemical measurement (Scheme 4c, all vs.
SCE in MeCN) suggested that ketone A1 had lower reductive
potential [Ep/2

red (A1/A1c−) = −1.6 V], which shied to about
−0.82 V in the presence of La(OTf)3, but the current intensity
was low. Although the photoexcited state *Ir(III) [*Eox (IrIV/*IrIII)
= −0.89 V] or Ir(II) [E1/2 = −1.37 V]10a might serve as a reductant
to reduce Lewis acid-activated carbonyl A1 to afford the corre-
sponding ketyl radical, this process will not dominate during
the transformation in view of both the Stern–Volmer quenching
experiments and radical clock experiments (see ESI† for
details). This trend differed from the racemic reaction of
benzophenone promoted by [Ir1]/LiBF4 cooperation catalysis in
Xiao's report,5a in which the generation of the ketyl radical
species of ketone via the reduction of Ir(III)* was proposed. The
light on/off experiment between A1 and B5 indicated that
continuous irradiation was essential for the formation of the
product, and the quantum yield was found to be 0.022,
excluding a radical chain-dominated process.
16054 | Chem. Sci., 2024, 15, 16050–16058
Next, radical trapping experiment was conducted (Scheme
4d) and it displayed that the addition process was completely
inhibited by 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), and
the radical coupling adduct E1 was detected by high resolution
mass spectrometry (HRMS), along with piperi-din-1-ol E2 via the
HAT process in 11% isolated yield (Scheme 4d). In connection
with the detected byproducts F and G (Table 1), it is hypothe-
sized that the reaction process involves reactive a-amino carbon
radical species (see ESI† for details). Moreover, when imine G
was added into the reaction system (Scheme 4e), the major
coupling product is related to the glycinate B15, conrming that
the formation of the ketyl radical is the least as stated above. A
primary kinetic isotope effect (KIE) was obtained by parallel
(KIE = 3.0) and competition reactions (KIE = 4.0), which indi-
cated that the C–H cleavage of glycinate has a signicant
contribution to the rate-determining step (Scheme 4f).

In addition, a linear relationship between the enantiomeric
excess of ligand L3-RaPr3 and the enantiomeric excess of
product C50 was observed, indicating that the metal salt and
the chiral N,N0-dioxide ligand were coordinated in a 1:1 ratio
without catalyst aggregation in the active catalytic species (see
the ESI† for details).

Based on the above analysis, a possible dominant mecha-
nism is proposed in Fig. 1a to rationalize the synergistic catal-
ysis. The reaction is initiated with excited *[IrIII] photocatalyst
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Synthetic application and mechanistic investigation.
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oxidation and DMAP deprotonation sequence of glycine ester
B1 into a-amino radical Int I. Subsequently, the radical Int I
rapidly adds to the chiral Lewis acid bidentate-bonded ketone
complex (A1/[La]*), generating alkoxy radical species Int II
bonded by the chiral Lewis acid catalyst (path a). Otherwise, the
simple alkoxy radical would readily show b-scission14 to recover
the ketone and Int I. However, DFT calculation revealed the
stabilization of the alkoxy radical by the chiral catalyst or proton
Fig. 1 Proposed catalytic cycle.

© 2024 The Author(s). Published by the Royal Society of Chemistry
(see ESI† for details). We propose that aer the release of the
chiral Lewis acid catalyst, the protonated Int III of the alkoxy
radical shows the reductive process with [IrII] species (Ered (IrIII/
IrII) = −1.37 V vs. SCE)10a to form the product, along with the
regeneration of the [IrIII] photocatalyst. During this process, the
a-amino radical Int Imay undergo further oxidation to yield the
imine byproduct or the formal homocoupling diamine
byproduct. On the other hand, in the absence of the
Chem. Sci., 2024, 15, 16050–16058 | 16055
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photocatalyst, the chiral Lewis bonded ketone could be excited
at 400 nm irradiation,16c,d which acts as a strong oxidant to
transfer glycinate into the related radical species Int I or imine
intermediate (path b). Following radical–radical cross-coupling
or addition, the desired product could also be generated.

To elucidate the underlying cause of the enantioselectivity
induced by the N,N0-dioxide ligand, we carried out DFT calcu-
lations employing the chiral La(OTf)3/L3-RaPr3 complex in the
enantio-determining step of the intermediate Int II (see ESI† for
details).19 As depicted in Fig. 1b, the eight coordination sites of
La(III) were saturated by L3-RaPr3, THF and bidentate ketone A8.
Two facial selective pathways during the radical addition
process were to generate the major diastereomer Int II: (Re/Re)
approach vs. the (Si/Si) approach between the ketone and
radical Int I. The energy of the transition state TS-(R,R) in the
(Re/Re) manner is 1.67 kcal lower than that of TS-(S,S). From the
perspective of Boltzmann distribution, this energy difference
corresponds to approximately 95% ee to generate C41, which is
consistent with the experimental observations. The IGMH weak
interaction analysis20 clearly reveals the reasons behind this
difference. There is a weak p–p interaction between the aryl
groups of ketone A8 and one aniline unit of the N,N0-dioxide
ligand in TS-(R,R). However, there is steric hindrance between
the ester group of radical Int I and the lower right aryl group of
the ligand in TS-(S,S).

Conclusions

The synergistic catalysis of the iridium photoredox catalyst and
the chiral lanthanide complex of N,N0-dioxide enables the direct
asymmetric a-C(sp3)–H bond functionalization of glycinates
with ketones. This effective protocol allows for the straightfor-
ward preparation of a wide range of valuable enantioenriched
unnatural b-quaternary stereocentric serine derivatives with
excellent enantioselectivities for both the diastereomers. The
cooperation of the chiral Lewis acid catalyst not only harmo-
nized the enantioselective radical addition step but also stabi-
lized the alkoxy radical species before reduction. The
multiplicative enhancement minimized the competitive
byproduct formation and overwhelming racemic background
reaction. This cooperative catalytic system holds promise for
the development of a wide array of asymmetric catalytic direct a-
C(sp3)–H bond functionalizations through visible light-driven
pathways.
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Further details of the experimental procedure, 1H, 13C{1H} and
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