
Photoexcited Direct Amination/Amidation of Inert Csp3−H Bonds
via Tungsten−Nickel Catalytic Relay
Qing Wang, Shengyang Ni, Lei Yu, Yi Pan, and Yi Wang*

Cite This: ACS Catal. 2022, 12, 11071−11077 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Light alkanes are the most abundant resources in
nature. It is of great significance to develop convenient methods to
realize the conversion of alkanes to high value-added products.
However, the examples of aliphatic amines derived from
unactivated alkanes remain rare. This work describes a rapid
construction of C(sp3)−N bonds from light alkanes with amine/
amide electrophile reagents via high-valent tungsten and nickel
catalysis in high efficiency. The photoexcited metal relay provides a
powerful tool for the activation of inert sp3-hybridized C−H bonds
and stabilization of C−Ni(III)−N intermediates.
KEYWORDS: light alkane, amination, amidation, tungsten, nickel catalysis

Over the last decade, converting alkanes to high-value
chemicals has been an active research focus in the

synthetic community.1−4 Among of them, the construction of
the C−N bond is one of the major tasks.5,6 Aliphatic amines
widely exist in natural products, therapeutic drugs, agro-
chemicals, and materials science.7−12 In particular, several
methods have been developed to install a nitrogen atom in the
abundant alkane feedstocks. At present, there are two main
strategies for the amination of light alkanes. The first is that
amine reagents (such as azo, nitro) containing unsaturated
bonds react with alkyl radicals to realize the construction of
C−N bonds by radical trapping (Figure 1a). For example,
Zuo,13 Walsh and Schelter,14 Wu,15 Duan,16 and Fagnoni17

independently demonstrated an alkyl radical coupling with di-
tert-butyl azodicarboxylate (DBAD) to forge a new C−N
bond.
Furthermore, our group recently demonstrated that nitro-

arenes trapped alkyl radicals to furnish amination of a light
alkane.18 Another is transition-metal-catalyzed Csp3−H
amination via a nitrenoid transfer pathway (Figure 1a).
Amination reactions feature C−H insertion or stepwise
hydrogen atom transfer and a radical rebound process. For
example, Meggers,19 Chang,20,21 Matsunaga,22 and Zhang23

independently utilized Fe, Co, and Rh complexes for the
transfer of in situ generated metal nitrenoids to enable the
Csp3−H amination. Despite these notable benchmarks in the
direct alkane amination, the strategy of reductive elimination
from a high valence nickel complex has not been reported to
the best of our knowledge.24−26 Previously, while nickel-
catalyzed selective amination of unactivated alkanes with
directing groups was showcased,27−31 an equivalent amount of
oxidant or reductant agent is required.23−29 The ongoing need
for new and complex amines through which to probe novel

reactivity has driven the development of innovative chemical
methods for their synthesis.32 Therefore, the development of
new and convenient strategies is in urgent demand. Recently,
the decatungstate anion ([W10O32]4−) has been broadly used
as an efficient hydrogen atom transfer (HAT) photocatalyst in
aliphatic C−H bonds.33−36 It has been proved in selective
abstraction of electron-rich, sterically accessible C−H bonds.37

Furthermore, amine electrophiles could serve as both the
amine source and the internal oxidant.38−41 Thus, no external
oxidant is required. We envision that alkyl radicals could be
readily generated by the decatungstate anion. The site
selectivity would be governed by varied BDEs and steric
hindrances of secondary/tertiary C−H bonds. The subsequent
oxidative addition of NiI-alkyl species to amine electrophiles
forms the key C−NiIII−N complex, which undergoes reductive
elimination [RE] to furnish the amine product (Figure 1b).
The commonly occurred protonation of Ni-alkyl species and β-
hydride elimination is suppressed by carefully tuning the
reactivity of NiIII species with MClx additives (M = Li, Mg, Zn,
Cr, etc.). Herein, we disclose a photoexcited W−Ni dual-
catalyzed site-selective amination/amidation of inert Csp3−H
bonds.
To pursue the goal, we explore the conditions for this C−H

amination. As illustrated in Table 1, the treatment of
cyclohexane 1 (0.5 mmol) and amine electrophile 2 (0.1
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mmol) in the presence of tetrakis(tetrabutylammonium)
decatungstate (TBADT 3a, 1 mol %), NiI2 (2 mol %), LiCl
(1.5 equiv) in MeCN/tBuOH (3:1, 0.1 M) under Ar for 3 h
furnished the desired product 7 in 78% isolated yield (entry 1).
We also examined amine electrophiles with different

substituents (see SI). In general, aliphatic carboxylic acid-
activated amine electrophiles are superior to aromatic
carboxylic acids. Using the adamantane carboxylic acid-
activated amine electrophile, the target product can be

obtained in 82% yield. Further investigation revealed that
NiBr2 gave decreased results (entry 2). when Ni(PPh3)2Cl2
was used, only trace amounts of the product was observed
(entry 3). Chloride salts are known to be beneficial for the
reductive cross-coupling. However, additives such as NH4Cl
and NaCl inhibit the reaction (entries 4 and 5). Lithium
chloride was found to promote the reduction and elimination
of high-valent nickel, while MgCl2 and ZnCl2 would inhibit
such transformation.42,43 For the optimization of solvents,

Figure 1. Strategies for selective amination/amidation of simple alkanes.

Table 1. Optimizations of the Reaction Conditions

Entry Deviation from standard conditions Yield %a,b

1 none 82(78)
2 NiBr2 instead of NiI2 62
3 Ni(PPh3)2Cl2 instead of NiI2 trace
4 NH4Cl instead of LiCl 31
5 NaCl instead of LiCl 34
6 MeCN 53
7 10 mol % NiI2 35
8 1a/2a/5a/6a ND
9 4a instead of 3a 57
10 w/o LiCl trace
11 w/o NiI2 ND

aReaction conditions: 1 (0.5 mmol), 2 (0.1 mmol), 3a (1 mol %), NiI2 (2 mol %), LiCl (1.5 equiv), in solvent (1 mL) under argon atmosphere for
3 h. benzophenone(1a), 9H-fluoren-9-one (2a), TBADT (3a), NaDT (4a), biacetyl (5a), [UO2](NO3)2·H2O (6a). bIsolated yield.
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dimethyl sulfoxide (DMSO) or tetrahydrofuran (THF) did not
improve the yield (entry 6). When the amount of the nickel
catalyst was increased, the yield of the target product decreased
significantly (entry 7). For the optimization of the photo-
catalyst, ketones and uranyls did not furnish the desired
product. NaDT only provided decreased yields (entries 8 and
9). Without LiCl or NiI2, the reaction was prohibited (entries
10 and 11).
Under the optimized reaction conditions, we examined the

substrate generality of the cross C−N bond coupling (CCNC)
with various alkanes and amine electrophiles (Scheme 1). This
CCNC delivers a protected primary amine in an operationally
simple and scalable way from various alkanes. First, we
explored the CCNC of a simple alkane. The present tungsten/
nickel system demonstrated a high degree of methylene
selectivity in the amination of linear aliphates (3−5), which is
in good agreement with the proposed HAT mechanism.21 In
general, the 2° carbon radicals have better thermodynamic
stability than the primary. The primary C−H bonds, owing to
the higher BDEs, were barely functionalized in the presence of

secondary C−H bonds. According to the characteristic 1H
nuclear magnetic resonance peaks of the products, no sign of
tertiary C−H amination was observed, possibly due to its
considerable steric hindrance. The degree of selectivity
between two competing secondary C−H bonds followed the
statistic ratios. Different sizes of simple cycloalkanes could
funish the target amination products in high efficiency (6−9).
The amine products of the bridged bicyclic alkane (10) and
decahydronaphthalene (11) were afforded in high regioselec-
tivity distereoselectivity. For different alkyl or aryl substituted
cyclohexanes, the amination occurs with high selectivity (12−
20). For substituted cyclohexanes containing benzylic active
sites, no benzylic amination products were detected, but meta-
substituted products were obtained with higher regioselectivity
(17−20). The benzylic amination products all obtained lower
yields under standard reaction conditions, but most of them
were self-coupling products and simultaneously along with the
decomposition of the amine electrophile (21 and 22). Second,
we explored the CCNC of different amine electrophiles. The
amination products were furnished in good yield (23−32).

Scheme 1. Substrate Scope for Amination of Simple Alkanes
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Amine electrophiles with electron-withdrawing and electron-
donating substituents were tolerated in the reaction. Func-
tional groups such as methyl (23), halogen (24, 28, 30), aryl
(25), methoxy (27), mesylate (29), and trifluoromethyl (31)
remained intact during the CCNC reaction. The heterocyclic
substrate also furnished the product in moderate yield (32).
Next, we examined amide electrophiles for this Ni-catalyzed

CCNC reaction (Scheme 2). First, the CCNC of alkyl olefins
furnished the amidation products at the allylic position with
high regioselectivity (34−37). The amidation of the benzylic
C−H could also be achieved in moderate yields (38−40).
Second, cycloalkanes in different sizes furnished the corre-
sponding amide products in high efficiency (41−44).
Amidation of (1s,4s)-bicyclo[2.2.1]heptane afforded prod-

uct 45 with a high dr value. For different substituted
cyclohexanes, the amidation reaction occurred on the ring

with high selectivity (46−51). Functional groups such as alkyl
(46, 47), vinyl (48), and aryl (50) were all tolerated. Finally,
we explored the CCNC of a simple alkane. The amidation
products were furnished toward secondary C−H bonds with
highly selectivity (52−55). Subsequently, we examined
dioxazolones with different substituents. The amidation
products were furnished in good yield (56−66). Dioxazolones
with electron-withdrawing and electron-donating substituents
were tolerated in the reaction (56−59). The furan substituted
electrophile gave the corresponding heterocyclic product (60).
To further extend the reaction feasibility, the natural products
and drug molecules were assigned to the standard conditions
to furnish the amidated products in moderate yield (62−66).
With the diversified reactions in hand, we conducted

additional experiments to improve the practicability of this
strategy (Scheme 3A). The adamantoic acid reagent can be

Scheme 2. Substrate Scope for Amidation of Simple Alkanes
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recovered in 91% yield after the reaction. Only CO2 is
exhausted. Subsequently, we investigated the C−H amination
of alkanes in continuous-flow reactors (Scheme 3B). The
reaction solution was injected by a syringe pump with the flow
rate of 0.2 mL/min for the mixture solution stream. The
amination product was obtained in 43% yield with a residence
time of 15 min. Under the flow rate of 0.1 mL/min, the
reaction yield was increased to 71% with a residence time of 30
min. At 0.05 mL/min, the yield reached 82% with a residence
time of 60 min, affording remarkable productivity of 0.25

mmol/hour. The addition of the radical scavenger (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) completely inhibited
the reaction, suggesting that the reaction may undergo a free
radical pathway (Scheme 3C). A light on−off experiment
proves that the reaction does not occur in darkness. When light
is turned back on, the reaction reboots (Scheme 3D).
Furthermore, the overall kinetic isotope effect (KIE) studies
suggested the process of homolytic C−H bond cleavage may
not be the rate-determining step (Scheme 3E, see SI for
details).44 To gain more insight into the reaction pathway of

Scheme 3. Synthetic Application and Proposed Mechanism
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this W−Ni dual-catalyzed reaction, we conducted the kinetic
studies using the reaction between cyclohexane 1 and amine
electrophiles 2 as the model reaction. The kinetic profiles were
obtained by measuring the initial reaction rates at different
concentrations of catalyst or reactants (see SI for details). The
observation of positive kinetic orders in TBADT and NiI2
indicate regeneration of TBADT and NiI2 as the rate-limiting
step. Positive kinetic orders in LiCl supports the crucial role
that is experimentally observed for the additives. Thus, LiCl
probably serves a role in facilitating Ni reduction.
According to previous reports,45−49 a plausible catalytic

cycle is proposed (Scheme 3F). Under irradiation, photo-
excitation of the photocatalyst would produce the triplet
excited state. Subsequent hydrogen atom abstraction from an
alkane by an excited state photocatalyst would readily afford a
reduced photocatalyst and a carbon-centered radical R·. The
NiI species G reduced by the photocatalyst could initially
afford Ni0 species A, which captures the alkyl radical to furnish
NiI-alkyl species B. The coordination of dioxazolone to B
should form the Ni complex C, which transforms to the
electrophilic metal nitrenoid D that was captured by PPh3
(Scheme 3F, see SI for details) and release molecular CO2.

33

Facile nitrene insertion should afford the Ni-amide complex E,
which is readily protonated to give the product and F for the
next cycle.
In conclusion, we have developed a highly selective C(sp3)−

N coupling reaction with unactivated light alkanes by usingthe
cheap and accessible TBADT photocatalyst and nickel(III)
catalysis. Compared with the traditional amine formation
methods, this protocol benefits from improved atom efficiency,
decreased waste generation, and reduced synthetic steps, which
provides a powerful tool for the rapid construction of aliphatic
amines and amides.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.2c03456.

The synthetic procedures and charaterization data
(PDF)

■ AUTHOR INFORMATION
Corresponding Author

Yi Wang − State Key Laboratory of Coordination Chemistry,
Jiangsu Key Laboratory of Advanced Organic Materials,
School of Chemistry and Chemical Engineering, Nanjing
University, Nanjing 210023, China; orcid.org/0000-
0002-8700-7621; Email: yiwang@nju.edu.cn

Authors
Qing Wang − State Key Laboratory of Coordination
Chemistry, Jiangsu Key Laboratory of Advanced Organic
Materials, School of Chemistry and Chemical Engineering,
Nanjing University, Nanjing 210023, China

Shengyang Ni − State Key Laboratory of Coordination
Chemistry, Jiangsu Key Laboratory of Advanced Organic
Materials, School of Chemistry and Chemical Engineering,
Nanjing University, Nanjing 210023, China

Lei Yu − State Key Laboratory of Coordination Chemistry,
Jiangsu Key Laboratory of Advanced Organic Materials,
School of Chemistry and Chemical Engineering, Nanjing
University, Nanjing 210023, China

Yi Pan − State Key Laboratory of Coordination Chemistry,
Jiangsu Key Laboratory of Advanced Organic Materials,
School of Chemistry and Chemical Engineering, Nanjing
University, Nanjing 210023, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal.2c03456

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We gratefully acknowledge the financial support from the
National Natural Science Foundation of China (Nos.
21971107 and 22071101) and the Fundamental Research
Funds for the Central Universities (No. 020514380272).

■ REFERENCES
(1) Díaz-Requejo, M. M.; Pérez, P. J. Coinage Metal Catalyzed C−H
Bond Functionalization of Hydrocarbons. Chem. Rev. 2008, 108 (8),
3379−3394.
(2) Fokin, A. A.; Schreiner, P. R. Selective Alkane Transformations
via Radicals and Radical Cations: Insights into the Activation Step
from Experiment and Theory. Chem. Rev. 2002, 102 (5), 1551−1594.
(3) Labinger, J. A.; Bercaw, J. E. Understanding and exploiting C−H
bond activation. Nature 2002, 417 (6888), 507−514.
(4) Shilov, A. E.; Shul’pin, G. B. Activation and Catalytic Reactions of
Saturated Hydrocarbons in the Presence of Metal Complexes; Springer
Science & Business Media: Dordrecht, The Netherlands, 2001; pp
11−23.
(5) Nugent, T. C. Chiral Amine Synthesis: Methods, Developments and
Applications; Wiley−VCH: Weinheim, 2010; pp 377−394.
(6) Blakemore, D. C.; Castro, L.; Churcher, I.; Rees, D. C.; Thomas,
A. W.; Wilson, D. M.; Wood, A. Organic synthesis provides
opportunities to transform drug discovery. Nat. Chem. 2018, 10
(4), 383−394.
(7) Cushnie, T. P. T.; Cushnie, B.; Lamb, A. J. Alkaloids: An
overview of their antibacterial, antibiotic-enhancing and antivirulence
activities. Int. J. Antimicrob. Agents 2014, 44 (5), 377−386.
(8) Kittakoop, P.; Mahidol, C.; Ruchirawat, S. Alkaloids as
Important Scaffolds in Therapeutic Drugs for the Treatments of
Cancer, Tuberculosis, and Smoking Cessation. Curr. Top. Med. Chem.
2013, 14 (2), 239−252.
(9) Banks, W. A. Characteristics of compounds that cross the blood-
brain barrier. BMC Neurol. 2009, 9 (1), S3.
(10) Mayol-Llinas̀, J.; Nelson, A.; Farnaby, W.; Ayscough, A.
Assessing molecular scaffolds for CNS drug discovery. Drug Discovery
Today 2017, 22 (7), 965−969.
(11) Yu, L.-F.; Zhang, H.-K.; Caldarone, B. J.; Eaton, J. B.; Lukas, R.
J.; Kozikowski, A. P. Recent Developments in Novel Antidepressants
Targeting α4β2-Nicotinic Acetylcholine Receptors. J. Med. Chem.
2014, 57 (20), 8204−8223.
(12) Roughley, S. D.; Jordan, A. M. The Medicinal Chemist’s
Toolbox: An Analysis of Reactions Used in the Pursuit of Drug
Candidates. J. Med. Chem. 2011, 54 (10), 3451−3479.
(13) Hu, A.; Guo, J.-J.; Pan, H.; Zuo, Z. Selective functionalization
of methane, ethane, and higher alkanes by cerium photocatalysis.
Science 2018, 361 (6403), 668−672.
(14) Yang, Q.; Wang, Y.-H.; Qiao, Y.; Gau, M.; Carroll, P. J.; Walsh,
P. J.; Schelter, E. J. Photocatalytic C−H activation and the subtle role
of chlorine radical complexation in reactivity. Science 2021, 372
(6544), 847−852.
(15) Jia, P.; Li, Q.; Poh, W. C.; Jiang, H.; Liu, H.; Deng, H.; Wu, J.
Light-Promoted Bromine-Radical-Mediated Selective Alkylation and
Amination of Unactivated C(sp3)−H Bonds. Chem. 2020, 6 (7),
1766−1776.
(16) Jin, Y.; Zhang, Q.; Wang, L.; Wang, X.; Meng, C.; Duan, C.
Convenient C(sp3)−H bond functionalisation of light alkanes and

ACS Catalysis pubs.acs.org/acscatalysis Letter

https://doi.org/10.1021/acscatal.2c03456
ACS Catal. 2022, 12, 11071−11077

11076

https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c03456/suppl_file/cs2c03456_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c03456/suppl_file/cs2c03456_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03456?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c03456/suppl_file/cs2c03456_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8700-7621
https://orcid.org/0000-0002-8700-7621
mailto:yiwang@nju.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qing+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shengyang+Ni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Pan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03456?ref=pdf
https://doi.org/10.1021/cr078364y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr078364y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr000453m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr000453m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr000453m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/417507a
https://doi.org/10.1038/417507a
https://doi.org/10.1038/s41557-018-0021-z
https://doi.org/10.1038/s41557-018-0021-z
https://doi.org/10.1016/j.ijantimicag.2014.06.001
https://doi.org/10.1016/j.ijantimicag.2014.06.001
https://doi.org/10.1016/j.ijantimicag.2014.06.001
https://doi.org/10.2174/1568026613666131216105049
https://doi.org/10.2174/1568026613666131216105049
https://doi.org/10.2174/1568026613666131216105049
https://doi.org/10.1186/1471-2377-9-S1-S3
https://doi.org/10.1186/1471-2377-9-S1-S3
https://doi.org/10.1016/j.drudis.2017.01.008
https://doi.org/10.1021/jm401937a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm401937a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm200187y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm200187y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm200187y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aat9750
https://doi.org/10.1126/science.aat9750
https://doi.org/10.1126/science.abd8408
https://doi.org/10.1126/science.abd8408
https://doi.org/10.1016/j.chempr.2020.04.022
https://doi.org/10.1016/j.chempr.2020.04.022
https://doi.org/10.1039/D1GC01563J
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c03456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


other compounds by iron photocatalysis. Green Chem. 2021, 23 (18),
6984−6989.
(17) Ryu, I.; Tani, A.; Fukuyama, T.; Ravelli, D.; Montanaro, S.;
Fagnoni, M. Efficient C−H/C−N and C−H/C−CO−N Conversion
via Decatungstate-Photoinduced Alkylation of Diisopropyl Azodicar-
boxylate. Org. Lett. 2013, 15 (10), 2554−2557.
(18) Wang, Q.; Ni, S.; Wang, X.; Wang, Y.; Pan, Y. Visible-light-
mediated tungsten-catalyzed C-H amination of unactivated alkanes
with nitroarenes. Sci. China Chem. 2022, 65 (4), 678−685.
(19) Jarrige, L.; Zhou, Z.; Hemming, M.; Meggers, E. Efficient
Amination of Activated and Non-Activated C(sp3)−H Bonds with a
Simple Iron−Phenanthroline Catalyst. Angew. Chem., Int. Ed. 2021, 60
(12), 6314−6319.
(20) Jeong, J.; Jung, H.; Kim, D.; Chang, S. Multidimensional
Screening Accelerates the Discovery of Rhodium Catalyst Systems for
Selective Intra- and Intermolecular C−H Amidations. ACS Catal.
2022, 12 (13), 8127−8138.
(21) Lee, J.; Jin, S.; Kim, D.; Hong, S. H.; Chang, S. Cobalt-
Catalyzed Intermolecular C−H Amidation of Unactivated Alkanes. J.
Am. Chem. Soc. 2021, 143 (13), 5191−5200.
(22) Fukagawa, S.; Kato, Y.; Tanaka, R.; Kojima, M.; Yoshino, T.;
Matsunaga, S. Enantioselective C(sp3)−H Amidation of Thioamides
Catalyzed by a CobaltIII/Chiral Carboxylic Acid Hybrid System.
Angew. Chem., Int. Ed. 2019, 58 (4), 1153−1157.
(23) Lu, H.; Jiang, H.; Wojtas, L.; Zhang, X. P. Selective
Intramolecular C−H Amination through the Metalloradical Activa-
tion of Azides: Synthesis of 1,3-Diamines under Neutral and
Nonoxidative Conditions. Angew. Chem., Int. Ed. 2010, 49 (52),
10192−10196.
(24) Capaldo, L.; Ravelli, D.; Fagnoni, M. Direct Photocatalyzed
Hydrogen Atom Transfer (HAT) for Aliphatic C−H Bonds
Elaboration. Chem. Rev. 2022, 122 (2), 1875−1924.
(25) Ravelli, D.; Protti, S.; Fagnoni, M. Decatungstate Anion for
Photocatalyzed “Window Ledge” Reactions. Acc. Chem. Res. 2016, 49
(10), 2232−2242.
(26) Cao, H.; Tang, X.; Tang, H.; Yuan, Y.; Wu, J. Photoinduced
intermolecular hydrogen atom transfer reactions in organic synthesis.
Chem. Catal. 2021, 1 (3), 523−598.
(27) Aihara, Y.; Chatani, N. Nickel-Catalyzed Reaction of C−H
Bonds in Amides with I2: ortho-Iodination via the Cleavage of
C(sp2)−H Bonds and Oxidative Cyclization to β-Lactams via the
Cleavage of C(sp3)−H Bonds. ACS Catal. 2016, 6 (7), 4323−4329.
(28) Wu, X.; Zhao, Y.; Ge, H. Nickel-Catalyzed Site-Selective
Amidation of Unactivated C(sp3)-H Bonds. Chem. Eur. J. 2014, 20
(31), 9530−9533.
(29) Kim, Y. B.; Won, J.; Lee, J.; Kim, J.; Zhou, B.; Park, J.-W.; Baik,
M.-H.; Chang, S. Ni-Catalyzed Intermolecular C(sp3)−H Amidation
Tuned by Bidentate Directing Groups. ACS Catal. 2021, 11 (5),
3067−3072.
(30) Dong, Y.; Clarke, R. M.; Porter, G. J.; Betley, T. A. Efficient C−
H Amination Catalysis Using Nickel-Dipyrrin Complexes. J. Am.
Chem. Soc. 2020, 142 (25), 10996−11005.
(31) Wiese, S.; McAfee, J. L.; Pahls, D. R.; McMullin, C. L.; Cundari,
T. R.; Warren, T. H. C−H Functionalization Reactivity of a Nickel−
Imide. J. Am. Chem. Soc. 2012, 134 (24), 10114−10121.
(32) Trowbridge, A.; Walton, S. M.; Gaunt, M. J. New Strategies for
the Transition-Metal Catalyzed Synthesis of Aliphatic Amines. Chem.
Rev. 2020, 120 (5), 2613−2692.
(33) Laudadio, G.; Deng, Y.; van der Wal, K.; Ravelli, D.; Nuño, M.;
Fagnoni, M.; Guthrie, D.; Sun, Y.; Noël, T. C(sp3)−H functionaliza-
tions of light hydrocarbons using decatungstate photocatalysis in flow.
Science 2020, 369 (6499), 92−96.
(34) Wan, T.; Capaldo, L.; Laudadio, G.; Nyuchev, A. V.; Rincón, J.
A.; García-Losada, P.; Mateos, C.; Frederick, M. O.; Nuño, M.; Noël,
T. Decatungstate-Mediated C(sp3)−H Heteroarylation via Radical-
Polar Crossover in Batch and Flow. Angew. Chem., Int. Ed. 2021, 60
(33), 17893−17897.
(35) Sarver, P. J.; Bacauanu, V.; Schultz, D. M.; DiRocco, D. A.;
Lam, Y.-h.; Sherer, E. C.; MacMillan, D. W. C. The merger of

decatungstate and copper catalysis to enable aliphatic C(sp3)−H
trifluoromethylation. Nat. Chem. 2020, 12 (5), 459−467.
(36) Cao, H.; Kuang, Y.; Shi, X.; Wong, K. L.; Tan, B. B.; Kwan, J.
M. C.; Liu, X.; Wu, J. Photoinduced site-selective alkenylation of
alkanes and aldehydes with aryl alkenes. Nat. Commun. 2020, 11 (1),
1956.
(37) Ravelli, D.; Fagnoni, M.; Fukuyama, T.; Nishikawa, T.; Ryu, I.
Site-Selective C−H Functionalization by Decatungstate Anion
Photocatalysis: Synergistic Control by Polar and Steric Effects
Expands the Reaction Scope. ACS Catal. 2018, 8 (1), 701−713.
(38) Lyu, X.; Zhang, J.; Kim, D.; Seo, S.; Chang, S. Merging NiH
Catalysis and Inner-Sphere Metal-Nitrenoid Transfer for Hydro-
amidation of Alkynes. J. Am. Chem. Soc. 2021, 143 (15), 5867−5877.
(39) Choi, H.; Lyu, X.; Kim, D.; Seo, S.; Chang, S. Endo-Selective
Intramolecular Alkyne Hydroamidation Enabled by NiH Catalysis
Incorporating Alkenylnickel Isomerization. J. Am. Chem. Soc. 2022,
144 (22), 10064−10074.
(40) Meng, L.; Yang, J.; Duan, M.; Wang, Y.; Zhu, S. Facile
Synthesis of Chiral Arylamines, Alkylamines and Amides by
Enantioselective NiH-Catalyzed Hydroamination. Angew. Chem., Int.
Ed. 2021, 60 (44), 23584−23589.
(41) He, J.; Xue, Y.; Han, B.; Zhang, C.; Wang, Y.; Zhu, S. Nickel-
Catalyzed Asymmetric Reductive 1,2-Carboamination of Unactivated
Alkenes. Angew. Chem., Int. Ed. 2020, 59 (6), 2328−2332.
(42) Huang, L.; Ackerman, L. K. G.; Kang, K.; Parsons, A. M.; Weix,
D. J. LiCl-Accelerated Multimetallic Cross-Coupling of Aryl Chlorides
with Aryl Triflates. J. Am. Chem. Soc. 2019, 141 (28), 10978−10983.
(43) Kim, S.; Goldfogel, M. J.; Gilbert, M. M.; Weix, D. J. Nickel-
Catalyzed Cross-Electrophile Coupling of Aryl Chlorides with
Primary Alkyl Chlorides. J. Am. Chem. Soc. 2020, 142 (22), 9902−
9907.
(44) Simmons, E. M.; Hartwig, J. F. On the Interpretation of
Deuterium Kinetic Isotope Effects in C-H Bond Functionalizations by
Transition-Metal Complexes. Angew. Chem., Int. Ed. 2012, 51 (13),
3066−3072.
(45) Perry, I. B.; Brewer, T. F.; Sarver, P. J.; Schultz, D. M.;
DiRocco, D. A.; MacMillan, D. W. C. Direct arylation of strong
aliphatic C−H bonds. Nature 2018, 560 (7716), 70−75.
(46) Fan, P.; Lan, Y.; Zhang, C.; Wang, C. Nickel/Photo-
Cocatalyzed Asymmetric Acyl-Carbamoylation of Alkenes. J. Am.
Chem. Soc. 2020, 142 (5), 2180−2186.
(47) Zhang, Y.; Yang, X.; Wu, J.; Huang, D. Aerobic C-H
Functionalization Using Pyrenedione as the Photocatalyst. Synthesis
2020, 52 (17), 2512−2520.
(48) Li, D.-S.; Liu, T.; Hong, Y.; Cao, C.-L.; Wu, J.; Deng, H.-P.
Stop-Flow Microtubing Reactor-Assisted Visible Light-Induced
Hydrogen-Evolution Cross Coupling of Heteroarenes with C(sp3)−
H Bonds. ACS Catal. 2022, 12 (8), 4473−4480.
(49) Fan, X.-Z.; Rong, J.-W.; Wu, H.-L.; Zhou, Q.; Deng, H.-P.; Tan,
J. D.; Xue, C.-W.; Wu, L.-Z.; Tao, H.-R.; Wu, J. Eosin Y as a Direct
Hydrogen-Atom Transfer Photocatalyst for the Functionalization of
C−H Bonds. Angew. Chem., Int. Ed. 2018, 57 (28), 8514−8518.

ACS Catalysis pubs.acs.org/acscatalysis Letter

https://doi.org/10.1021/acscatal.2c03456
ACS Catal. 2022, 12, 11071−11077

11077

https://doi.org/10.1039/D1GC01563J
https://doi.org/10.1021/ol401061v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol401061v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol401061v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11426-021-1170-2
https://doi.org/10.1007/s11426-021-1170-2
https://doi.org/10.1007/s11426-021-1170-2
https://doi.org/10.1002/anie.202013687
https://doi.org/10.1002/anie.202013687
https://doi.org/10.1002/anie.202013687
https://doi.org/10.1021/acscatal.2c02612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c02612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c02612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c01524?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c01524?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201812215
https://doi.org/10.1002/anie.201812215
https://doi.org/10.1002/anie.201005552
https://doi.org/10.1002/anie.201005552
https://doi.org/10.1002/anie.201005552
https://doi.org/10.1002/anie.201005552
https://doi.org/10.1021/acs.chemrev.1c00263?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00263?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00263?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.checat.2021.04.008
https://doi.org/10.1016/j.checat.2021.04.008
https://doi.org/10.1021/acscatal.6b00964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b00964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b00964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b00964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201403356
https://doi.org/10.1002/chem.201403356
https://doi.org/10.1021/acscatal.1c00070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c00070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c02126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c02126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja302149k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja302149k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.abb4688
https://doi.org/10.1126/science.abb4688
https://doi.org/10.1002/anie.202104682
https://doi.org/10.1002/anie.202104682
https://doi.org/10.1038/s41557-020-0436-1
https://doi.org/10.1038/s41557-020-0436-1
https://doi.org/10.1038/s41557-020-0436-1
https://doi.org/10.1038/s41467-020-15878-6
https://doi.org/10.1038/s41467-020-15878-6
https://doi.org/10.1021/acscatal.7b03354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b03354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b03354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c01138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c01138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c01138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c03777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c03777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c03777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202109881
https://doi.org/10.1002/anie.202109881
https://doi.org/10.1002/anie.202109881
https://doi.org/10.1002/anie.201913743
https://doi.org/10.1002/anie.201913743
https://doi.org/10.1002/anie.201913743
https://doi.org/10.1021/jacs.9b05461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b05461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c02673?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c02673?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c02673?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201107334
https://doi.org/10.1002/anie.201107334
https://doi.org/10.1002/anie.201107334
https://doi.org/10.1038/s41586-018-0366-x
https://doi.org/10.1038/s41586-018-0366-x
https://doi.org/10.1021/jacs.9b12554?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b12554?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0040-1707135
https://doi.org/10.1055/s-0040-1707135
https://doi.org/10.1021/acscatal.2c01087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c01087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c01087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201803220
https://doi.org/10.1002/anie.201803220
https://doi.org/10.1002/anie.201803220
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c03456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

