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CONSPECTUS: Asymmetric functionalization of alkyl radicals represents a robust yet
underdeveloped method for eﬃcient construction and decoration of carbon skeletons in
chiral organic molecules. In this ﬁeld, we have been inspired by the excellent redox, alkyl
radical trapping, and Lewis acidic properties of copper to develop several catalytic modes for
asymmetric reactions involving alkyl radicals. At the beginning, we discovered tandem
radical hydrotriﬂuoromethylation of unactivated alkenes and enantioselective alkoxylation of
remote C(sp3)−H bonds by copper/chiral phosphate relay catalysis. This success has
stimulated us to develop an asymmetric three-component 1,2-dicarbofunctionalization of 1,1-diarylalkenes using a similar
strategy via radical intermediates. Meanwhile, we also discovered a copper/chiral secondary amine cooperative catalyst for
asymmetric radical intramolecular cyclopropanation of alkenes using α-aldehyde methylene groups as C1 sources. The trapping
of alkyl radical intermediates by CuII species during the reaction was essential for the chemoselectivity toward cyclopropanation.
Encouraged by the eﬃcient enantiocontrol with chiral phosphate and the eﬀective trapping of alkyl radicals with CuII species,
we then sought to develop copper/chiral phosphate as a single-electron-transfer catalyst for asymmetric reactions involving alkyl
radicals. Subsequently, we successfully achieved a series of highly enantioselective 1,2-aminoﬂuoroalkylation, -aminoarylation,
-diamination, -aminosilylation, and -oxytriﬂuoromethylation of unactivated alkenes. The key for high enantioinduction was
believed to be the eﬀective trapping of alkyl radicals by CuII/chiral phosphate complexes. Besides, an achiral pyridine ligand
was found to be indispensable for achieving high enantioselectivity, presumably via stabilization of CuIII species in the
1,2-alkoxytriﬂuoromethylation reaction. This discovery reminded us of tuning the redox properties and chemoreactivity of
copper centers with an ancillary ligand. As a result, we subsequently identiﬁed cinchona alkaloid-derived sulfonamides as novel
neutral-anionic hybrid ligands for simultaneous chemo- and enantiocontrol. We thus accomplished highly enantioselective
1,2-iminoxytriﬂuoromethylation of unactivated alkenes under the catalysis of copper/cinchona alkaloid-derived sulfonamide
ligand, aﬀording triﬂuoromethylated isoxazolines in high enantiomeric excess. Our copper-catalyzed asymmetric reactions with
alkyl radicals provide expedient access to a diverse range of valuable chiral molecules with broad application potential in areas of
organic synthesis, medicine, agrochemical, and material sciences.
Scheme 1. Reaction Pathways for Alkyl Radical
Functionalization

1. INTRODUCTION
Transformations involving radical species have fascinated
organic chemists for decades due to their ready accessibility,
robust reactivity, excellent chemoselectivity, and wide functional group tolerance.1 In particular, alkyl radical functionalization reactions have been well established as one of the most
fundamental tools for the construction and decoration of carbon
skeletons of a broad range of natural products, bioactive molecules, and functional materials. In this respect, versatile pathways
have been developed, which can be roughly classiﬁed into two
categories: (i) radical transformations that include radical
addition, substitution, and coupling (Scheme 1, right) and
(ii) radical-polar crossover reactions via radical oxidation to
carbocation, reduction to carbanion, or trapping by transition
metal to organometallics (Scheme 1, left). Despite these advances
in functionalization of alkyl radicals, the development of
corresponding enantioselective versions of these reactions has
lagged far behind that of polar reactions. The major reason is
their commonly low reaction barriers that readily lead to
signiﬁcant racemic background reactions. In addition, such low
reaction barriers also prohibit a reasonable energy distribution
© 2019 American Chemical Society

of diﬀerent transition state stereoisomers, which is mandatory
for high stereoselectivity. The situation for minimally functionalized alkyl radicals, e.g., simple benzylic or even pure alkylsubstituted ones, is even worse: the radicals lack vicinal polar
substituents to form covalent bonds and/or noncovalent interactions with chiral catalysts for eﬀective enantiodiscrimination.
Nonetheless, over the past several decades, some eﬃcient catalytic strategies using Lewis acid, transition metal, or organocatalyst have been elegantly established for highly enantioselective
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functionalization of alkyl radicals.2−4 In particular, Fu and
others have pioneered in using chiral nickel complexes to
eﬀectively trap those minimally functionalized alkyl radicals for
highly enantioselective transformations.5−9
Copper is an appealing transition metal for catalysis10 in
mainly two aspects: (i) The abundance of copper is high and
costs for copper catalysts are generally low. (ii) Copper is
biologically less toxic than many other transition metals, which
is of vital importance for applications in drug discovery.11
Accordingly, researchers have made substantial eﬀorts in
developing copper-catalyzed asymmetric reactions with radical
intermediates.12−22 This ﬁeld has been pioneered by the early
landmark works on asymmetric Kharasch−Sosnovsky,15 biaryl
coupling,12 and alkyl radical nucleophilic addition reactions.16
Recent eﬀorts have been directed toward alkene difunctionalization,13,14,17,21,22 C−H functionalization,13 and alkyl halide
cross-coupling reactions.18,20 Basically, copper is an excellent
redox catalyst (Scheme 2, top): low-valent copper readily

which may enhance the electrophilicity of radical acceptors16
or related reactants (Scheme 2, bottom).
Bearing these in mind, we have initially developed copper/
chiral anion relay catalysis29 for tandem radical/carbocationic
reactions (Scheme 3, left). Next, we capitalized on the feature
of CuII for stabilizing alkyl radicals via radical trapping to
develop copper/chiral amine cooperative catalysis29 (Scheme 3,
right). Recently, we have successfully devised copper/chiral
anion single-electron-transfer (SET) catalysts that exhibited high
levels of stereocontrol over the challenging minimally functionalized alkyl radicals via a CuIII complex, or outer-sphere radical
substitution, or a zwitterionic intermediate (Scheme 3, middle).
It should be noted that neutral chiral Lewis bases, such as
oxazolines,13−16,19,21,22 phosphines,17,18,20 and amines,12 have
long been recognized as superior ligands for copper-catalyzed
asymmetric transformations involving radicals. In comparison,
our works highlight the great potential of proper coordination
of chiral counteranions or anionic ligands with copper for
realizing highly enantioselective reactions via radical intermediates.
Thus, our developed catalyst systems provide excellent complementary approaches to those based on copper/neutral ligand
catalysts. We will discuss these works in detail in the following
sections.

Scheme 2. Diﬀerent Roles of Copper in Transformations
Involving Radicals

2. COPPER(I)-CATALYZED ALKENE
FUNCTIONALIZATION INVOLVING ASYMMETRIC
RELAY CATALYSIS WITH CHIRAL PHOSPHATE
We have long been interested in triﬂuoromethylation of
unsaturated bonds30,31 and asymmetric catalysis with chiral
Brønsted acid, particularly chiral phosphoric acid (CPA).32−37
During this process, we have initially discovered that CuI/
CPA1 eﬃciently catalyzed tandem 1,2-hydrotriﬂuoromethylation
of unactivated alkenes and enantioselective remote C(sp3)−H
alkoxylation with the Togni’s reagent T1 as a triﬂuoromethyl
source (Scheme 4).38 The reaction exhibited excellent tolerance
of various carboxylamide substrates 1 with either a benzo-fused
or gem-dialkyl-substituted tether. Functionalized alcohols were
also suitable for this transformation.
In addition, we have also realized a similar tandem 1,2hydrotriﬂuoromethylation of unactivated alkenes and enantioselective remote C(sp3)−H indolylation reaction (Scheme 5).39
Thus, a range of electron-rich indoles were well accommodated
in the presence of CuI and CPA2. In this case, the Togni’s

reduces oxidative precursors to radicals for reaction initiation
and CuII is able to eﬀectively oxidize alkyl radicals to carbocations.23 More importantly, the metalloradical CuII is capable
of reversibly trapping an alkyl radical23−26 to form a highvalent CuIII complex (Scheme 2, middle).27,28 The beneﬁts for
this process are two-fold. First, the highly reactive alkyl radical
can be eﬀectively sequestered in the form of a relatively stable
CuIII complex. Thus, the concentration of the free alkyl radical
decreases and the chemoselectivity for subsequent radical transformations might be enhanced thereafter. Second, the process
entails radical-polar crossover that brings the alkyl radical to the
realm of organometallic reactions, which, like that of nickel,5,6
is invaluable for the challenging stereocontrol over minimally
functionalized alkyl radicals. Besides, CuII is a good Lewis acid,

Scheme 3. Diﬀerent Strategies for Copper(I)-Catalyzed Asymmetric Reactions Involving Radicals
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transfer.40 On the basis of these and other mechanistic experiments as well as literature precedents, an overall mechanism was
proposed, shown in Scheme 6. The catalytic cycle starts with

Scheme 4. Enantioselective Remote C(sp3)−H Alkoxylation
Triggered by Radical Triﬂuoromethylation of Unactivated
Alkenes

Scheme 6. Proposed Mechanism for Enantioselective
Remote C(sp3)−H Functionalization

Scheme 5. Enantioselective Remote C(sp3)−H Indolylation
Triggered by Radical Triﬂuoromethylation of Unactivated
Alkenes

single-electron reduction of Togni’s reagents (T1/T2) by CuI
together with CPA. Next, the thus generated triﬂuoromethyl
radical adds to the alkene substrate 1 to aﬀord alkyl radical A.
Further intramolecular radical 1,5-hydrogen migration transforms A to more stable radical B. The CuII formed in the ﬁrst
redox step subsequently oxidizes this radical B to a N-stabilized
carbocation and itself reverts back to CuI. Finally, the carbocation is quenched by a nucleophile under the stereocontrol of
chiral phosphate via intermediates C or C′. Thus, products 2/3
are delivered and the CPA is regenerated.
Inspired by the aforementioned works, we have been intrigued
to take advantage of this radical-carbocation crossover together
with copper/chiral anion relay catalysis for developing asymmetric 1,2-difunctionalization of unactivated alkenes.30,31,41
We started the investigation by exploring potentially suitable
alkene substrates for such a reaction. Fortunately, we found
that 1,1-diarylalkenes with a hydroxy group on either the meta
or para positions of one of the two aryl rings were necessary
for reasonable enantioinduction (Scheme 7). We speculated
that the hydroxy group might have formed a directing hydrogen bond with chiral phosphate, thus assisting the presumed

reagent T2 as the triﬂuoromethyl source aﬀorded higher
enantioselectivity compared with T1. This result is in stark
contrast to that obtained in the aforementioned alkoxylation
reaction,38 where T2 was inferior to T1 in terms of product
enantioselectivity. The diﬀerence might be accounted for by
the lability of the N,O-aminal products toward the carboxylic
acid side product from T2.
The subsequent mechanistic study revealed reaction inhibition by radical inhibitors, such as butylated hydroxytoluene
(BHT) or (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO).
Also, TEMPO−CF3 was isolated in the latter case, supporting
a radical triﬂuoromethylation process. In addition, the
deuterium-labeling experiment indicated an intramolecular
H-migration process, on which an intramolecular kinetic isotopic
eﬀect (KIE) of 4.0 was observed. All these results suggested a
radical hydrogen migration to aﬀord an α-amino alkyl radical.
In this sense, these reactions represent a rare example of enantioselective C(sp3)−H functionalization via hydrogen atom

Scheme 7. Initial Exploration on Alkene Substrates
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ion-pairing interaction in inducing enantioselectivity.42 After
further systematic optimization of reaction conditions, we have
been able to realize a highly eﬃcient and enantioselective
1,2-dicarbofunctionalization of 1,1-diarylalkenes (Scheme 8).

Scheme 9. Mechanistic Proposal and DFT-Computed C−C
Bond Formation Transition States

Scheme 8. Asymmetric Three-Component Radical-Initiated
1,2-Dicarbofunctionalization of Alkenes

The reaction was compatible with alkene substrates bearing a
range of aryl or heteroaryl rings. In addition, both haloalkylsulfonyl chlorides and the Togni’s reagent T1 were viable alkyl
radical precursors. Further, a series of 5-substituted indoles as
well as a pyrrole were suitable nucleophiles for this reaction.
Subsequent mechanistic experiments suggested facile formation
of nC4F9 radicals promoted by CPA. In addition, they also
indicated multiple hydrogen-bonding interactions between the
indole nucleophile, the hydroxy-bearing alkene substrate, and
the chiral phosphate for eﬃcient enantiocontrol. Furthermore,
experiments with scalemic CPA revealed a linear relationship
between the ee values of the CPA and those of the product,
thus suggesting only one CPA catalyst in the enantiodetermining
step. Besides, control experiments also disproved a direct
protonation pathway from internal alkene side products 7 to
the desired products (Scheme 9a, path b). This result highlights the complementarity of the radical-carbocation pathway
to the direct alkene protonation approach43 for eliciting distinct
carbocations. Accordingly, we have proposed a likely mechanism
(Scheme 9a) similar to that for the enantioselective remote
C(sp3)−H functionalization (Scheme 6). The catalytic cycle
involves sequential radical R• generation, radical addition to
alkene substrate 4, oxidation of radical B to the carbocation,
and enantioselective carbocation quenching by a nucleophile
via intermediates C or C′. Our subsequent density functional
theory (DFT) calculations on the enantiodetermining step
supported the assumed hydrogen-bonding and ion-pairing
interactions. More importantly, the calculations also revealed

an important noncovalent CH−π interaction between the
chiral phosphate and the substrate (Scheme 9b). These results
showcased the signiﬁcance of proper coordination of noncovalent interactions for high enantioinduction.

3. COPPER(I)/CHIRAL AMINE COOPERATIVE
CATALYSIS FOR ASYMMETRIC
CYCLOPROPANATION
Apart from the redox capability, another remarkable feature
of CuII is its persistent metalloradical nature, which allows for
eﬃcient sequestration of transient alkyl radicals to enhance
reaction selectivity.26 On the basis of this notion, we have been
able to develop a copper/chiral secondary amine cooperative
catalyst system for asymmetric intramolecular radical cyclopropanation of 1,1-disubstituted alkenes (Scheme 10).44 The
reaction featured the use of α-aldehyde methylene groups as
C1 sources. A panel of (hetero)aryl-, alkenyl-, and alkyl-substituted
alkenes were compatible with the reaction. Thus, challenging chiral
bicyclo[3.1.0]hexane compounds possessing two bridgehead
quaternary all-carbon stereocenters were aﬀorded with moderate
to high enantioselectivity.
A series of radical inhibition, radical clock, and many other
control experiments supported the formation of radicals B/B′
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control of the chiral secondary amine residue to provide the
enantioenriched products upon further oxidation and hydrolysis (Scheme 11b).

Scheme 10. Asymmetric Intramolecular Radical
Cyclopropanation of Alkenes

4. COPPER(I)/CHIRAL ANION CATALYSIS FOR
ASYMMETRIC 1,2-DIFUNCTIONALIZATION OF
ALKENES INVOLVING RADICALS
4.1. Copper(I)/Chiral Phosphate Catalyst

As mentioned before, trapping of alkyl radicals by CuII could
also lead to organometallic reactivity under appropriate
conditions (Scheme 1).23,24,27,28 In addition, the copper/chiral
phosphate dual catalysts have provided excellent enantiocontrol in the tandem radical/carbocationic reactions discussed
above.38,39,41 Thus, we wondered whether such catalysts would
exert direct enantiodiscrimination via trapping of an alkyl radical
in the form of a CuII/chiral phosphate complex.46 Given the
importance of triﬂuoromethyl groups47 and pyrrolidines in
medicine, agrochemicals, and materials, we have become interested in developing triﬂuoromethyl radical-initiated asymmetric
1,2-aminotriﬂuoromethylation of unactivated alkenes.48 At the
beginning, we evaluated several diﬀerent N-functional groups
on alkenylamine substrates and observed marginal enantioselectivity with p-toluenesulfonyl and (3,5-ditriﬂuoromethylphenyl)-

Scheme 11. Plausible Mechanism for Asymmetric
Intramolecular Radical Cyclopropanation

Scheme 12. Initial Evaluation of Diﬀerent Functional
Groups on the Amine Nucleophile

aminocarbonyl groups (Scheme 12). These results have
encouraged us to carried out further reaction optimizations,
ending in the discovery of a highly enantioselective 1,2-aminotriﬂuoromethylation of unactivated alkenes (Scheme 13).
Diﬀerent substituents on the urea aryl rings, on the tethers,
and on the alkenyl aryl rings were well tolerated. Particularly, a
substrate without gem-disubstituents on the tether also underwent the desired reaction, albeit with low eﬃciency and moderate
enantioselectivity.
Considering the signiﬁcance of various ﬂuoroalkyl groups in
drug discovery,47 we felt compelled to realize straightforward
asymmetric 1,2-aminoﬂuoroalkylation of unactivated alkenes
using a similar approach as aforementioned.49 The readily
commercially available ﬂuoroalkylsulfonyl chlorides seemed to
be the best choice as precursors for a panel of diverse ﬂuoroalkyl radicals. However, the stoichiometric hydrogen chloride
side product would elicit not only strong racemic background
reactions but also signiﬁcant formation of hydroamination side
products. To this end, we have managed to identify silver
carbonate from various inorganic bases for eﬃcient quenching
of the hydrogen chloride. Thus, under the catalysis of CuBr
and CPA3, a series of ﬂuoroalkyl groups, such as nC4F9,
CF2CO2Me, CF2H, and CF3, were successfully introduced into
enantioenriched pyrrolidines bearing distinct substituents
(Scheme 14). The reaction was generally more robust than

from the putative enamine intermediate A via oxidation by
BI−OH (hydroxylbenziodoxole) or CuII (Scheme 11b). The
subsequent radical 6-endo-trig cyclization to C was evidenced
by the formation of six-membered ring products under similar
racemic conditions (Scheme 11a). The trapping23,24 of C by
CuII to form C′27,28 was believed to play an important role for
maintaining high chemoselectivity toward cyclopropanation in
the next step (Scheme 11b).45 Otherwise, the reaction might
suﬀer from side reactions such as tandem oxidation and
deprotonation for alkene formation.23 Thus, the alkyl radical C
subsequently underwent 3-exo-trig cyclization under the
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might have also promoted the ﬁnal reductive elimination from
a putative CuIII species (e.g., structure C in Scheme 19b).
As for the stereoselectivity, the more electron-deﬁcient copper
might have bound to or associated with both the substrates
and the phosphate more tightly, resulting in closer and more
eﬀective substrate−phosphate interactions. We are currently
carrying out further experimental and theoretical studies on
this issue, and the results will be disclosed in due course.
Besides ﬂuoroalkyl radicals, we have also found aryl radicals
to be viable reactants under our copper/chiral phosphate
catalysis with aryldiazonium salts as precursors (Scheme 15).50

Scheme 13. Asymmetric 1,2-Aminotriﬂuoromethylation of
Alkenes Involving Radicals

Scheme 15. Asymmetric 1,2-Aminoarylation of Alkenes
Involving Radicals

Scheme 14. Asymmetric 1,2-Aminoﬂuoroalkylation of
Alkenes Involving Radicals

Thus, the asymmetric 1,2-aminoarylation of unactivated alkenes
was successfully achieved. Also, a set of diﬀerently substituted
alkenylamine substrates reacted well with p-sulfonylphenyl or
m-nitrophenyl diazonium salts in moderate to good enantioselectivity.
The initial radicals are not limited to carbon radicals. In this
respect, we have been tantalized by the challenge and signiﬁcance of catalytic asymmetric diamination of unactivated alkenes
for valuable enantioenriched vicinal diamine products. Other
eﬀorts in this ﬁeld have been focused on transition-metal51 or
aryliodine(I) catalysts52 for installation of amino groups masked
with electron-withdrawing groups. These protecting groups are
indispensable for tuning down the coordination capability and
oxidation susceptibility of free amines, which would otherwise
result in poisoning of transition-metal catalysts and/or undesired
oxidation side reactions. In comparison, we have successfully
employed O-acylhydroxylamines as suitable N-alkyl aminyl
radical53 precursors to accomplish direct incorporation of
N-alkyl amino groups in asymmetric diamination of unactivated
alkenes (Scheme 16).54 Alkenylamine substrates with a gemdisubstituted or unsubstituted linear tether were well accommodated. Also, many oxidation-labile functional groups, such
as formyl and alkyne groups, survived the oxidative reaction
conditions. Aryl, heteroaryl-, and alkenyl-substituted alkene
substrates were all applicable in the reaction. A number of
aminyl radicals derived from six- and seven-membered
N-heterocycles were compatible with the reaction conditions.
In addition, azido radicals from reagent T3 were also workable
in the presence of CPA7 instead of CPA3. In this case, a mild
base NaHCO3 was required to quench the carboxylic acid side
product.

that using the Togni’s reagent T1 as the ﬂuoroalkyl source.48
Thus, alkenylamine substrates without gem-disubstituents on
the tethers also smoothly underwent the desired reaction in
high enantioselectivity. More strikingly, meta-bromo and metachloro substituents on the alkenyl aryl rings were well tolerated
under the current conditions while incompatible with the previous conditions.48 In addition, a p-toluenesulfonyl protected
alkenylamine substrate also aﬀorded the corresponding 1,2aminoperﬂuoroalkylated product in high yield with moderate ee.
We tentatively ascribe the enhanced reactivity and stereoselectivity to the sequestration of halide ions from both the
copper catalyst and the sulfonyl chloride by formation of insoluble
silver salts. This might have resulted in more electron-deﬁcient
copper centers, which more readily bind to N nucleophiles in
urea/sulfonamide substrates for subsequent C−N bond formation.
In addition, the elevated electron deﬁciency of copper centers
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enantioselective Michael addition reaction (Scheme 17c). Both
the resulting diastereo- and enantioselectivity outcompeted
those obtained with a reported amine catalyst.55 These results
highlight the great application potential of this asymmetric
diamination reaction.
In addition to the aminyl radicals discussed above, we have
also found that a silyl radical readily participated in copper/
chiral phosphate-catalyzed asymmetric 1,2-aminosilylation of
unactivated alkenes (Scheme 18).56 In this reaction, we employed

Scheme 16. Asymmetric 1,2-Diamination and
1,2-Azidoamination of Alkenes Involving Radicals

Scheme 18. Asymmetric 1,2-Aminosilylation of Alkenes
Involving Radicals

Scheme 17. Transformation and Application of the
Asymmetric Diamination/Azidoamination Reactions

a combination of two readily commercially available reagents, i.e.,
lauroyl peroxide (LPO) and tris(trimethylsilyl)silane (TTMSS),
for the facile generation of silyl radicals under copper catalysis.
Thus, the reaction of an array of alkenylamine substrates bearing
linear, branched, spiro, and benzo-fused tethers proceeded
uneventfully. Also, corresponding silylated chiral pyrrolidines
were aﬀorded in moderate to excellent enantioselectivity.
In these asymmetric alkene 1,2-aminofunctionalization
reactions, mechanistic investigations, such as radical inhibition
and radical clock experiments, have been carried out to indicate
the involvement of radical species. Thus, a general mechanism
can be drawn, as shown in Scheme 19a. The generation of the
initial radical is commonly via a SET process between CuI and
an appropriate radical precursor, and CPA may promote this
step by hydrogen bonding with the precursor. Subsequent
radical addition to an alkenylamine substrate generates the
highly reactive alkyl radical A, which is then trapped by a CuII/
chiral phosphate complex to aﬀord B. Finally, the product is
formed and CuI as well as CPA is regenerated, closing the
catalytic cycle. As for the exact pathway for the ﬁnal step (B to
the product) in most of these reactions, we prefer the formation
of a CuIII complex (C, Scheme 19b, left) and its subsequent
reductive elimination: high enantioselectivity would be readily

The incorporation of an azido group has allowed for facile
access to primary amines (Scheme 17a) as well as other more
substituted amines, which signiﬁcantly strengthens the synthetic
power of this methodology. In addition, we have also shown
that a free secondary amine could be readily obtained after
straightforward deacylation (Scheme 17b). More importantly,
this amine proved to be an excellent organocatalyst for an
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Scheme 19. Mechanism for Asymmetric Alkene
1,2-Aminofunctionalization Involving Radicals

Scheme 20. Asymmetric 1,2-Alkoxytriﬂuoromethylation of
Alkenes Involving Radicals

omethylated tetrahydrofurans in the presence of CuI and
CPA11 (Scheme 20).61 High enantioselectivity was generally
obtained on substrates bearing diﬀerent gem-disubstituents on
tethers and distinct aryl rings on the alkene groups, respectively. Particularly noteworthy was the tolerance of reactive
formyl and alkene functional groups. Besides, a substrate
without any gem-disubstituents on the tether also underwent
the desired reaction to provide the corresponding product in
low yield and with moderate ee.
As for the exact role of pyridine L3, we have observed slight
reaction retardation by the addition of pyridine (Scheme 21a),
possibly due to the presumed stabilization of CuIII species via
coordination. In addition, we have identiﬁed L3-coordinated
CuI species [Cu(PPh3)L3]+ from a reaction mixture using
high-resolution mass spectroscopy analysis (Scheme 21b).
Furthermore, we have extensively evaluated a large set of
pyridine derivatives with diﬀerent pKa values and found no
correlation between their basicity and ee values of products
(Scheme 21c). The results disproved a proton shuttle mechanism.62 Instead, appropriate coordination capability was apparently necessary for the pyridine additive to provide high enantioselectivity (pKa 3−5 in the absence of obvious steric hindrance
around the N atom). All these results strongly supported a role
for L3 as a ligand in coordinating and stabilizing the speculative
CuIII species61 such as A (Scheme 22, left), through which
the chiral phosphate could have exerted eﬃcient enantiodiscrimination. The possibility for the other two pathways via radical
substitution (A′, Scheme 22, middle)57 or intramolecular redox/
electrophilic alkoxylation (A″, Scheme 22, right),23 respectively,
cannot be excluded for now.

achievable via the compact transition state along this pathway.
This rationale is in accordance with that put forward by Liu et al.
in their recent account.13 Nonetheless, we currently have no
solid evidence to exclude the other two possible pathways
involving outer-sphere radical substitution (C′, Scheme 19b,
middle)57 and intramolecular redox/electrophilic amination
(C″, Scheme 19b, right),23 respectively. Especially for the last
step in the asymmetric 1,2-aminosilylation reaction, the third
pathway invoking carbocation formation (C″, Scheme 19b,
right) might be favored due to the well-known β-silicon
eﬀect.58 An exception that slightly deviates from this general
mechanistic proposal is the asymmetric diamination reaction.
During reaction, the N-alkyl aminyl radical is supposed to
coordinate to CuII after the initial SET process (Scheme 19c)
for activation toward radical addition.59
As our research on asymmetric alkene 1,2-difunctionalization
continued, we targeted chiral triﬂuoromethylated tetrahydrofurans
considering their great potential in drug discovery.60 However,
our initial extensive reaction optimization only resulted in poor
enantioselectivity. Such results were not unexpected since the
only successful catalyst for asymmetric 1,2-carboxytriﬂuoromethylation of alkene via radical intermediates was inapplicable for
1,2-alkoxytriﬂuoromethylation either.21,22 In addition, the hydroxy
group is a much weaker hydrogen-bond donor compared with the
urea group, which has robustly anchored copper/chiral phosphate
for high levels of enantiocontrol, as mentioned above.48−50,54,56
To this end, we have resorted to an ancillary achiral ligand for
stabilizing the presumed CuIII intermediate. We speculated that
this stabilization might render the conjectured more enantioselective CuIII pathway more favorable than other potentially
competing pathways, such as radical substitution or tandem
intramolecular redox/electrophilic substitution. Thus, further
screening eﬀorts have culminated in identifying pyridine L3 as
the optimal ancillary ligand to aﬀord the desired triﬂuor-

4.2. Copper(I)/Chiral Sulfonamide Catalyst

In the aforementioned reactions, we have utilized chiral
phosphate for enantiocontrol, primarily via steric and other
noncovalent interactions.48−50,54,56,60 In one particular case,
we have also used an additional achiral neutral ligand mainly
for chemocontrol, i.e., stabilizing CuIII species to favor the
presumed highly enantioselective pathway via coordination
(Scheme 23, top).60 The latter success has prompted us to
become aware of one salient drawback of copper/chiral anion
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Scheme 21. Experimental Results Supporting Coordination of Pyridine Ligands to Copper

Scheme 22. Proposed Pathways for the Enantiodetermining
C−O Bond Formation Assisted by the Achiral Pyridine
Ligand

Scheme 24. Asymmetric 1,2-Iminoxytriﬂuoromethylation of
Alkenes Involving Radicals

Scheme 23. Exploitation of Novel Chiral Neutral-Anionic
Hybrid Ligands

catalysts: the anions lack suﬃcient electronic interactions with
the copper centers for tuning their chemoselectivity. Therefore,
we envisioned that a multidentate neutral-anionic hybrid
ligand would not only allow for simultaneous chemo- and
enantiocontrol but also provide a more rigid chiral environment for better enantioinduction (Scheme 23, bottom). This
thought has enabled us to discover cinchona alkaloid-derived
sulfonamides as novel hybrid ligands for asymmetric 1,2iminoxytriﬂuoromethylation of unactivated alkenes via copper
catalysis.63
In accord with our reasoning just mentioned, traditional
copper/bisoxazoline (Box)13−16,19,21,22 and our recent copper/
chiral phosphate catalysts48−50,54,56,60 both failed to provide
good enantioselectivity for this reaction. However, the desired
1,2-iminoxytriﬂuoromethylation reaction proceeded smoothly

to aﬀord highly enantioenriched triﬂuoromethylated isoxazolines 18 under the copper/L4 catalysis (Scheme 24). Various
aryl, heteroaryl, and alkenyl substituents on either the oxime or
alkene moieties were tolerated. The substrate with a conjugated
diene moiety also provided a promising moderate ee under the
standard conditions.
The involvement of radical species in this reaction has been
supported by radical inhibition/trap and radical clock experiments. As for the real role of L4, we have conducted a control
experiment with N-methylated ligand L5 and observed no
enantioinduction under the otherwise optimized conditions
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Scheme 25. Mechanistic Experiments and Proposal for Asymmetric 1,2-Iminoxytriﬂuoromethylation

Nonetheless, several limitations of our current portfolio of
copper catalysts still remain: (i) The redox potential window
of most of our copper catalysts is narrow due to the lack of
suﬃcient electronic interactions with chiral anions, which in
turn results in a limited number of applicable oxidative radical
precursors. (ii) The alkyl radicals amenable to our enantioselective functionalization are mostly conﬁned to tertiary benzylic
radicals with few exceptions. (iii) In most of the examples,
nucleophiles for functionalization of alkyl radicals are N- and
O-based ones to a large extent and C-based ones in only a few
cases. We tentatively ascribe these limitations to the lack of
manipulation on the ligand sphere for tuning the redox properties and chemoreactivity of copper catalysts. Therefore, we
will make eﬀorts in this direction for expanding the scope of
copper-catalyzed asymmetric reactions involving radicals in the
future.

(Scheme 25c). In addition, we have observed the disappearance of the peak that belongs to the N−H bond of L4 in the
subsequent infrared spectroscopy analysis upon mixing it with
Cu(OAc)2 (Scheme 25a). Further high-resolution mass spectroscopy analysis of a mixture of L4 and Cu(OAc)2 indicated
formation of [CuII(L4 − H)]+ (Scheme 25b). All these results
supported the coordination of L4 to copper after deprotonation. Thus, the catalytic cycle shown in Scheme 25d has been
proposed to begin with CuI complex A bearing bidentate chiral
ligand L4. Consecutive triﬂuoromethyl radical generation via
SET, radical addition to 17, trapping of radical C by chiral CuII
complex B, and C−O bond formation lead to the formation of
product 18, which is similar to that of other reactions in this
series.

■

5. SUMMARY AND PERSPECTIVES
Radical reactions are excellent but underdeveloped platforms
for devising asymmetric transformations due to the robust
reactivity, outstanding chemoselectivity, and high functional
group compatibility. The utmost challenge to be overcome in
this ﬁeld has always been the delicate stereocontrol under the
shallow energy barriers for radicals to proceed. This is particularly true for highly reactive minimally functionalized alkyl
radicals, which lack covalent and/or noncovalent interactions
with most chiral catalysts. In this respect, we have been focusing
on copper catalysts for establishing relay catalysis with chiral
phosphate in the tandem radical/carbocationic reactions,
cooperative catalysis with chiral secondary amine in the radical
transformation, and ultimately asymmetric copper catalysis in
radical-organometallic crossover reactions. In these reactions, a
diverse types of C(sp3)−H functionalization and unactivated
alkene difunctionalization have been achieved, providing
expedient access to valuable enantioenriched products in high
enantioselectivity. These results emphasize the versatility and
adaptability of copper catalysis for developing asymmetric
transformations involving radicals.

AUTHOR INFORMATION

Corresponding Author

*E-mail: liuxy3@sustech.edu.cn.
ORCID

Xin-Yuan Liu: 0000-0002-6978-6465
Funding

Financial support from the National Natural Science Foundation
of China (Grants 21722203, 21831002, and 21801116) and
Shenzhen Nobel Prize Scientists Laboratory Project (Grant
C17783101) is greatly appreciated.
Notes

The authors declare no competing ﬁnancial interest.
Biographies
Qiang-Shuai Gu got his B.Sc. in 2008 from University of Science and
Technology of China and Ph.D. in 2013 from The University of Hong
Kong under the guidance of Professor Dan Yang. He did postdoctoral
research in the same research group afterwards. In 2016, he joined
179

DOI: 10.1021/acs.accounts.9b00381
Acc. Chem. Res. 2020, 53, 170−181

Article

Accounts of Chemical Research

Relevant Cu/O2 Model Systems to Organometallic Transformations.
Chem. Rev. 2019, 119, 2954−3031.
(11) Gandeepan, P.; Müller, T.; Zell, D.; Cera, G.; Warratz, S.;
Ackermann, L. 3d Transition Metals for C−H Activation. Chem. Rev.
2019, 119, 2192−2452.
(12) Tkachenko, N. V.; Bryliakov, K. P. Transition Metal Catalyzed
Aerobic Asymmetric Coupling of 2-Naphthols. Mini-Rev. Org. Chem.
2019, 16, 392−398.
(13) Wang, F.; Chen, P.; Liu, G. Copper-Catalyzed Radical Relay for
Asymmetric Radical Transformations. Acc. Chem. Res. 2018, 51,
2036−2046.
(14) Chemler, S. R.; Karyakarte, S. D.; Khoder, Z. M. Stereoselective
and Regioselective Synthesis of Heterocycles via Copper-Catalyzed
Additions of Amine Derivatives and Alcohols to Alkenes. J. Org. Chem.
2017, 82, 11311−11325.
(15) Gao, D.-W.; Zheng, J.; Ye, K.-Y.; Zheng, C.; You, S.-L.
Kharasch−Sosnovsky Reactions. In Asymmetric Functionalization of
C−H Bonds; You, S.-L., Ed.; The Royal Society of Chemistry:
Cambridge, U.K., 2015; Chapter 5.5, pp 199−202.
(16) Adachi, S.; Moorthy, R.; Sibi, M. P. Chiral Copper Lewis Acids
in Asymmetric Transformations. In Copper-Catalyzed Asymmetric
Synthesis; Alexakis, A., Krause, N., Woodward, S., Eds.; Wiley-VCH:
Weinheim, Germany, 2014; Chapter 11, pp 283−324.
(17) Zhu, Y.; Cornwall, R. G.; Du, H.; Zhao, B.; Shi, Y. Catalytic
Diamination of Olefins via N−N Bond Activation. Acc. Chem. Res.
2014, 47, 3665−3678.
(18) Iwamoto, H.; Endo, K.; Ozawa, Y.; Watanabe, Y.; Kubota, K.;
Imamoto, T.; Ito, H. Copper(I)-Catalyzed Enantioconvergent
Borylation of Racemic Benzyl Chlorides Enabled by Quadrant-byQuadrant Structure Modification of Chiral Bisphosphine Ligands.
Angew. Chem., Int. Ed. 2019, 58, 11112−11117.
(19) Li, Y.; Zhou, K.; Wen, Z.; Cao, S.; Shen, X.; Lei, M.; Gong, L.
Copper(II)-Catalyzed Asymmetric Photoredox Reactions: Enantioselective Alkylation of Imines Driven by Visible Light. J. Am. Chem. Soc.
2018, 140, 15850−15858.
(20) Kainz, Q. M.; Matier, C. D.; Bartoszewicz, A.; Zultanski, S. L.;
Peters, J. C.; Fu, G. C. Asymmetric Copper-Catalyzed C-N CrossCouplings Induced by Visible Light. Science 2016, 351, 681−684.
(21) Zhu, R.; Buchwald, S. L. Versatile Enantioselective Synthesis of
Functionalized Lactones via Copper-Catalyzed Radical Oxyfunctionalization of Alkenes. J. Am. Chem. Soc. 2015, 137, 8069−8077.
(22) Zhu, R.; Buchwald, S. L. Enantioselective Functionalization of
Radical Intermediates in Redox Catalysis: Copper-Catalyzed Asymmetric Oxytrifluoromethylation of Alkenes. Angew. Chem., Int. Ed.
2013, 52, 12655−12658.
(23) Kochi, J. K. Electron-Transfer Mechanisms for Organometallic
Intermediates in Catalytic Reactions. Acc. Chem. Res. 1974, 7, 351−
360.
(24) Wang, F.; Wang, D.; Mu, X.; Chen, P.; Liu, G. CopperCatalyzed Intermolecular Trifluoromethylarylation of Alkenes:
Mutual Activation of Arylboronic Acid and CF3+ Reagent. J. Am.
Chem. Soc. 2014, 136, 10202−10205.
(25) Snider, B. B. Mechanisms of Mn(OAc)3-Based Oxidative FreeRadical Additions and Cyclizations. Tetrahedron 2009, 65, 10738−
10744.
(26) Patten, T. E.; Matyjaszewski, K. Copper(I)-Catalyzed Atom
Transfer Radical Polymerization. Acc. Chem. Res. 1999, 32, 895−903.
(27) Paeth, M.; Tyndall, S. B.; Chen, L.-Y.; Hong, J.-C.; Carson, W.
P.; Liu, X.; Sun, X.; Liu, J.; Yang, K.; Hale, E. M.; Tierney, D. L.; Liu,
B.; Cao, Z.; Cheng, M.-J.; Goddard, W. A., III; Liu, W. Csp3−Csp3
Bond-Forming Reductive Elimination from Well-Defined Copper(III)
Complexes. J. Am. Chem. Soc. 2019, 141, 3153−3159.
(28) Zhang, Q.; Liu, Y.; Wang, T.; Zhang, X.; Long, C.; Wu, Y.-D.;
Wang, M.-X. Mechanistic Study on Cu(II)-Catalyzed Oxidative
Cross-Coupling Reaction Between Arenes and Boronic Acids under
Aerobic Conditions. J. Am. Chem. Soc. 2018, 140, 5579−5587.
(29) Chen, D.-F.; Han, Z.-Y.; Zhou, X.-L.; Gong, L.-Z. Asymmetric
Organocatalysis Combined with Metal Catalysis: Concept, Proof of
Concept, and Beyond. Acc. Chem. Res. 2014, 47, 2365−2377.

Professor Xin-Yuan Liu’s group at Southern University of Science and
Technology (SUSTech) as a visiting scholar and later a research
assistant. Ever since September 2017, he has become a research
assistant professor in SUSTech Academy for Advanced Interdisciplinary
Studies. He is interested in asymmetric catalysis and asymmetric
synthesis of bioactive small molecules.
Zhong-Liang Li obtained his B.Sc. from University of Science and
Technology of China in 2009 and completed his Ph.D. in Professor
Dan Yang’s group at The University of Hong Kong in 2014. In 2015,
he moved to Southern University of Science and Technology
(SUSTech) for postdoctoral research. He has been a research
assistant professor in SUSTech Academy for Advanced Interdisciplinary Studies ever since September 2017. His research focuses on
radical-initiated remote C−C bond cleavage and asymmetric reactions
involving radicals.
Xin-Yuan Liu received his B.Sc. in 2001 from Anhui Normal
University and M.Sc. in 2004 from Anhui Normal University in
conjunction with Shanghai Institute of Organic Chemistry, Chinese
Academy of Sciences, China, under the guidance of Professor Shaowu
Wang and Professor Shi-Zheng Zhu, respectively. In 2010, he
obtained his Ph.D. from The University of Hong Kong under the
supervision of Professor Chi-Ming Che. Then he did postdoctoral
research initially in the same research group and later in the group of
Professor Carlos F. Barbas III at The Scripps Research Institute.
In September 2012, he joined Southern University of Science and
Technology (SUSTech) as an associate professor and was promoted
to full professor in 2018. His research interests include transition
metal catalysis, asymmetric catalysis, radical chemistry, and ﬂuorine
chemistry.

■

REFERENCES

(1) Romero, K. J.; Galliher, M. S.; Pratt, D. A.; Stephenson, C. R. J.
Radicals in Natural Product Synthesis. Chem. Soc. Rev. 2018, 47,
7851−7866. And references cited therein.
(2) Wang, K.; Kong, W. Recent Advances in Transition MetalCatalyzed Asymmetric Radical Reactions. Chin. J. Chem. 2018, 36,
247−256.
(3) Shaw, M. H.; Twilton, J.; MacMillan, D. W. C. Photoredox
Catalysis in Organic Chemistry. J. Org. Chem. 2016, 81, 6898−6926.
(4) Sibi, M. P.; Manyem, S.; Zimmerman, J. Enantioselective Radical
Processes. Chem. Rev. 2003, 103, 3263−3296.
(5) Choi, J.; Fu, G. C. Transition Metal−Catalyzed Alkyl-Alkyl Bond
Formation: Another Dimension in Cross-Coupling Chemistry. Science
2017, 356, eaaf7230.
(6) Cherney, A. H.; Kadunce, N. T.; Reisman, S. E. Enantioselective
and Enantiospecific Transition-Metal-Catalyzed Cross-Coupling
Reactions of Organometallic Reagents to Construct C−C Bonds.
Chem. Rev. 2015, 115, 9587−9652.
(7) For a representative similar example using Fe: Jin, M.; Adak, L.;
Nakamura, M. Iron-Catalyzed Enantioselective Cross-Coupling
Reactions of α-Chloroesters with Aryl Grignard Reagents. J. Am.
Chem. Soc. 2015, 137, 7128−7134.
(8) For a representative similar example using Co: Mao, J.; Liu, F.;
Wang, M.; Wu, L.; Zheng, B.; Liu, S.; Zhong, J.; Bian, Q.; Walsh, P. J.
Cobalt−Bisoxazoline-Catalyzed Asymmetric Kumada Cross-Coupling
of Racemic α-Bromo Esters with Aryl Grignard Reagents. J. Am.
Chem. Soc. 2014, 136, 17662−17668.
(9) For a representative example of enantioselective functionalization of minimally functionalized alkyl radicals via fast radical rebound:
Lang, K.; Torker, S.; Wojtas, L.; Zhang, X. P. Asymmetric Induction
and Enantiodivergence in Catalytic Radical C−H Amination via
Enantiodifferentiative H-Atom Abstraction and Stereoretentive
Radical Substitution. J. Am. Chem. Soc. 2019, 141, 12388−12396.
(10) Trammell, R.; Rajabimoghadam, K.; Garcia-Bosch, I. CopperPromoted Functionalization of Organic Molecules: from Biologically
180

DOI: 10.1021/acs.accounts.9b00381
Acc. Chem. Res. 2020, 53, 170−181

Article

Accounts of Chemical Research
(30) For our early works on triﬂuoromethylation and reviews on 1,2difunctionalization of alkene: Tian, Y.; Chen, S.; Gu, Q.-S.; Lin, J.-S.;
Liu, X.-Y. Amino- and Azidotrifluoromethylation of Alkenes.
Tetrahedron Lett. 2018, 59, 203−215. And references cited therein.
(31) For reviews on triﬂuoromethylation of alkene: Koike, T.; Akita,
M. New Horizons of Photocatalytic Fluoromethylative Difunctionalization of Alkenes. Chem 2018, 4, 409−437. And references cited
therein.
(32) Lin, J.-S.; Li, T.-T.; Jiao, G.-Y.; Gu, Q.-S.; Cheng, J.-T.; Lv, L.;
Liu, X.-Y. Chiral Brønsted Acid Catalyzed Dynamic Kinetic
Asymmetric Hydroamination of Racemic Allenes and Asymmetric
Hydroamination of Dienes. Angew. Chem., Int. Ed. 2019, 58, 7092−
7096.
(33) Chen, Y.-H.; Cheng, D.-J.; Zhang, J.; Wang, Y.; Liu, X.-Y.; Tan,
B. Atroposelective Synthesis of Axially Chiral Biaryldiols via
Organocatalytic Arylation of 2-Naphthols. J. Am. Chem. Soc. 2015,
137, 15062−15065.
(34) Zhang, J.; Lin, S.-X.; Cheng, D.-J.; Liu, X.-Y.; Tan, B.
Phosphoric Acid-Catalyzed Asymmetric Classic Passerini Reaction. J.
Am. Chem. Soc. 2015, 137, 14039−14042.
(35) Lin, J.-S.; Yu, P.; Huang, L.; Zhang, P.; Tan, B.; Liu, X.-Y.
Brønsted Acid Catalyzed Asymmetric Hydroamination of Alkenes:
Synthesis of Pyrrolidines Bearing a Tetrasubstituted Carbon Stereocenter. Angew. Chem., Int. Ed. 2015, 54, 7847−7851.
(36) Cheng, D.-J.; Yan, L.; Tian, S.-K.; Wu, M.-Y.; Wang, L.-X.; Fan,
Z.-L.; Zheng, S.-C.; Liu, X.-Y.; Tan, B. Highly Enantioselective Kinetic
Resolution of Axially Chiral BINAM Derivatives Catalyzed by a
Bronsted Acid. Angew. Chem., Int. Ed. 2014, 53, 3684−3687.
(37) For reviews on asymmetric Brønsted acid catalysis: Wang, Y.B.; Tan, B. Construction of Axially Chiral Compounds via
Asymmetric Organocatalysis. Acc. Chem. Res. 2018, 51, 534−547.
and references cited therein.
(38) Yu, P.; Lin, J.-S.; Li, L.; Zheng, S.-C.; Xiong, Y.-P.; Zhao, L.-J.;
Tan, B.; Liu, X.-Y. Enantioselective C−H Bond Functionalization
Triggered by Radical Trifluoromethylation of Unactivated Alkene.
Angew. Chem., Int. Ed. 2014, 53, 11890−11894.
(39) Li, T.; Yu, P.; Du, Y.-M.; Lin, J.-S.; Zhi, Y.; Liu, X.-Y.
Enantioselective α-C−H Functionalization of Amides with Indoles
Triggered by Radical Trifluoromethylation of Alkenes: Highly
Selective Formation of C−CF3 and C−C bonds. J. Fluorine Chem.
2017, 203, 210−214.
(40) Lu, Q.; Glorius, F. Radical Enantioselective C(sp3)−H
Functionalization. Angew. Chem., Int. Ed. 2017, 56, 49−51.
(41) Lin, J.-S.; Li, T.-T.; Liu, J.-R.; Jiao, G.-Y.; Gu, Q.-S.; Cheng, J.T.; Guo, Y.-L.; Hong, X.; Liu, X.-Y. Cu/Chiral Phosphoric AcidCatalyzed Asymmetric Three-Component Radical-Initiated 1,2Dicarbofunctionalization of Alkenes. J. Am. Chem. Soc. 2019, 141,
1074−1083.
(42) For reviews on asymmetric ion-pairing catalysis: Qian, D.; Sun,
J. Recent Progress in Asymmetric Ion-Pairing Catalysis with
Ammonium Salts. Chem. - Eur. J. 2019, 25, 3740−3751. And
references cited therein.
(43) Wang, Z.; Ai, F.; Wang, Z.; Zhao, W.; Zhu, G.; Lin, Z.; Sun, J.
Organocatalytic Asymmetric Synthesis of 1,1-Diarylethanes by
Transfer Hydrogenation. J. Am. Chem. Soc. 2015, 137, 383−389.
(44) Ye, L.; Gu, Q.-S.; Tian, Y.; Meng, X.; Chen, G.-C.; Liu, X.-Y.
Radical Asymmetric Intramolecular α-Cyclopropanation of Aldehydes
towards Bicyclo[3.1.0]hexanes Containing Vicinal All-Carbon Quaternary Stereocenters. Nat. Commun. 2018, 9, 227.
(45) Qi, X.; Zhu, L.; Bai, R.; Lan, Y. Stabilization of Two Radicals
with One Metal: A Stepwise Coupling Model for Copper-Catalyzed
Radical−Radical Cross-Coupling. Sci. Rep. 2017, 7, 43579.
(46) Zhao, B.; Du, H.; Shi, Y. Cu(I)-Catalyzed Diamination of
Conjugated Olefins with Tunable Anionic Counterions. A Possible
Approach to Asymmetric Diamination. J. Org. Chem. 2009, 74, 8392−
8395.
(47) Meanwell, N. A. Fluorine and Fluorinated Motifs in the Design
and Application of Bioisosteres for Drug Design. J. Med. Chem. 2018,
61, 5822−5880.

(48) Lin, J.-S.; Dong, X.-Y.; Li, T.-T.; Jiang, N.-C.; Tan, B.; Liu, X.-Y.
A Dual-Catalytic Strategy To Direct Asymmetric Radical Aminotrifluoromethylation of Alkenes. J. Am. Chem. Soc. 2016, 138, 9357−
9360.
(49) Lin, J.-S.; Wang, F.-L.; Dong, X.-Y.; He, W.-W.; Yuan, Y.; Chen,
S.; Liu, X.-Y. Catalytic Asymmetric Radical Aminoperfluoroalkylation
and Aminodifluoromethylation of Alkenes to Versatile Enantioenriched-Fluoroalkyl Amines. Nat. Commun. 2017, 8, 14841.
(50) Li, X.-F.; Lin, J.-S.; Wang, J.; Li, Z.-L.; Gu, Q.-S.; Liu, X.-Y. Cu/
Chiral Phosphoric Acid-Catalyzed Asymmetric Radical-Initiated
Aminoarylation of Alkenes. Acta Chim. Sinica 2018, 76, 878−882.
(51) For transition metal-catalyzed asymmetric diamination: Fu, S.;
Yang, H.; Li, G.; Deng, Y.; Jiang, H.; Zeng, W. Copper(II)-Catalyzed
Enantioselective Intramolecular Cyclization of N-Alkenylureas. Org.
Lett. 2015, 17, 1018−1021. And references cited therein.
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