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The radical-involved 1,2-difunctionalization of alkenes has developed into a robust tool for preparation
of complex organic molecules. Despite significant advances in this area, the catalytic asymmetric version
still remains a challenging task mainly due to the difficulty in the stereocontrol of the highly reactive
radical intermediates. Recently, owing to the good single-electron transfer ability and coordination
with chiral ligands of copper catalysts, remarkable achievements in radical-involved asymmetric alkene
difunctionalization have been made via synergistic combination of copper and chiral ligands. This tutorial
review highlights the recent progress in copper-catalysed radical-involved asymmetric 1,2-difunctionalization
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of alkenes and the mechanistic scenarios governing the stereocontrol, with an emphasis on utilization
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Key learning points
(1) General reaction pathway for radical-involved alkene difunctionalization.

(2) The role of copper catalysis in asymmetric radical-involved alkene difunctionalization.

)
(3) Strategy in stereocontrol of the highly reactive radical intermediates.
(4) Stereocontrol of alkene nucleocupration reaction.

1. Introduction

Alkenes are ubiquitous in all facets of chemistry and thus
are privileged building blocks in organic synthesis. In recent
years, radical reactions are experiencing a renaissance due to
their high reactivity, chemoselectivity and functional group
tolerance." Thus the radical-involved 1,2-difunctionalization
of alkenes, simultaneously installing two functional groups at
vicinal positions, has emerged as an elegant and versatile
strategy that enables straightforward construction of complex
molecules from simple alkene feedstocks.> However, the catalytic
asymmetric version for expeditious assembly of enantioenriched
complex molecules remains a formidable challenge, mainly
due to the difficulty related to the stereocontrol of the highly
reactive radical species.
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To solve the challenges in radical-involved asymmetric
control, efficient protocols have been established during the
past few decades, such as the utilization of chiral Lewis acid,?
photoredox and organocatalysis, and transition metal
catalysis.” In particular, pioneered by Fu, Chemler and others,
significant efforts have been made by merging transition metal
catalysis and radical reactions, thus bringing the radical chem-
istry into the realm of organometallic chemistry to achieve
asymmetric control.*>” In this scenario, the utilization of chiral
transition metal catalysis to realize the asymmetric radical-
involved 1,2-difunctionalizaiton of alkenes has been a hot topic
in the past decade, wherein the chiral transition metal complex
serves mainly as the redox catalyst.>” Amongst others, copper-
catalysed radical-involved 1,2-difunctionalization of alkenes
exhibits unique advantages: (1) copper is inexpensive, readily
available and easily handled. (2) Copper is a good single-electron
transfer (SET) catalyst to initiate the generation of radicals from a
wide range of radical precursors. (3) Copper can efficiently trap
the prochiral alkyl radical intermediate to constitute a high-valent
Cu™ complex, thus facilitating bond formation via reductive
elimination.® (4) As a good Lewis acid, copper can coordinate with
diverse kinds of chiral ligands and has a high affinity for alkenes
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and other functional groups, thus promoting the stereochemical
control of radical alkene 1,2-functionalization reactions.” Therefore,
an important breakthrough in copper-catalysed radical-involved
asymmetric alkene difunctionalization has been made in
recent years.

The aim of this review is to unveil the progress in copper-
catalysed asymmetric radical difunctionalization of alkenes in
the past decade, covering copper-catalysed radical addition
to alkenes and alkene nucleocupration followed by radical
trapping reactions (Scheme 1). The reactions are mainly classi-
fied by the chiral ligands (L*), such as chiral bisoxazoline (Box),
diphosphine, chiral phosphoric acid (CPA), and cinchona
alkaloid-derived sulfonamide. We will highlight the reaction
design and the mechanism, providing readers with invaluable
knowledge for designing novel synthetic methods in the future.
We regret that due to the limited space we could not include the
asymmetric synthesis of three-membered rings from alkenes
which has been well documented in the literature.’
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2. Copper(i)-catalysed radical addition
to alkenes

Copper (3d*°4s) has four oxidation states (Cu’, Cu', Cu™ and
Ccu'™) and thus is involved in a number of redox reactions either
in a one-electron or two-electron manner." It often serves as
the single-electron reduction catalyst with diverse oxidative
radical precursors to initiate the radical addition to alkenes.
The general catalytic cycle for this type of reactions is shown in
Scheme 2.%'" The Cu'L* species first reacts with the oxidative
radical precursor A-Y in a SET process to generate the corres-
ponding radical A and Cu"L*. While A selectively adds to an
alkene moiety to deliver a new carbon-centered radical I, Cu"L*
undergoes transmetalation with a trapping reagent (nucleophilic
reagent, [Nu]) to afford L*Cu”™Nu. The resulting alkyl radical I
reacts with L*Cu"Nu (II) to deliver the difunctionalization product
and release the Cu'L* catalyst. Thus, the catalytic cycle is closed,
meanwhile achieving stereocontrol. It should be noted that in
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Scheme 1 Copper-catalysed radical-involved asymmetric  alkene
difunctionalization.

some cases of radical alkene difunctionalization, the transme-
talation between Cu' and the trapping reagent might occur
firstly to generate a Cu'Nu species for the subsequent catalytic
cycle.'” The new chiral C-Nu bond formation may proceed via a
Cu™ species and subsequent reductive elimination (pathway A
in Scheme 2). On the other hand, trapping of L*Cu"Nu by
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Scheme 2 Plausible mechanism of copper()-catalysed radical addition to
alkenes.
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alternative outer-sphere radical substitution (pathway B) and
oxidation of the intermediate II to a carbocation intermediate
followed by nucleophilic trapping (pathway C) are also possible.

2.1. Copper(1)/chiral Box catalysis

In 2012, Buchwald and co-workers reported a copper(i)-
catalysed oxytrifluoromethylation of unactivated alkenes.'® In
their study, they found that a bidentate pyridine-based ligand
could assist the C-O bond formation between an oxygen-based
nucleophile and the o-CFs-alkyl radical intermediate.'® This
ligand effect prompted them to test the asymmetric version
through the addition of a chiral Box-based ligand. Afterwards,
they accomplished the copper-catalysed asymmetric oxytrifluoro-
methylation of alkenes with chiral Box ligands in 2013.'* They
found that in the presence of [Cu(CH;CN),]PFs and Box ligand L1,
arylated or heteroarylated alkenes 1 and Togni’s reagent 2a
reacted smoothly to deliver the trifluoromethylated lactones 3 in
good enantioselectivity (Scheme 3). Both 5- and 6-member-ring
lactones can be obtained. Based on their mechanistic study,
the authors proposed a possible mechanism (Scheme 3). A SET
process between L1Cu" and 2a generated a CF; radical and L1Cu™
The in situ generated CF; radical selectively added to the alkene of
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Scheme 3 Buchwald's asymmetric oxytrifluoromethylation of alkenes.
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1 to provide a transient o-CF; alkyl radical intermediate I,
which underwent the enantioselective C-O bond formation
with the assistance of L1Cu™ and released L1Cu' possibly via
a Cu™ intermediate.”

In 2015, the same group extended this protocol to a diverse
radical enantioselective oxyfunctionalization of alkenes 1
under slightly modified reaction conditions (Scheme 4)."> For
example, utilizing TMSN; as the azidyl radical precursor and
PhI(OAc), as an oxidant, the asymmetric oxyazidation products
5 were afforded in up to 92% ee. When sulfonyl chloride 6 was
employed as the radical precursor and silver carbonate as both
a base and a chloride scavenger, the oxysulfonylation products
7 were generated in up to 80% ee. Further, using aryl diazonium
salt 8 as the radical precursor and 2,6-di-tert-butylpyridine as a
base, the reaction provided products 9 in up to 76% ee. A trial
with benzoyl peroxide 10, in which Mn was used to control the
concentration of active radicals, allowed the formation of 11 and
12 in moderate enantioselectivity. Based on their mechanistic
study, the authors assumed that the Cu" carboxylate might
combine with the prochiral benzyl radical intermediate I to form
a Cu™ complex I, followed by reductive elimination to construct
the C-O bond (Scheme 4b). Since the reductive elimination step is
rapid, it is likely that the combination of Cu" with the prochiral
benzyl radical is the enantiodetermining step. Notably, the
authors cannot exclude the involvement of a tertiary carbocation
intermediate although a Hammett study showed that a fully
developed benzylic carbocation is unlikely.

Following Buchwald’s oxysulfonylation, Han and co-workers
reported an asymmetric oxysulfonylation of unsaturated
carboxylic acids 13 via a multi-component cascade reaction in
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Scheme 4 Radical-involved asymmetric oxyfunctionalization of alkenes
with diverse radical precursors.
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Scheme 5 Han's asymmetric oxysulfonylation of alkenes.

2018 (Scheme 5).'° The combination of aryl diazonium salt 8
and DABCO-(SO,), (DABSO) was employed as the sulfonyl
radical precursor. This new type of oxysulfonylation reaction
exhibited a broad substrate scope to furnish products 14 in up
to 88% ee. Mechanistically, aryl diazonium salt 8 underwent a
SET process with Cu' to generate an aryl radical and the Cu"
species via the release of nitrogen gas. The aryl radical was
trapped by DABSO and generated the aryl sulfonyl radical, which
then took part in the asymmetric oxysulfonylation reaction.

From 2014 to 2015, Liu and co-workers reported a series of
copper-catalysed intermolecular trifluoromethylation reactions
of alkenes to install a trifluoromethyl group and an additional
nucleophile to the alkene moiety.® In their systematic study,
they found that the radical intermediate generated from
the addition of a trifluoromethyl radical to alkene can be
selectively trapped by the nucleophile with the assistance of
copper catalyst.>'" These results encouraged them to explore
the possibility of asymmetric radical transformation by the
combination of copper catalysis and a chiral ligand.

After extensive screening of reaction parameters, Liu reported
an asymmetric radical-involved trifluoromethylcyanation of alkenes
under the Cu'/chiral Box catalytic system in 2016 (Scheme 6)."”
Utilizing Togni’s reagent 2b as the radical source, the reaction of
arylated or heteroarylated alkenes and TMSCN 16 provided
enantioenriched benzyl nitriles in good enantioselectivity in
the presence of Cu(CH;CN),PFs and L3. This reaction exhibited
a broad substrate scope and functional group compatibility. A
mechanistic study revealed that the reaction exhibited an induc-
tion period and a low concentration of the CN anion was crucial to
the success of the reaction. Consequently, they proposed a plau-
sible mechanism shown in Scheme 6: TMSCN combined with 2b
to provide a mutual activation complex I. The formed L3Cu'CN in
the induction period acted as the active catalyst, which underwent
a SET process with the complex I to generate a CF; radical and
L3Cu"(CN),. The CF; radical attacked styrene 15a rapidly to
provide a prochiral benzylic radical II, followed by subsequent
trapping with L3Cu"(CN), to afford a Cu™ species III. Eventually,
the reductive elimination of the Cu™ species Il led to the desired
C-CN bond-forming product 17a and released L3Cu'CN.

In 2017, the same group realized an asymmetric amino-
cyanation of styrenes using N-fluorobenzenesulfonimide (NFSI)

Chem. Soc. Rev., 2020, 49, 32-48 | 35
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18 as the radical precursor.'® Ligand L4 proved to be the best
one under this catalytic system to deliver a wide range of chiral
benzyl nitriles 19 (Scheme 7). Chiral B-amino nitriles are
important both as natural products and bioactive compounds
and as vital intermediates in the synthesis of chiral 1,3-diamines.
However, it is difficult to obtain free amine derivatives from 19
due to the harsh conditions to remove the sulfonyl group.
Thus, they developed an asymmetric azidocyanation reaction to

oN
Cu(CH3CN)4PFg (5 mol%)
L4 (6 mol%), 16, NFSI 18 N(SOzPh),
CH,Cly, 0°C to rt
15 up to 95% yield, up to 99% ee 19
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~ PhI(O,CEt),, TMSN; 4, 16 : N3
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Scheme 7 Liu and Lin's asymmetric aminocyanation and azidocyanation
of alkenes.
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Scheme 8 Han and Mei's photoredox-promoted asymmetric cyano-
alkylation of alkenes.

successfully provide the azidocyanation products 20 in the
presence of CuCl, and ligand L5, with TMSN; 4 as the radical
precursor and PhI(O,CEt), as the oxidant (Scheme 7). Similar to
the trifluoromethylcyanation reaction, both amino- and azidocya-
nation reaction proceeded via a possible Cu™ complex followed by
a reductive elimination step to construct the chiral C-CN bond."”

In 2018, Han and Mei reported an asymmetric radical
cyanoalkylation of styrenes by merging photoredox and copper
catalysis (Scheme 8)."° They used the alkyl N-hydroxy-
phthalimide ester (NHP ester) 21 derived from the inexpensive
and abundant carboxylic acid as the radical precursor. Thus, in
the presence of Ir(ppy)s;, CuBr and L6, the visible light-induced
cyanoalkylation of styrenes 15 was performed to provide alky-
lated benzyl nitriles 22 in good yield and enantioselectivity. One
representative feature of this protocol was that diverse alkyl
carboxylic acids were applicable, thus significantly expanding
the scope of radical precursors. Under irradiation, Ir(ppy)s
was irradiated to the activated state, which underwent a SET
process with the radical precursor 21 to form an alkyl radical
upon release of CO, and phthalimide anion I and concurrently
generate oxidative Ir"" (Scheme 8). Meanwhile, L6Cu'CN was
oxidized by Ir'Y to L6Cu"'CN to finish the Ir catalytic cycle for
generation of the alkyl radical.

Compared with Togni’s reagent 2a and 2b, fluoroalkyl iodide
23 is inexpensive and readily available, which can work as an
ideal precursor for diverse fluoroalkylation reactions. Wang
and Xu recently reported a copper-catalysed photoredox
enantioselective cyanofluoroalkylation of styrenes to deliver
diverse B-fluoroalkylated benzylic nitriles 24 (Scheme 9).>° In
this strategy, copper played a dual role, both as the photoredox
catalyst to undergo a SET process with fluoroalkyl iodides and
as the cross-coupling catalyst for C-CN bond formation.
Instead of a blue or green LED, a violet LED was employed to
irradiate the copper complex. Based on their mechanistic study,
the authors proposed that it was the L3Cu'CN species which

This journal is © The Royal Society of Chemistry 2020
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Scheme 9 Wang and Xu's photoredox asymmetric cyanofluoroalkylation
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was irradiated to its excited state [L3Cu'CN]* with the violet LED.
The following oxidative quenching step between [L3Cu'CN]* and
23 generated a Rf radical and L3Cu"CN. They assumed that the
addition of H,0 might promote the homocleavage of TMSCN and
N,N-dimethylbenzylamine (BDMA) might act as a base to neutra-
lize the acidic byproducts.

Very recently, Liu and Zou described an asymmetric copper-
catalysed phosphinoylcyanation of styrenes, offering a direct
route to various chiral phosphine-containing alkylnitriles 26
(Scheme 10a).>" In this process, #BuOOH and TMSCN reacted

a) CU(CH3CN)4PFg (5 mol%)
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Scheme 10 Liu's and Lin's asymmetric cyanofunctionalization of
styrenes.
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quickly to generate -BuOOTMS, which underwent SET with
L7Cu'CN to afford the t-butoxy radical and L7Cu"CN in the
presence of HCN via a proton-coupled-electron transfer (PCET)
pathway (complex I in Scheme 10). The ¢-butoxy radical then
abstracted the hydrogen of Ph,P(O)H to provide a phosphinoyl
radical to initiate the subsequent catalytic cycle.'” Almost at the
same time, Lin’s group developed an electrochemical strategy
to accomplish the asymmetric phosphinoylcyanation reaction
(Scheme 10b). They further applied the protocol to asymmetric
cyanosulfinylation of styrenes using sulfinic acids as radical
precursors.”>

Inspired by the success of asymmetric control via the
combination of a benzyl radical intermediate with L*Cu''CN,
Liu’s group then focused on the utilization of boronic acids as a
nucleophile for asymmetric radical arylation reactions. In 2017,
they reported an asymmetric trifluoromethylarylation of styrenes
for the assembly of chiral CF;-containing 1,1-diarylmethane
derivatives (Scheme 11).** Screening of ligands disclosed a
correlation between the enantiomeric excess of the products
28 and the bite angle of the Box ligand. Increasing the ring size
of the Box ligand (n = 3-7) is beneficial to the enantioselectivity,
and ligand L9 (n = 7) with a small bite angle provided the best
enantiomeric excess. The substrate scope is quite broad and

@

L9(n=7)

Cu(CH3CN)4PFg (10 mol%)
L9 (12 mol%), 2b, 27, EtOH

CH,CI,/DMA (4:1), 0 °C
up to 89% yield, up to 94% ee

B(OH),

, &
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Ar?
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/
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3
Locu! 15&

L9Cu"Ar2

Scheme 11 Liu's asymmetric trifluoromethylarylation of styrenes.
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not only styrenes and heteroarylated alkenes are suitable for the
reaction, but the aryl boronic acids are also variable, ranging from
various functionalized aryl boronic acids to heteroaryl boronic
acids. Analogously, a SET process between the activated complex I
and L9Cu' would generate a CF; radical (Scheme 11). Meanwhile,
the in situ generated alkoxy anion from 2b acted as a strong base
to activate Ar’B(OH), to form an ate complex II, which promoted
the transmetalation process to deliver the LOCu™Ar” species. The
benzylic radical III derived from the addition of a CF; radical to
alkene would be trapped by LOCu"Ar” to afford a Cu™ species IV.
A final reductive elimination step delivered the desired products
28, while releasing the L9Cu' species.

Based on the asymmetric arylation strategy, Liu and Lin
further described an asymmetric aminoarylation of styrenes
for the synthesis of chiral 2,2-diarylethylamines by an applic-
able N-based radical precursor (Scheme 12).>* In their initial
study, they used NFSI as the N-centered radical precursor.
However, after extensive screening of reaction conditions, the
aminoarylation product was obtained only in 35% yield and
84% ee with almost complete consumption of 15b (Scheme 12).
They assumed that the generation of L9Cu"Ar via transmetala-
tion of arylboronic acid with Cu" is too slow to match the rate
of benzylic radical generation. Density functional theory (DFT)
study revealed that the N-alkylsulfonamidyl radical was less
electrophilic and exhibited a higher energy barrier toward radical
addition to styrenes compared with that of the bisulfonimidyl
radical. The reaction rate of this kind of radicals with alkenes is
capable of matching the transmetalation step. Following this
concept, they designed a series of N-centered radical precursors
29 and found that the N-methylsulfonamidyl radical provided the
best yield and ee. The addition of LiO¢-Bu and lowering down the
reaction temperature to —10 °C afforded the aminoarylation
product in 81% yield and 93% ee.

Recently, Liu’s group discovered an asymmetric trifluoro-
methylarylation of alkenes for the construction of quaternary
all-carbon stereocenters.”> Notably, the construction of
quaternary all-carbon centered products has been quite diffi-
cult in previous intermolecular asymmetric radical alkene
difunctionalization. In this strategy, a-substituted acrylamides
31 were utilized for the trifluoromethylarylation with boronic

= Cu(CH3CN)4PFs (5 mol%) Ph,,.
L9 (10 mol%)
PhB(OH),, 18 or 29 SOzPh
OO CH,Cl,/DMA (4:1), rt
%% 30
'? 18, R = SO,Ph, 95% conv., 35% yield, 84% ee
PhO, s~ \F 29a, R =Me, 100% conv., 65% yield, 87% ee
18 or 29 29b, R = Et, 94% conv., 77% yield, 85% ee

29¢, R = i-Pr, 53% conv., trace, ND
29d, R = {-Bu, 42% conv., 0% yield, ND
29a, R = Me, 100% conv. 81% vyield, 93% ee?

aLiot-Bu (0.5 equiv), —10 °C

Scheme 12 Liu and Lin's asymmetric aminoarylation of styrenes.
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)ﬁ( MeOH, 0 °C
301 up to 93% vyield, up to 98% ee
R = aryl, alkyl

preliminary screening results of chiral Box ligand in DCM/DMA

Bn Bn

T 2

L5 (R", R' = CHy), -8% ee
L7 (R' = Bn), -45% ee
L9 (R', R'=CgHqp), —23% ee

L10, 76% ee

Scheme 13 Liu's asymmetric trifluoromethylarylation of acrylamides.

acids 27 and Togni’s reagent 2b, leading to the corresponding
CF;-containing products 32 with excellent enantioselectivity
(Scheme 13). When screening the ligands, the authors identified
that the gem-dibenzyl group in the Box ligand (L5-L10) is crucial
for enantioselectivity, probably attributing to the side arm effect.

The key to the success of copper-catalysed asymmetric
cyanation and arylation lies in that TMSCN and ArB(OH), serve
as ideal trapping reagents to form L*Cu"Nu. The in situ generated
complexes react with the benzylic radical intermediate to accom-
plish the enantioselective control. Liu further reasoned that if
suitable alkynylating reagents were used via a similar strategy for
stereocontrol (Scheme 14), the asymmetric alkynylfunctionaliza-
tion of alkenes would be feasible. Following this concept, they
tested alkynylating reagents 33a-33e and found that in the presence
of Cu(CH;3CN),PF; and ligand L5, only 33a can react with alkene 15¢
and Togni’s reagent 2b to provide the desired product 34 in 89%
yield, albeit with 33% ee (Scheme 14).>® Further screening of ligands
revealed that L9 gave the trifluoromethylalkynylation product 34
with the best result (83% yield and 92% ee).

Very recently, Chen and He extended the asymmetric radical
alkene difunctionalization reaction to an intramolecular
aminotrifluoromethylation of unactivated alkenes with 2b as

CU(CH3CN)4PFs (10 mol%) ™S
Ilgand (12 mol%) |‘|

TMS—==—Si(OMe) :
D/\ 33, 2 /©/\/CF3
Br

DCE/DMA, rt

5¢ 34
L5: 89% yield, 33% ee
L9: 83% yield, 92% ee
C4Hg——=—TMS C4Hg
33b (0% yield)

Bpin
33c (<5% yield)

C4Hg BF3;K CsHp—=——H
33d (<5% yield) 33e (0% yield)

Scheme 14 Liu's asymmetric trifluoromethylalkynylation of alkenes.
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Ar CUu(CH3CN)4PFs (10 mol%)

o X\ L11 (20 mol%), 2b (1.5 equiv.)

36 (20 Mol%), CH,Cl,, 40 °C

35 up to 88% vield, up to 94% ee

t-Bu t-Bu
Ar' Ar'
O ° Iy
Ph ’ \\>”“Ph 0 \C |||L11
N N~/ CO,H !
; O \ 'H
|

CF;
36

Scheme 15 Chen and He's intramolecular aminotrifluoromethylation of
unactivated alkenes.

L11 Ar' = 4-t-BuCgH,

the CF; radical source (Scheme 15).”” Remarkably, their strategy
could be applied to the mono-substituted unactivated alkene
substrates 35, produced from readily available homoallylic
alcohols and aryl nitriles. Treating alkenes 35 in the presence
of Cu(CH3CN),PF, and L11 enabled the asymmetric aminotri-
fluoromethylation reaction with excellent enantioselectivity.
The reaction may also proceed via a Cu™ complex followed
by reductive elimination to produce the chiral 1,3-oxazines 37.

In 2009, Yoon and co-workers described an asymmetric
aminohydroxylation of styrenes with oxaziridine to produce
enantioenriched vicinal amino alcohols in the presence of
Cu"/chiral Box catalysis (Scheme 16).>® This environmentally
benign aminohydroxylation under osmium-free conditions offers
an attractive alternative to the well-established Sharpless asym-
metric aminohydroxylation. The authors proposed a radical
mechanism in which the key aminocopper(ur) species II might
be generated from the reaction of 15a and complex I (Scheme 16).

2.2. Copper(1)/chiral diphosphine catalysis

In 2007, Shi and co-workers achieved a regioselective copper(1)-
catalysed diamination of conjugated alkenes.*® Using di-tert-
butyldiaziridinone 41 as the diamine reagent, the reaction

Cu(Fsacac); (5 mol%) B bh B o
N N
L12 (5 mol%), 38
Ph X # Phll---@ + ph,....g
acetone, 23 °C o 0
39 3%
15a 2 81% yield

1.5/1 dr (cis:trans); 82% ee

~ / |
Bs 18 Ph </ \Z

Bs = benzenesulfonyl ph‘:

Ph

BS

1]
/\(\ L12cdN_ _Ph
N—\ — — - 39a+39%
Suiad" . \r
15a o 0 L12cu"
I
I

Scheme 16 Yoon's copper(i)-catalysed aminohydroxylation of styrenes.
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R R’ Lo
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Scheme 17 Shi's copper-catalysed diamination of dienes.

occurs selectively on terminal alkenes and they assume that
the reaction probably proceeds via a radical mechanism
(Scheme 17). Firstly, Cu' promoted a reductive cleavage of the
N-N bond of 41 to form an N-centered radical I, which added
to the terminal alkene of 40 to provide the intermediate II
The possible pathway for the formation of the C-N bond is that
the carbon-centered radical of I coordinated with the Cu™ center
to generate a Cu™ complex Il and subsequent reductive elimination
afforded the final products 42 and regenerated the Cu’ catalyst.

Afterwards, they were encouraged to develop the more
challenging asymmetric diamination reaction by screening
diverse chiral ligands. Among the screened neutral chiral ligands,
only chiral diphosphine ligand (R)-DTBM-SEGPHOS L13 provided
a promising enantioselectivity (up to 74% ee) (Scheme 18).>°

2.3. Copper(1)/CPA catalysis

In 2009, Shi and co-workers explored the asymmetric diamina-
tion of conjugated alkenes by utilizing the Cu'/chiral anion

CuCl (10 mol%) o
L13 (5.5 mol%), 41 <N
Rs/\A CeDe/PhCH3 (11:1), 0 °C N%
RZ 0 R3 AN 1
(1) ="
40 0 PAr 42
o up to 93% yield
( PAr,
o) O

up to 74% ee
L13 Ar = 3,5-t-Buy-4-MeOCgH,

Scheme 18 Shi's copper/diphosphine-catalysed asymmetric diamination
of dienes.
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41, CuCl (10 mol%)
R L14Cu (20 mol%)

N
P(2-naphthyl); (20 mol%) N \
CeDe, 1t Rs/\(’/\/ 5
R1
R2
40 OO 42
up to 77% yield
o .0 p 0!

\P’/ up to 61% ee
7/ \

L14Cu

Scheme 19 Shi's copper/CPA-catalysed asymmetric diamination of
dienes.

derived from mesitylcopper(i) and chiral phosphoric acid (CPA)
L14 (Scheme 19).>' Under optimal conditions, aryl, heteroaryl-
conjugated diene and triene 40 are applicable to provide
the diamination products 42 in promising enantioselectivity
(up to 61% ee).

Liw’s group has been dedicated to the design of a new
catalytic system to solve the challenging asymmetric radical-
involved alkene difunctionalization reactions since 2014. In
2014, Liu and co-workers disclosed a copper(1)/CPA-catalysed
radical-involved remote asymmetric C-H functionalization.*?
Their results proved that the copper(1)/CPA catalytic system was
compatible with radical-involved reactions. This encouraged
them to exploit the radical-involved asymmetric alkene difunc-
tionalization using the copper(1)/CPA catalytic system.

In 2016, Liu and co-workers designed Cu(1)/CPA as a novel
SET catalyst to establish an asymmetric radical-involved intra-
molecular aminotrifluoromethylation of arylated alkenes
(Scheme 20).%* At the outset, they screened a range of protecting
groups of amine and found that only substrates with tosyl and
urea protecting groups provided promising enantioselectivity
under the Cu(1)/CPA catalytic system (Scheme 20). After screen-
ing of reaction conditions, they identified that in the presence
of CuCl and L15, alkenes 43 and 2b reacted smoothly in
ethyl isobutyrate to provide 44 in excellent enantioselectivity,
providing a straightforward access to diversely substituted
CF;-containing pyrrolidines bearing an o-tertiary stereocenter.
The key to success is not only the introduction of Cu(1)/CPA as a
novel SET catalyst, but also the use of urea with two acidic N-H
as both the nucleophile and directing group.

Based on their mechanistic study, Liu proposed a plausible
mechanism as shown in Scheme 21.>* In the first step, Cu'
would undergo a single-electron transfer with the CPA-activated
Togni’s reagent 2b to generate a CF; radical and chiral Cu"
phosphate (Scheme 21). The CF; radical selectively added to the
terminal alkene of substrates 43 to afford a tertiary benzylic
radical intermediate I, which would be trapped by Cu"/phos-
phate to either generate a Cu™ complex II or form a carbocation
intermediate III. The chiral phosphate could control the selec-
tivity via both hydrogen-bonding interactions with the N-H
bond adjacent to the aryl group and ion-pairing interactions
in a concerted transition state. The subsequent C-N bond
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Scheme 20 Liu's copper/CPA-catalysed asymmetric aminotrifluoro-
methylation.

FsC NI

Scheme 21 Mechanistic proposal for Liu's asymmetric aminotrifluoro-
methylation.

formation delivered the final products 44 while releasing Cu’
and CPA.

While Liu’s aminotrifluoromethylation reaction with 2b
successfully generated chiral p-trifluoromethylated amines, it
proved unfeasible to access more chiral B-fluoroalkyl amines
due to the lack of the analogous reagents. Therefore, Liu

This journal is © The Royal Society of Chemistry 2020
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Ar! R
43 46 or 44
R' = C4Fg, CF3, CF,CO,Me, CF,H up to 98% yield, up to >99% ee
I
Cu'Br + L15 O\ , o
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Scheme 22 Liu's asymmetric aminofluoroalkylation of alkenes.

and co-workers subsequently developed a radical-involved
asymmetric aminofluoroalkylation of arylated alkenes utilizing
sulfonyl chloride 45 as the fluoroalkyl radical source with
Cu'/CPA as the SET catalyst (Scheme 22).** This strategy pro-
vides a platform to access a diverse array of B-perfluorobutanyl,
trifluoromethyl-, difluoroacetyl-, and difluoromethyl chiral
amines in excellent enantioselectivity. The reaction proceeded
via a similar pathway as in Scheme 21. Unlike the reaction
with Togni’s reagent 2b, in the initiation step to generate a
fluoroalkyl radical from fluoroalkylsulfonyl chloride, a strong
HCI acid was also generated. The HCIl acid would result in
strong background reactions against the CPA-catalysed process
and hydroamination of alkene. Thus, the use of silver carbonate is
crucial to suppress the strong background and side hydroamina-
tion reactions.

Chiral vicinal diamines are not only key structural motifs
in natural products and pharmaceutical reagents but also
versatile platforms for development of chiral ligands, organo-
catalysts and auxiliaries in asymmetric synthesis. Inspired by
their asymmetric aminofluoroalkylation of arylated alkenes
with chiral Cu'/phosphate catalysis, Liu’s group utilized the
N-centered radical to facilitate the synthesis of chiral vicinal
diamines via asymmetric diamination of arylated alkenes
(Scheme 23).>> One unique feature of the strategy is the dual
role of O-acylhydroxylamine 47 as both an alkylamine source
and an oxidant in this process. This protocol prevented the
catalyst poisoning associated with the use of a free alkylamine
and meanwhile avoided the use of an external oxidant required
in oxidative diamination reactions. Further expanding the
N-centered radical to the azidyl radical produced from hypervalent
iodine reagent 49 delivered the desired chiral azidoamination
products 50 (Scheme 23).%

In 2018, Liu and co-workers disclosed an asymmetric
aminoarylation of arylated alkenes by utilizing aryl diazonium
salt 8 as the radical precursor and Cu'/phosphate as the SET
catalyst (Scheme 24).>® A broad scope of substrates worked well
to afford the expected pyrrolidines 51 in good enantioselec-
tivity. This reaction undergoes a similar Cu"/phosphate-
mediated enantioselective radical trapping process (via the
intermediate I in Scheme 24), which is similar to that depicted
in Scheme 21. It affords a mechanistically distinct and
complementary approach for the traditional asymmetric alkene

This journal is © The Royal Society of Chemistry 2020
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Scheme 23 Liu's asymmetric diamination of alkenes.
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Scheme 24 Liu's asymmetric aminoarylation of alkenes.

aminoarylation invoking a key nucleophilic aminopalladation
step (via the intermediate II, Scheme 24).

Very recently, Liu and co-workers discovered an asymmetric
radical aminosilylation of arylated alkenes with hydrosilane 52
as the silyl radical source, affording diverse N-heterocycles 55
including pyrrolidine, indoline as well as isoindoline (Scheme 25).*”
Unlike the generation of radicals from oxidative radical
precursors,**73® Cu(i) reacts with CPA-activated LPO 53 followed
by the loss of CO, to afford a highly reactive alkyl radical
accompanied by the generation of the crucial L17Cu"Tc complex.
Hydrogen abstraction from 52 by the alkyl radical gives the
silicon-centered radical. A mechanistic study indicated that the
formation of the chiral C-N bond is via the carbocation inter-
mediate I rather than a possible Cu™ elimination pathway.*”

Very recently, Liu’s group disclosed a copper(1)/CPA-catalysed
asymmetric radical-involved intermolecular dicarbofunctionaliza-
tion of 1,1-diarylalkenes (Scheme 26).*® This three-component
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Scheme 25 Liu's asymmetric aminosilylation of alkenes.
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Scheme 26 Asymmetric radical-involved intermolecular alkene dicarbo-
functionalization.

radical reaction mainly focused on the utilization of sulfonyl
chloride 45 (or 2b) as the radical precursor and indole (or pyrrole)
57 as the nucleophile, providing a direct access to synthetically
challenging chiral triarylmethanes 58. Similarly, the reaction
firstly generated the radical addition intermediate I. In this case,
the intermediate I underwent a SET process with Cu" to provide
the cation intermediate II (or III), followed by a nucleophilic attack
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Scheme 27 Liu's asymmetric radical oxytrifluoromethylation of alkenyl
alcohols.

of 57 to produce desired products 58. DFT study disclosed that the
critical chiral environment was created by the hydrogen-bonding
and ion-pair interactions across L18 (the intermediate II and III
with the N-H and O-H moiety in Scheme 26).

In Buchwald’s work to achieve the asymmetric oxytrifluoro-
methylation of alkenes, the copper(1)/Box catalytic system is
found to be incompatible with alcohol-based nucleophiles
probably due to the low binding affinity of alcohol to the chiral
copper complex.™ To solve this challenge, Liu and co-workers
utilized the Cu'/CPA catalyst to achieve the asymmetric radical
oxytrifluoromethylation of alkenes with alcohols (Scheme 27).*
A wide range of CF;-substituted tetrahydrofurans 61 bearing an
a-tertiary stereocenter was obtained. Analogously, the inter-
mediate I was generated via addition of the CF; radical to
alkenes (Scheme 27).** Although they could not exclude the
carbocation pathway, they suggested that the enantioselective
trapping by the alcohol nucleophile provided the final product
61 via a Cu™ intermediate and the subsequent reductive
elimination process.*® One unique feature of the strategy is
that the achiral pyridine 60 may act as a coordinative ligand on
the copper metal to stabilize the high-valent Cu species. They
further assumed that this stabilization effect might make the
more enantioselective Cu™ pathway favourable compared with
other competing radical substitution or carbocation pathways
(Scheme 2).

2.4. Copper(1)/cinchona alkaloid-derived sulfonamide
catalysis

During Liu’s study of asymmetric oxytrifluoromethylation of
alkenyl alcohols,®® they realized that the addition of an achiral
neutral ligand could stabilize the high-valent Cu species, thus
tuning the chemo- and enantioselectivity of the radical-involved
reactions. This phenomenon inspired them to exploit a multi-
dentate anionic-neutral hybrid ligand in order to realize
not only the mechanistic chemocontrol by forging the Cu™
pathway but also the stereocontrol by offering a more rigid
chiral environment. Following this concept, they designed
a cinchona alkaloid-derived sulfonamide to accomplish the

This journal is © The Royal Society of Chemistry 2020
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Scheme 28 Liu's asymmetric oxytrifluoromethylation of alkenyl oximes.

copper-catalysed radical-involved asymmetric oxytrifluoro-
methylation of alkenyl oximes (Scheme 28)."° With this
strategy, a wide range of CF3-containing isoxazolines 63 bearing
an o-tertiary stereocenter were generated using L20 as the
ligand. Based on their mechanistic study, they proposed a
mechanistic pathway as depicted in Scheme 28. The L20Cu'
species underwent a SET process with 2b to afford a CF; radical
and L20Cu". The CF; radical added to the alkene of 62 to
deliver the intermediate I, which would react with L20Cu™ to
give the complex II, followed by the formation of the chiral C-O
bond to furnish the desired products 63.

3. Copper(i)/Box-catalysed
nucleocupration of alkenes

Since 2004, Chemler’s group has developed a family of intra-
molecular 1,2-amino-/oxyfunctionalization of unactivated term-
inal alkenes that enables the installation of an amine or alcohol
into alkenes, directly providing valuable pyrrolidines, indolines
as well as other heterocyles.”*! Since the cyclization of the
amine or alcohol moiety onto unactivated alkenes will not
occur easily, copper(u) catalysis is used to activate the inert
alkene electrophile to initiate the nucleocupration process in
Chemler’s chemistry. The general catalytic cycle is shown in

This journal is © The Royal Society of Chemistry 2020
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Scheme 29. The amine/alcohol group of the substrate coordi-
nates with the Cu" species to generate the complex I A
subsequent Lewis acid-promoted cis-nucleocupration across
the alkene occurs to provide a cyclized intermediate II. Homo-
lysis of the C-Cu" bond in the intermediate II results in an alkyl
radical III, which is rapidly trapped with various radical trapping
reagents to deliver the amino- or oxyfunctionalization products
and regenerate Cu', which is then oxidized to Cu" for the next
catalytic cycle. Based on this concept, Chemler's group has
accomplished a series of asymmetric versions by utilizing chiral
Box ligands for the assembly of a library of enantioenriched
pyrrolidines, indolines and other heterocycle scaffolds. A
mechanistic study indicated that the cis-nucleocupration of I
towards II is the rate-determining and enantiodetermining step
(Scheme 29).**

In 2007, Chemler and co-workers developed the first
example of enantioselective intramolecular carboamination of
alkenes for expeditious synthesis of chiral sultams using the
Cu"/Box catalytic system (Scheme 30).** In the presence of
Cu(OTf),, L12, K,CO;, and oxidant MnO,, the reaction of
alkenyl arylsulfonamides 64 afforded sultams 65 in excellent
yield and enantioselectivity (up to 94% ee). Analogous to the
general mechanistic proposal in Scheme 29, the reaction firstly
underwent a cis aminocupration to deliver the intermediate II,
followed by homolysis of the Cu-C bond to provide Cu" and the
alkyl radical intermediate III. The radical addition of the alkyl
radical to an intramolecular aryl or heteroaryl ring and sub-
sequent rearomatization afforded the desired products 65. The
oxidant is required to convert Cu' back to Cu" and may
participate in the oxidation of the aryl radical intermediate IV.

Based on this concept, Chemler and co-workers designed
another two classes of substrates, which are applicable to the
copper-catalysed enantioselective intramolecular carboamination

X=NR, O =

’ / ’

Scheme 29 Chemler's nucleocupration for radical-involved alkene
difunctionalization.

Chem. Soc. Rev., 2020, 49, 32-48 | 43


https://doi.org/10.1039/c9cs00681h

Published on 05 December 2019. Downloaded on 2/25/2025 2:28:34 AM.

Chem Soc Rev

JEIANN =
re” l
1 ! H
RN N\
~ n s

Cu(OTH), (20 Mol%)
L12 (20 mol%)
KZCO3, MnOz
PhCF3, 120 °C

02
64 n=0,1 upto85% yield, up to 94% ee 65
L12cu!
baser oxidant
oxidant base
=
TR O
: | | RSN /I N\ >
AN N\s L12Cu! ~ n 8
"o, v ~2

c:s aminocupration
cu'lL12 .
LT =~
rl ~ !
. /‘ homolysis ‘. . N
~ n 8
0z m -2

Scheme 30 Chemler's enantioselective intramolecular alkene carbo-
amination.
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Scheme 31 Enantioselective synthesis of hexahydro-1H-benz|flindoles
and 6-azabicyclo[3.2.1]octanes via carboamination.

of unactivated terminal alkenes. Alkenylsulfonamides 66 bearing
y-substituted groups underwent this reaction smoothly for synth-
esis of hexahydro-1H-benz[flindoles 67 in excellent yield and
selectivity, bearing vicinal tertiary and quaternary carbon stereo-
centers (Scheme 31a).** When using alkenylsulfonamides 68
bearing B-substituted groups as the substrates, the enantio-
selective alkene carboamination provided the bridged hetero-
cycles 69 (Scheme 31b).*

Compared with intramolecular carboamination, the inter-
molecular carboamination version is more challenging, since
the intramolecular version to generate sultam will compete
with the desired process.** Thus, the employment of good
radical acceptors is critical to the success of the intermolecular
carboamination. To their delight, utilizing 1,1-diphenylethylene
and related styrenes 70 as the radical acceptors, Chemler and
co-workers achieved a formal Heck-type coupling reaction via
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Scheme 32 Chemler's enantioselective intra/intermolecular carboamina-
tion of alkenes.

—

conditions

N

enantioselective intermolecular carboamination to synthesize a
variety of enantioenriched indolines, pyrrolidines, and tetra-
hydroisoquinolines 71 (Scheme 32).*° During their investigation
of the radical acceptors, they found that the less reactive alkene
benzofuran 70a required the removal of the aryl ring in the
substrate for avoidance of intramolecular reaction and caused
the decrease of the ee value. They proposed that in case that the
rate of the radical trapping step is slow and the generated aminyl
radical is relatively stable, the radical intermediate I may undergo
a ring-opening process, generating the aminyl radical II and
the subsequent unselective ring-closing process will reduce the
enantioselectivity (Scheme 32).

In 2008, Chemler established the first enantioselective
alkene aminooxygenation reaction, in which tetramethyl-
aminopyridyl radical (TEMPO) serves as both the trapping reagent
and an oxidant (Scheme 33).”” This reaction also supported the
generation of a carbon radical species upon the homolysis of the
Cu-C bond.*” Under the modification of reaction conditions, they
found that with L21 as the chiral ligand, alkenyl sulfonamides 64
reacted smoothly with TEMPO, resulting in chiral indolines and
pyrrolidines 72 in high enantioselectivity. The use of environmen-
tally benign O, as a co-oxidant was necessary to achieve a full
conversion of some substrates. The TEMPO adduct 72a could be
efficiently converted to the corresponding chiral amino alcohol 73
and aldehyde 74 without significantly diminished enantioselec-
tivity (Scheme 33).

The importance of chiral vicinal diamines prompted Chemler’s
group to extend their aminocupration strategy for the realization of
enantioselective diamination of unactivated terminal alkenes for
straightforward access to a range of chiral vicinal diamines. In
2014, they realized such transformations by utilizing sulfonamides
as the trapping reagent (Scheme 34).*® One unique feature of this
strategy is the introduction of a catalytic amount of KMnO, to
assist in the oxidation phase of the catalytic cycle. Although they

This journal is © The Royal Society of Chemistry 2020
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Scheme 33 Chemler's enantioselective alkene aminooxygenation with
TEMPO.

= L12Cu(OT, (25 mol%)
Lo RZSOZNHZ 75,76 r’:;\\]f>4/NHSOZR2
[ e !
S (- SOR"  KMnO, (8 moi%) SN
H MnO,, 4A MS SO,R!
64 PhCF3/DCE, 100 °C 77
R! = 3,5-di-t-Bu-4-MeOCgH, up to 72% yield
= alkyl, aryl up to >95% ee
~ | R20,SHN_
(::,\'DA‘ L12Cu o cu'lL12
i H [
Gel S %— ' ! T» 77
hd '\{ k::L”QJ i
302R1 75 \SOZR1 L12Cu

| 1}
Scheme 34 Chemler's enantioselective diamination of unactivated alkenes.

were not certain of the exact role of KMnO,, they speculated that it
might serve to regenerate the poorly insoluble MnO,. The reaction
was suitable for a wide range of aryl and alkyl sulfonamides 75,
providing indolines and pyrrolidines 77 in excellent enantioselec-
tivity (up to >95% ee) (Scheme 34). Mechanistically, the in situ
generated alkyl radical I via homolysis of the C-Cu bond may
combine with Cu"NHSO,R to form the Cu™ species I and
subsequent reductive elimination leads to the construction of
the second C-N bond of 77.

In 2015, Zeng and co-workers reported a copper-catalysed
enantioselective intramolecular diamination of unactivated term-
inal alkenyl ureas (Scheme 35).*> This double intramolecular
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Scheme 35 Zeng's intramolecular enantioselective diamination of unac-
tivated alkenes.

diamination offered a protocol for concise and enantioselective
synthesis of chiral vicinal bicyclic heterocycles 79. One difference
between this protocol and Chemler’s enantioselective amino-
cupration lies in the protecting group of amine. While Chemler
used the sulfonyl group in most of their asymmetric aminocupra-
tion reactions, Zeng designed a urea group as the diamine source
in this work.

Chemler’s group envisioned that if the carbon radical I
in situ generated from the homolysis of the Cu-C bond under-
went a halogen atom transfer with the corresponding halogen
atom donor, an aminohalogenation of unactivated terminal
alkenes would be realized (Scheme 36). With this in mind, after
screening of several halogen sources, Chemler and co-workers
demonstrated a copper-catalysed enantioselective alkene amino-
halogenation reaction, with 2-iodopropane 80a, 1,1-dichloroethene
80b and 80c as the corresponding halogen atom source
(Scheme 36).>° Moreover, the aminohalogenation products 81
are crystalline and easily subjected to chiral amplification by
recrystallization.

Inspired by the aminocupration process, Chemler’s group
developed a copper-catalysed intramolecular carboetherifica-
tion of unactivated terminal alkenes in 2012, providing fused
and bridged-ring tetrahydrofurans from alkenyl alcohols. One
representative transformation to heterocycles 83 is shown in
Scheme 37a.°" Based on their detailed mechanistic study,

e o X
oo ®  halogenatomdonor "
(SIS _ > L\ '
N ,\{ N ’\{
I SOXR g1 SOaR'
R2X 80
= Cu(OT); (20 mol%) ~ X
2 L12 or L21 (25 mol%) o DJ
[ S |:
i oLl
U_L.oh _SOR!  MnOy KpCOs, 4AMS <N
- N PhCF4, 105-120 °C SO,R!
64 81

R'=aryl: X=1,Br, Cl
Cl
Br.
>7| >: >A(
Cl Br Ph

80a 80b 80c

up to 90% yield
up to 93% ee

Scheme 36 Chemler's enantioselective alkene aminohalogenation.
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Chemler and co-workers proposed a plausible mechanism
analogous to aminocupration. Alkenyl alcohol 82 coordinated
with Cu™L and the subsequent cis oxycupration resulted in an
intermediate I. Homolysis of the C-Cu bond of this intermediate
provided the alkyl radical species II, followed by an intramolecular
radical addition to arene and oxidative rearomatization afforded
the final product 83. In their initial study of enantioselective
alkene carboetherification, they found that using the best ligand
L12 in previous aminocupration, substrate 82a generated almost
a racemic product 83a, while substrate 82b delivered 83b in
estimated 75% ee (Scheme 37b). They envisioned that the steric
effect of the substrate near the alcohol region is critical to the
enantioselectivity of the oxycupration step and increasing the
steric effect would be beneficial to enantioselectivity (transition
state IV in Scheme 37b). They also observed that the same
ligand L12 would favour the (S)-carboamination product and
(R)-carboetherification product, respectively. They assumed
that it is because the large group of the substrates has switched
in these two reactions. For the sulfonamide, the NSO,R group is
larger than the alkene. However, for the alcohol, the alkene is
larger than the alkoxyl group (IV and V in Scheme 37b).

The initial promising enantioselectivity experiment prompted
Chemler to study the asymmetric carboetherification systemati-
cally. Thus changing the substituents of the box ligand from the
Ph (L12) to t-butyl group (L1) led to a great increase of the ee value
(Scheme 38).°* Screening of substrate scope revealed that the

a
Ph  Ph Cu(OTf), (20 mol%)
L22 (25 mol%) Ph—-
K2003, Mn02
R R
PhCF3, 100-140 °C
R OH R 0]
82 83
cu'L )
‘\Dxidant oxidant
Ph. Pn  Cul
* Ph—’f,"
SN
R o ° RV O

Ph  Ph Cu(OTH), (20 mol%)
(R)-L12 (25 mol%) Ph
Z KsCOg, MO,
————— Ph
R PhCF3, 100 or 120 °C o
R OH PR
82a,R=H 83a, <5% ee
82b,R=Ph ent-83b, ~75% ee
¥ s
Ph 9y
Ph Py 0
~_ N
SR W
vs. N—Cul o)
N
RTIR, -0
v

Scheme 37 Chemler's intramolecular alkene carboetherification.
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Scheme 38 Chemler's enantioselective carboetherification of unacti-
vated alkenes.

enantioselective carboetherification could yield a range of chiral
fused and bridged-tetrahydrofurans in excellent enantioselectivity.
Moreover, the carboetherification reaction was also applicable
to the intermolecular version with styrenes 70 as the radical
acceptors,*® thus allowing the assembly of skeletally diverse chiral
tetrahydrofurans (Scheme 38).>

The enantioselective synthesis of spirocyclic ethers utilizing
strategies involving the construction of both rings in one-step
with concomitant stereocontrol at the quaternary carbon center
is quite rare. To address this issue, Chemler and co-workers
applied their enantioselective carboetherification of unactivated
alkenes for the synthesis of diverse spirocyclic ethers in one step

Cu(OTH), (20 mol%) X
OH _X o
R1_( @ L1 (25 mol%) LN
MnO,, K,COs, 4AMS R ”
86 PhCFs, 120 °C &

up to 92% yield
up to >99% ee

X=CHz NR, §, 0
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X CDE i < =
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Scheme 39 Enantioselective alkene carboetherification towards spiro-
cyclic ethers.
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Scheme 40 Enantioselective carboetherification for synthesis of phthalans.

in 2018 (Scheme 39).°* Investigation of the substrate scope
demonstrated that aryl-substituted alkenols 86 favour an endo
addition to give 5,6-spirocycles 87 and 6,6-spirocycles (not shown
here), while alkenyl- and alkynyl-substituted alkenols 88 undergo
an exo addition to provide the 5,5-spirocycles 89.

Recently Chemler’s group applied the enantioselective
alkene carboetherification strategy for the synthesis of enantioen-
riched phthalans from 2-vinyl benzyl alcohols (Scheme 40).>*
Vinylarenes 91 were used as the radical acceptors in the enantio-
selective cyclization/coupling sequences of unsaturated alcohols
90. The authors further demonstrated its synthetic utility in the
enantioselective synthesis of (R)-fluspidine 93, a o1 receptor
ligand.

4. Conclusion and outlook

The radical-involved asymmetric 1,2-difunctionalization of
alkenes has appeared as an elegant strategy for the rapid
assembly of enantioenriched complex molecules from simple
alkene feedstocks. This review highlights the recent advances
in radical-involved asymmetric 1,2-difunctionalization of alkenes
by merging chiral copper catalysis and radical chemistry. In this
aspect, the key issue ultimately focuses on the design of chiral
ligands to coordinate with copper salt to provide a chiral environ-
ment for asymmetric introduction. Fortunately, copper is not only
a good SET catalyst to generate radicals with radical precursors,
but also a good Lewis acid, coordinating with diverse kinds of
chiral ligands, such as Box, diphosphine, CPA and cinchona
alkaloid-derived sulfonamide to offer a chiral environment for
asymmetric control. Conceptually, two distinct strategies have
been developed for the asymmetric control of alkene difunction-
alization. The first one mainly deals with the trapping of the
prochiral alkyl intermediate generated from the addition of the
radical to alkene with Cu"/L*, followed by a reductive elimination
or nucleophilic addition to carbocation. The key to the success of
this strategy lies in the stereocontrol of the highly reactive alkyl
radical intermediate. On the other hand, the second strategy
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focuses on the Cu"/L*mediated enantiodetermining nucleocu-
pration and a sequential homolysis of the Cu-C bond/radical
trapping process.

Despite the enormous efforts in the field, several challenges
have yet to be addressed: (1) almost all the reactions covering
the trapping of the prochiral alkyl radical intermediate with
Cu"/L* illustrated above deal with styrene type alkenes. It is
highly desirable to extend the approach to unactivated aliphatic
alkenes. (2) In the nucleocupration reaction, only intra-
molecular amino- and oxycupration reactions are unveiled,
and the realization of intermolecular amino- and oxycupration
reactions remains a significant challenge. (3) Until now, we
have witnessed the versatile application of neutral Box and
anionic CPA ligands for construction of the chiral C-C(N,O)
bond in the radical-involved alkene difunctionalization. While
these ligands can provide a good chiral environment for
stereocontrol, they are limited for tuning the redox potential
of copper catalysts and only highly oxidative radical precursors
are applicable in copper-catalysed radical addition to alkenes.
Therefore, the design of powerful multidentate anionic-neutral
hybrid ligands is urgent not only for offering a rigid chiral
environment but also for tuning the redox potential of copper
catalysts to be compatible with more radical precursors and for
realizing more radical-involved asymmetric reactions. We hope
that the concept introduced in this review will stimulate further
research in this field to exploit new and efficient methodology
in the future.
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