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Liu and colleagues describe the first asymmetric radical oxysulfonylation of both
terminal and internal alkenes in 8,y- unsaturated ketoximes using their developed
copper(l)-cinchona alkaloid-derived sulfonamide ligand catalyst. Experimental
and computational studies collectively suggest a Cu'-Cu' catalytic cycle involving
fast and reversible sulfonyl radical addition and subsequent rate- and stereo-
determining C-O bond formation, namely, a scenario under Curtin-Hammett
kinetic control. The method provides a robust platform for the synthesis of a
diverse array of valuable chiral sulfonyl-containing building blocks.

GOODHEALTH
AND WELLBEING

nfe

Xi-Tao Li, Ling Lv, Ting Wang, ...,
Xinhao Zhang, Gui-Juan Cheng,
Xin-Yuan Liu

chengguijuan@cuhk.edu.cn (G.-J.C.)
liuxy3@sustech.edu.cn (X.-Y.L.)

MIGHLIGHTS

Asymmetric radical
oxysulfonylation of both terminal
and internal alkenes-

Copper(l)-cinchona alkaloid-
derived sulfonamide ligand
catalyste

A radical stereodiscrimination
process under Curtin-Hammett
kinetic control-

Chiral sulfones with great
potential for drug and
agrochemical discoveries

Lietal., Chem 6, 1692-1706
July 9, 2020 © 2020 Elsevier Inc.
https://doi.org/10.1016/j.chempr.2020.03.024

Gheck for
Updaies



mailto:chengguijuan@cuhk.edu.cn
mailto:liuxy3@sustech.edu.cn
https://doi.org/10.1016/j.chempr.2020.03.024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chempr.2020.03.024&domain=pdf

¢? CellPress

Diastereo- and Enantioselective
Catalytic Radical Oxysulfonylation

Chem

of Alkenes in B,y-Unsaturated Ketoximes
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Xinhao Zhang,*® Gui-Juan Cheng,”* and Xin-Yuan Liu'/-*

SUMMARY

The asymmetric radical-initiated difunctionalization of internal al-
kenes, which creates two vicinal stereocenters, has been a signifi-
cant synthetic challenge despite the tremendous progress achieved
for terminal alkenes. This is attributable to the common stepwise
mechanism that involves an initial free radical addition to the alkene
in a nonstereoselective fashion. We report here the first asymmetric
radical 1,2-oxysulfonylation of both terminal and internal aryl al-
kenes in B,y-unsaturated ketoximes in the presence of copper(l)-
cinchona alkaloid-based sulfonamide catalyst. The experimental
and computational mechanistic studies collectively support a Cu'-
Cu' mechanism featuring fast, reversible addition of sulfonyl radicals
to alkenes and subsequent rate- and stereo-determining C-O bond
formation, namely, a scenario under Curtin-Hammett kinetic con-
trol. The method provides a robust platform for collective synthesis
of a diverse array of valuable chiral sulfonyl-containing building
blocks.

INTRODUCTION

Transition-metal-catalyzed asymmetric difunctionalization of alkenes enables the
expedited construction of two vicinal carbon-carbon and/or carbon-heteroatom
chemical bonds and stereogenic centers from readily available alkene starting ma-
terials. Thus, it has been established as a powerful technique for the sustainable
preparation of chiral complex organic molecules.'™ Recently, very impressive ad-
vances have been achieved in the development of Cu-catalyzed radical-initiated
asymmetric alkene difunctionalization. Such reactions usually involve the intermo-
lecular addition of free carbon- or heteroatom-centered radicals to alkenes fol-
lowed by asymmetric functionalization of the thus-generated alkyl radical interme-
diates with chiral metal species, a significant strategy pioneered by Fu, Reisman,
Buchwald, Liu, and others (Scheme 1A).”"'? In this aspect, Buchwald and Liu inde-
pendently reported the use of a copper-chiral bis(oxazoline) system to elegantly
realize a series of enantioselective alkene difunctionalization reactions.””° At
the same time, our group developed a copper-chiral anionic ligand system for
several types of asymmetric transformations.>’ ¢ These methods, however, are
generally limited to terminal alkenes, while the use of internal olefins for concom-
itant generation of two vicinal stereocenters across the C=C double bonds has
proved very problematic. The difficulty lies on the stereocontrol in the first free
radical (R+) addition step and nonstereoselective formation of A and B has been
explicitly demonstrated in previous works (Scheme 1A, step 1).202425 Thys, a
conceptually different strategy is urgently needed to achieve catalytic asymmetric
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The Bigger Picture
Asymmetric catalysis with radical
species has become a practical
and robust tool for preparing
chiral molecules, important in
developing drugs, agrochemicals,
and materials. In radical addition
to alkene, however, the transient
nature of radicals can greatly
compromise the stereocontrol by
any chiral catalyst and thus,
catalytic asymmetric radical-
initiated difunctionalization of
internal alkenes has long
remained underdeveloped. Here,
we discovered a solution to this
conundrum by capitalizing on an
initial fast and reversible sulfonyl
radical addition process, which
renders the enantioselectivity in
this step inconsequential to the
overall stereoselectivity.
Accordingly, both high
enantioselectivity and high
diastereoselectivity have been
achieved in alkene
oxysulfonylation. We envision that
this strategy will elicit a surge of
research efforts on asymmetric
radical-initiated
difunctionalization of internal
alkenes, ultimately benefiting the
drug, agrochemical, and material
industries.
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radical-initiated difunctionalization of internal alkenes with effective control of both
the diastereoselectivity and the enantioselectivity.

Sulfone moieties are prevalent in many biologically active molecules and pharma-
ceutical agents. Although great efforts have been devoted to establishing various
racemic radical 1,2-sulfonyl functionalization reactions of alkenes,*’~*¢ the develop-
ment of corresponding catalytic asymmetric methods for access to chiral sulfones
has so far remained elusive.”’**/**® Our group has recently developed a copper-
cinchona alkaloid-based sulfonamide catalyst system for radical-initiated 1,2-oxytri-
fluoromethylation of alkenes under mild conditions.*® Thus, we wondered whether
such a copper catalyst system would meet the aforementioned challenges. The addi-
tion of sulfonyl radicals (RSO,-) to alkenes is known to be fast and reversible.*”>?
Accordingly, we hypothesized that a scenario under Curtin-Hammett kinetic con-
trol>*>°> might be achieved via a rapid equilibrium between the initial addition dia-
stereomers C and D (Scheme 1B). Subsequent rate-determining asymmetric func-
tionalization of these alkyl radicals might deliver the desirable product (e.g., Pc)
with excellent control of both enantioselectivity and diastereoselectivity. The suc-
cessful implementation of this strategy will open a new door for precise stereocon-
trol on the challenging asymmetric radical-initiated difunctionalization of internal
alkenes.

The aryl and alkyl sulfone groups, thanks to their unique physicochemical proper-
ties, are a kind of important pharmacophores in structure-based drug design and
thus, are of great importance in the development of drugs and agrochemicals.>*¢?
In addition, enantiomerically enriched B-hydroxysulfone represents a privileged
scaffold found in many biologically relevant molecules, such as the anticancer
drug bicalutamide and antifungal agents SSY726 and SCH42427.4“7? Nonethe-
less, their asymmetric construction remains a significant challenge.”*’? Herein,
we describe our efforts toward the development of a general and efficient asym-
metric radical oxysulfonylation of both terminal and internal alkenes using a
Cu(l)-cinchona alkaloid-based sulfonamide catalyst. The reaction exhibits a broad
scope across a range of alkenes and diverse (hetero)aryl- and alkyl-substituted sul-
fonyl chlorides (Scheme 1C). Experimental and computational studies®® have been
performed to suggest a stereodiscrimination process under Curtin-Hammett ki-
netic control.

RESULTS AND DISCUSSION

Optimization Study

We began our investigation by reacting B,y-unsaturated ketoxime 1a with p-tolue-
nesulfonyl chloride (TsCl) 2a in the presence of CuOAc and different cinchona alka-
loid-based sulfonamide ligands (Table 1). In addition, Ag,CO3 was also added to
quench the in situ generated HCI. A series of quinine-, cinchonidine-, and cincho-
nine-derived sulfonamide ligands readily provided the desired sulfonyl-containing
isoxazoline 3aa in good yields with moderate enantioselectivity (entries 1-8), and
sulfonamide L1 performed the best in terms of both yield and enantioselectivity (en-
try 1, 82% yield, 76:24 er). Subsequent screening of different Cu salts (entries 10-13)
and solvents (entries 14-15) as well as an additive (entry 16) improved the erto 82:18
using Cu(OAc), in the presence of 4 A molecular sieves with CHClz as the solvent (en-
try 16). Lowering the reaction temperature to —10°C obviously enhanced the enan-
tioselectivity (entry 17). Further increasing the amount of Ag,CO3 and adding proton
sponge slightly increased the er to 95:5, presumably by effectively and timely
quenching the in situ generated acid during the reaction (entry 18).
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A Previous work: Cu-catalyzed asymmetric radical-initiated difunctionalization of alkenes
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Scheme 1. Asymmetric Radical-Initiated 1,2-Difunctionalization of Terminal and Internal Alkenes

Substrate Scope with Terminal Alkenes

With the optimal conditions being established, we next investigated the substrate
scope of the alkenyl ketoximes (Figure 1A). A variety of R groups containing elec-
tron-neutral (H), -donating (Me, Et, ‘Bu, and OMe), or -withdrawing (F, Br, I, and
CF3) substituents at the para- or meta-positions of the phenyl ring were compatible
with the reaction, giving 3aa—3ka in 54%-85% yields with 93:7-96:4 er. In addition, a
bicyclic naphthalyl and a heterocyclic thiophenyl R' groups were also tolerated to
deliver 3la and 3ma, respectively, in good yields and excellent stereoselectivities.
In regard to the R? on the alkene moieties, a broad series of phenyl rings with com-
mon electron-donating or -withdrawing functional groups at different positions
(meta or para) were applicable to the reaction, affording 3na-3ta in 55%-95% yields
with 91:9-95:5 er. Heterocyclic furanyl- and thiophenyl-substituted alkenes could
also be employed in the reaction to give 3ua and 3va with good results, respectively.

In the following study, we switched our attention to evaluate the scope of sulfonyl
chlorides. We were pleased to observe that a series of arylsulfonyl chlorides bearing
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Table 1. Optimization of Reaction Conditions for Terminal Alkenes

Ewy Gl lgnd sobemt  Yedes® &
1 DCM 82

CuOAc L1 76:24
2 CuOAc L2 DCM 77 61:39
3 CuOAc L3 DCM 78 74:26
4 CuOAc L4 DCM 79 74:26
5 CuOAc L5 DCM 73 75:25
6 CuOAc L6 DCM 79 24:76
7 CuOAc L7 DCM 80 28:72
8 CuOAc L8 DCM 68 33:67
99 = L1 DCM 0 —
10 CuBr L1 DCM 60 60:40
11 Cul L1 DCM 66 63:37
12 CuTc L1 DCM 82 74:26
13 Cu(OAQ), L1 DCM 78 77:23
14 Cu(OAQ), L1 EtOAc 76 68:32
15 Cu(OAc), L1 CHCl3 80 78:22
16° Cu(OAc), L1 CHCl3 80 82:18
17+ Cu(OAc), L1 CHCl3 81 94:6
18°h9 Cu(OAc), L1 CHCl3 79 95:5

“Reaction conditions: 1a (0.05 mmol), 2a (0.055 mmol), [Cu] (0.005 mmol), ligand (0.0075 mmol), and Ag,CO3 (0.03 mmol) in solvent (1 mL) under argon.
®Yield based on "H NMR analysis of the crude product using CH,Br; as an internal standard.

“Determined by chiral HPLC analysis.

“No copper.

4 A molecular sieves (MS) (50 mg) were added.

fRun at —10°C for 96 h.

9Ag,CO3 (2.0 equiv), proton sponge (0.5 equiv), and CHCl3 (2 mL) were used.

substituents ranging from electron-rich (Et, ‘Bu, OMe, and Ph) to electron-deficient
groups (Br, F, and CF3) and a polyarene naphthalene-derived sulfonyl chloride deliv-
ered the corresponding products 3ab—3ak in 53%-84% yields with 90:10-96:4 er.
The absolute configuration of 3aj has been determined to be S by X-ray structural
analysis (Figure S1). The heterocyclic thiophene-derived sulfonyl chloride also pro-
vided the product 3al in 75% yield with a 95:5 er. The substrate scope is not limited
to (hetero)aryl-substituted sulfonyl chlorides. For example, a series of acyclic alkyl
sulfonyl chlorides, including simple unfunctionalized linear and branched alkyl
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A Scope Cu(OAc), (10 mol %)
N,OH L1 (15 mol %)
| + RSO,CI AgCO;5 (2 e9)
i 5 proton sponge (0.5 eq)
R R 4AMS, CHCI,
1 2 -10°C, 96 h 3

'R H, 3aa, 74%, 95:5er |
Ts :R = Me, 3ba, 76%, 95:5 er |
Ph  !R=Et 3ca, 78%, 95:5er !

3-F, 3fa, 71%, 95:5er !

3-Br, 3ga, 75%, 95:5 er |

4-Br, 3ha, 63%, 93:7 er .
3ia, 73%, 96:4 er

-0

N

2

:R—’Bu 3da, 85%, 93:7 er

'R =3-Me, 3na, 83%, 93:7 er |
'R = 4-Me, 30a, 95%, 92:8 er |
iR = 3-OMe, 3pa, 79%, 95:5 er |
'R=3-F, 3qa, 70%, 94:6 er !

—R:! \R=3-Cl, 3ra, 73%, 92:8 er \

3sa, 76%, 93:7 er 3ta, 55%, 91:9 er

"R = 4-H, 3ab, 72%, 95:5 er
R = 4-Et, 3ac, 71%, 92:8 er
R = 4-'Bu, 3ad, 84%, 93:7 er
R = 4-OMe, 3ae, 61%, 93:7 er
R = 4-Ph, 3af, 63%, 96:4 er

R =4-Br, 3ag, 53%, 90:10 er
R = 3-F, 3ah, 68%, 92:8 er
R = 3-CF3, 3ai, 60%, 91:9 er

Scope for the sulfonyl
chloride

in=1,3aq, 95%, 94:6 er !

=2, 3ar, 75%, 94:6 er |

3as, 64%, 92:8 er 3at, 76%, 92:8 er 3au, 76%, 93:7 er 3av, 73%, 96:4 er

B Transformation

e NH, OH
D i NiCl,, NaBH, -
“, . S
Ph Ph MeOH, DCM, -30°C, 3 h Ph z
Ph
3aa 4, 91%
95:5er, 1:1dr
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Figure 1. Substrate Scope and Transformation
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(A) Substrate scope for asymmetric oxysulfonylation of terminal alkenes. Reactions were conducted on 0.2 mmol scale, isolated yields were given, and er

values were determined by HPLC analysis.
(B) Transformation of the oxysulfonylation product.

groups as well as a halogenated one, all worked well to give 3am-3ap with good re-
sults. In addition, different cyclic and O- or N-containing heterocyclic alkyl sulfonyl
chlorides were all well accommodated in this process to deliver 3ag-3at in 64%-—
95% yield with 92:8-94:6 er. Notably, with this protocol, we were able to incorporate
a cyclopropane ring (3au and 3av), a versatile fragment frequently used in drug
development,®®? into the chiral sulfonyl-containing isoxazolines. Nonetheless,
benzyl and allyl sulfonyl chlorides and o-toluenesulfonyl chloride were found to be
unsuitable for the reaction, possibly due to stability or steric issues associated
with the corresponding sulfonyl radicals, respectively. As for the utility of this meth-
odology, the isoxazoline unit in the products could be easily cleaved to afford amino
alcohols (Figure 1B). For example, treatment of 3aa under mild reductive conditions
afforded 4 in excellent yield. It features three important functional groups, including
amino, hydroxy, and sulfonyl moieties, and a conserved tertiary stereocenter, which
are prevalent in numerous drugs and bioactive molecules.

Investigation on Internal Alkenes

With regard to the challenging internal alkenes, we initially conducted time-course
experiments on internal alkenyl ketoximes (E)- and (2)-5a using L7 (see Table 1 for
its structure) as the ligand under the otherwise standard conditions (Figure 2; Tables
S1 and S2). Obvious E-Z isomerization occurred as the reactions started, indicating
fast, reversible addition of sulfonyl radicals to alkenes as reported in literature.*”~>?
Most importantly, both (E)- and (2)-5a afforded (5R,2’S)-6aa with the same absolute
configuration as the major product. The results strongly support the involvement of
the same rate- and stereo-determining C-O bond formation step for reactions on
both (E)- and (2)-5a. And thus, the envisioned Curtin-Hammett kinetic control was
very likely operating under our reaction conditions.

This proof-of-principle result encouraged us to carry out further optimization of re-
action conditions with (E)-5a as the model substrate (Table 2). A screening of a series
of cinchona alkaloid-derived sulfonamide ligands (entries 1-8) revealed L8 (see Ta-
ble 1 for structures) as the optimal one. The corresponding product (5R,2'S)-6aa with
two vicinal stereocenters was obtained in good yield with good stereoselectivity (en-
tries 8 and 9). Interestingly, the use of a 1:1 mixture of (E)- and (2)-5a as the substrate
gave similar results to that with one pure isomer (entry 10). In addition, the reaction
on internal alkenes also well tolerated a range of different substituents on the ketox-
ime, the alkene, and the sulfonyl moieties. The desired products 6ab, éac, and 6ba-
6ia were afforded in 57%-73% yields with good stereoselectivity (Scheme 2). The ab-
solute configuration of (5R,2'S)-6aa has been determined by X-ray crystallographic
analysis (Figure S2), and those of other products were assigned by analogy. Further-
more, cyclic internal alkenes were also viable substrates for the reaction. A series of
chiral spiro-heterocycles 6ja—6la with different skeletons (such as 5-5 and 5-6 spiro
rings) and functionalities (such as carbocycles and a N-containing heterocycle) were
efficiently constructed in good yields with excellent diastereoselectivities (> 20:1 dr)
and good enantioselectivities (up to 92:8 er) (Scheme 2). The absolute configuration
of 6ja has been determined by X-ray crystallographic analysis (Figure S3), and those
of other products were assigned by analogy.
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A )
TsCl (2a, 1.1 eq) ' : TsCl (2a, 1.1 eq)
OH Cu(OAc), (10 mol %) i Cu(OAc), (10 mol %) OH
N L7 (15 mol %) ' 5 L7 (15 mol %) N |
| A i ; |
g,CO3 (2 eq) ' ) , ! Ag,CO3 (2 eq)

Ph Ph Proton sponge (0.5eq) i  (SR.2'S)-6aa (6R2’R)-6aa  :  proton sponge (0.5 eq) Ph Ph
(E)-5a 4AMS, CHCI3, -10°C ! Major Minor i\ 4AMS, CHCI3, -10°C (2)-5a
(EIZ=29:1) Mmoo g (ZIE = 50:1)

B c
1004 = (5R2S)-6aa 1004 = (5R2S)6aa
e (5R2'R)-6aa | e (5R2R)-6aa
A (E)-5a A (E)-5a
80 4 ¢ (2)-5a 80 + * ¢ (2)-5a
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Figure 2. Time-Course Experiments

(A) Time-course experiments were conducted on (E)- and (2)-5a using L7 (see Table 1 for its structure) as the ligand under the otherwise standard
conditions.

(B) Time-course experimental results on (E)-5a.

(C) Time-course experimental results on (2)-5a.

Mechanistic Study

Control experiments were conducted to gain further insights into the reaction
mechanism. First, the addition of radical inhibitor 2,2,6,6-tetramethyl-1-piperi-
dinyl-oxy (TEMPO) significantly inhibited the desired reaction for the formation of
3aa (Scheme 3A). Thus, our reaction likely involves a radical mechanism. Interest-
ingly, the other product, 7, was formed in 41% yield, presumably via the generation
of an iminoxy! radical followed by 5-exo-trig cyclization and trap by TEMPO. Such a
mechanism has been consistently invoked for the formation of similar TEMPO-trap-
ped products from B,y-unsaturated ketoximes in literature.®*** Notably, 7 is
racemic and thus, the presumed iminoxyl radical is likely not a common intermedi-
ate toward the formation of 3aa and 7. Radical clock probe 8 did not afford any
desired oxysulfonylation product under the standard conditions. Instead, it pro-
vided 9 in 10% yield, possibly via tandem radical addition, cyclopropane ring open-
ing, and hydroalkoxylation (Scheme 3B). All of these observations suggest that sul-
fonyl radicals are likely generated in situ, which upon further addition to alkenes
and subsequent C-O bond formation, give rise to the desired oxysulfonylation
products.

Computational Study

In order to gain more insight into the reaction mechanism, we resorted to theoretical
calculations. Two plausible reaction mechanisms, i.e., cu'-cu"-Cu' and Cu"-CU'
mechanisms?*?*95-72 (paths A and B in Figure 3 and Figure S4) were proposed
based on the experimental observations and calculated with the density functional
theory (DFT) method. Both pathways start with the deprotonation of B,y-unsaturated
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Table 2. Optimization of Reaction Conditions for Internal Alkenes

OH Cu(OAc), (10 mol %) g
N Ligand (15 mol %) N-OL 2
| | B et Ag,CO; (2 eq) | 5 on Ts
Ph Ph Proton sponge (0.5 eq) Ph
4A MS, CHCI,

(E)-5a 2a 0°C, 96 h (5R,2'S)-6aa
Entry® Ligand Yield (%)° Dr” Er®
1 L1 64 7:1 11:89
2 L2 52 5:1 25:75
3 L3 60 6:1 13:87
4 L4 61 7:1 11:89
5 L5 64 6:1 12:88
) L6 66 7:1 89:11
7 L7 68 8:1 91:9
8 L8 67 8:1 93:7
9 L8 40 4:1 93:7
10° L8 58 6:1 93:7

“Reaction conditions: (E)-5a (E/Z = 29:1) (0.1 mmol), 2a (0.11 mmol), Cu(OAc), (0.01 mmol), ligand
(0.015 mmol) (see Table 1 for structures), Ag,CO3 (0.2 mmol), proton sponge (0.05 mmol), and 4 A MS
(100 mg) in CHCl3 (4 mL) under argon.

®Yield and dr were based on "H NMR analysis of the crude product using CH,Br; as an internal standard.
“Determined by chiral HPLC analysis.

4(2)-5a (Z/E = 50:1) as the substrate.

¢(B)-5a:(2)-5a = 1:1.

ketoxime 1a by CuOAc-L1 complex, affording the Cu-L1-alkene intermediate (INT1).
Subsequently, the addition of sulfonyl radical to the alkene via triplet *TSA1-S or
*TSB1-S generates the a-sulfonyl-alkyl radical ('INTA1-S or fINTB1-S). This radical
may attach to the Cu' center to form a Cu" complex, which undergoes further reduc-
tive elimination to deliver the oxysulfonylation product and the Cu-L1 catalyst (path
A). Alternatively, it may directly attack the oxygen atom on the Cu"-O bond to afford
the product and Cu-L1 (path B). The attempts to locate the transition states of the
intramolecular addition of a-sulfonyl-alkyl radical to the Cu' center or the O atom
were unsuccessful. Instead, the minimum energy crossing points (MECPS),%’%
MECP_A-S and MECP_B-S, which connect the triplet a-sulfonyl-alkyl radical and
singlet Cu"' complex (INTA2-S, path A) or Cu' species (INTB2-S, path B), respec-
tively, were located and calculated to be rate-determining. The latter (MECP_B-S)
has a lower electronic energy by 9.0 kcal/mol, which suggests that the Cu"-Cu' mech-
anism (path B) is likely more favorable.

Computational results suggested that the forward and backward reaction barriers
for the radical addition step are indeed very low (path B: 0.1 kcal/mol,
INT1—*TSB1-S; 4.1 kcal/mol, 'INTB1-S—'TSB1-S), which, in agreement with our
experimental observations, indicates a fast and reversible process. As a result,
the C-O bond formation step should determine the enantioselectivity, which we
analyzed next (Figure 4A). The located MECP_B-S (leading to S product) has a
lower electronic energy than MECP_B-R (leading to R product) by 4.3 kcal/mol,
which is consistent with the experimentally observed S-enantioselectivity with L1
ligand (see Table 1 for its structure). A favorable hydrogen bonding interaction be-
tween the ligand and the substrate was identified in MECP_B-S. Meanwhile, an un-
favorable electrostatic repulsion between oxygen atoms of the sulfonamide ligand

¢? CellPress
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OH Cu(OAc), (10 mol %) -
N L8 (15 mol %) e o
Ag,CO; (2 e
| | + RSOZC| J2 3 ( q) | 5 SOZR
R! R2 Proton sponge (0.5 eq) ; R2
4A MS, CHClI;4
(E)-5 2 0°C, 96 h (5R,2'S)-6
N (@] : N -0, A N~ 0 A //o
| Ts — | SO,Ph )]\X\S =0
Ph Ph Ph
Ph Ph Ph =N
(5R,2'S)-6aa, 67% a\l) 6ab, 71% 6ac, 63% \ S
93:7 er, 8:1dr " 91:9er, 8:1dr 91:9er, 5:1dr
N-Oy NEL N =% &
| Ts | Ts | Ts | Ts
Ph F Ph Ph
C10 )
6ba, 67% 6ca, 73% 6da, 70% 6ea, 62%
93:7 er, 11:1 dr 96:4 er, 8:1dr 92:8 er, 8:1dr 90:10 er, 8:1dr
B M- _o L0 _o
Nl Ts N[ Ts N| Ts NI Ts
OMe
Ph Ph Ph F Ph AN
Br N/
6fa, 57% 6ga, 68% 6ha, 71% 6ia, 58%
92:8 er, 8:1dr 90:10 er, 9:1 dr 91 9er, 7:1dr 92:8 er, 10:1dr

Cu(OAc), (10 mol %)
Ligand (15 mol %)

Ag,CO; (2 &
o o 92C03 (2 eq)
Proton sponge (0.5 eq)
4A MS, CHCI;
2a 0°C, 96 h

Ts/
N-C.
I
Ph
6ja, 80% g 6ka, 73% 6la, 60%
391:9 er, >20:1 dr b92:8 er, >20:1 dr €89:11 er, >20:1 dr

Scheme 2. Substrate Scope for Asymmetric Oxysulfonylation of Internal Alkenes

Reactions were conducted on 0.2 mmol scale, isolated yields were given, and er values were determined by HPLC analysis.
?L6 (see Table 1 for its structure) used as the ligand.

L8 (see Table 1 for its structure) used as the ligand.

°L1 (see Table 1 for its structure) used as the ligand at RT.
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Scheme 3. Mechanistic Study

and the sulfonyl radical was identified in MECP_B-R by the analysis of electrostatic
potential (ESP) surface (Figure 4B). Computational results suggest that the enantio-
selectivity of this oxysulfonylation reaction on terminal alkenes originates from the
hydrogen bonding interaction and electrostatic repulsion between the substrate
and the ligand.

_0
SO,Ph N SO,Ph
N 2 2!
— | Ph Ph | '.,/ SOzph
. o Ph " WPh
NH I 37.1(-44.2 e P
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/ AN e P N
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i i u
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Ph\v\(% N cuL1
i No ¥
N
( \Cu‘/o <N/Cu”—OAc L (~-6.4) h ]
Path A 0.0(0.0) Path B MECP_B-S
cu'-cu"-Cu' mechanism CuOAc-L1 cu'-cu' mechanism
MECP A s w
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Ph
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Ph \ H Ph
O, ! N O, ~
“S=0 ph X s Ph
Ph 1 .
\Y//\\( 1209 o o
* B BE: INT1 r at: N
N i o\\é/F’h ) >cf‘/c|)
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INTA1-S ( . ‘/o .
9.0(-58) ~ 1.3(-14.2)
TSA1-S TSB1-S

Figure 3. Calculated Catalytic Cycles for the Copper-Catalyzed Asymmetric 1,2-Oxylsulfonylation of Terminal Alkenes

Calculations were done on 1a with PhSO,Cl as the radical precursor and L1 (see Table 1 for its structure) as the ligand, respectively. Relative free
energies (electronic energies) in kcal/mol are calculated with the DFT method in CHCl3 solvent. The superscripts s and t refer to the singlet and triplet
states, respectively.
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(~-6.4)
MECP_B-S > MECP_B-R

Figure 4. Stereoselectivity Analysis of Reactions on Terminal Alkenes
(A) 3D structures and relative electronic energies (kcal/mol) of MECP_B-S and MECP_B-R.
(B) The electrostatic potential surface of MECP_B-R.

On the basis of the above experimental and computational studies, a working mech-
anism for the asymmetric radical oxysulfonylation reaction was tentatively proposed,
shown in Figure 5. The in situ formed bis-chelating Cu' complex A with a strong
reducing capability first undergoes single-electron transfer with sulfonyl chloride
to afford Cu" complex B and sulfonyl radical. Next, the Cu'" complex B reacts with
substrate 1 or 5 via deprotonation, leading to intermediated C. This intermediate
is then reversibly attacked by sulfonyl radical, giving rise to alkyl radical D. Its subse-
quent intramolecular radical substitution reaction delivers Cu'-product complex E,
which finally dissociates to give product 3 or 6 and regenerate the Cu' complex A.
The stoichiometric amounts of acid and chloride side products are scavenged by
AngO3.

RSO,
C R2
“OAc
R'SO,CI 18
RSO,
L N
Cu(OAc), —==» « \Cu]
~
N
R4 A
N/o > 1 4
| 9 TSOR RY_SOR' B °z$ i
2 R3 . 3 &
R R ( Ney' T J ,\,-

E R2 \—/ D RZ

2HOAc + 2CI- + Agch3 — 2AgC| + 2AcO~ + Hzo + C02

Figure 5. Mechanistic Proposal
Catalytic cycle for asymmetric radical 1,2-oxysulfonylation of both terminal and internal alkenes.
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Conclusions

In summary, we have developed a general and efficient asymmetric radical oxysulfo-
nylation of alkenes in B,y-unsaturated ketoximes using copper(l)-cinchona alkaloid-
based sulfonamide complex as a strong single-electron-reducing catalyst. This
method exhibited a broad scope across a range of both terminal and internal alkenes
as well as diverse (hetero)aryl- or alkyl-substituted sulfonyl chlorides under very mild
conditions. Experimental and computational studies suggested a likely Cu"-Cu' cat-
alytic cycle with efficient stereodiscrimination under Curtin-Hammett kinetic control.
The sulfonyl-containing isoxazolines could undergo further transformations to pro-
vide valuable building blocks prevalent in numerous bioactive molecules. We antic-
ipate that the present strategy would open a new door for the precise control of di-
astereo- and enantioselectivities in the challenging asymmetric radical-initiated
difunctionalization of internal alkenes.

EXPERIMENTAL PROCEDURES

Full experimental procedures are provided in the Supplemental Information.

DATA AND CODE AVAILABILITY

The data for the X-ray crystallographic structures of 3aj, (5R,2'S)-6aa, and 6ja have
been deposited in the Cambridge Crystallographic Data Center under accession
numbers CCDC: 1957456, 1957457, and 1957458 and can be obtained free of
charge from www.ccdc.cam.ac.uk/getstructures.
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Supplemental Information can be found online at https://doi.org/10.1016/j.chempr.
2020.03.024.

ACKNOWLEDGMENTS

This work is dedicated to the heroic city of Wuhan. Financial support from
the National Natural Science Foundation of China (nos. 21722203, 21831002,
21801120, 21803047, and 21933004), Shenzhen Special Funds (no.
JCYJ20170412152435366), Guangdong Provincial Key Laboratory of Catalysis
(No. 2020B121201002), Shenzhen Nobel Prize Scientists Laboratory Project (no.
C17783101), SUSTech Special Fund for the Construction of High-Level Universities
(no. G02216303), the China Postdoctoral Science Foundation (T.W., no.
2019M650147), Warshel Institute for Computational Biology funding (G.-J.C. and
T.W.) from Shenzhen City and Longgang District, and the Shenzhen San-Ming Proj-
ect (no. SZSM201809085) are greatly appreciated.

AUTHOR CONTRIBUTIONS

X.-T.L. performed the condition optimization, investigated the scope of the sub-
strates, and conducted the experimental mechanistic studies. L.L., G.-X.X., Z.-L.L.,
and L.Y. synthesized the alkene substrates and performed the application. T.W. per-
formed the computational study of the mechanism. Q.-S.G. participated in the
design and discussion of the mechanistic experiments. G.-J.C. and X.Z. directed
the computational study. X.-Y.L. directed the project and wrote the manuscript
with input from all authors. All authors analyzed the results and commented on
the manuscript.

¢? CellPress

Chem 6, 1692-1706, July 9, 2020 1703



http://www.ccdc.cam.ac.uk/getstructures
https://doi.org/10.1016/j.chempr.2020.03.024
https://doi.org/10.1016/j.chempr.2020.03.024

¢? CellPress

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: October 20, 2019
Revised: February 27, 2020
Accepted: March 30, 2020
Published: April 24, 2020

REFERENCES

1.

oo

Chemler, S.R., and Fuller, P.H. (2007).
Heterocycle synthesis by copper facilitated
addition of heteroatoms to alkenes, alkynes
and arenes. Chem. Soc. Rev. 36, 1153-1160.

. Jensen, K.H., and Sigman, M.S. (2008).

Mechanistic approaches to palladium-
catalyzed alkene difunctionalization reactions.
Org. Biomol. Chem. 6, 4083-4088.

. McDonald, R.I,, Liu, G., and Stahl, S.S. (2011).

Palladium(ll)-catalyzed alkene functionalization
via nucleopalladation: stereochemical
pathways and enantioselective catalytic
applications. Chem. Rev. 111, 2981-3019.

. Chen, J.-R., Yu, X.-Y., and Xiao, W.-J. (2015).

Tandem radical cyclization of N-
arylacrylamides: an emerging platform for the
construction of 3,3-disubstituted oxindoles.
Synthesis 47, 604-629.

. Tang, S., Liu, K,, Liu, C., and Lei, A. (2015).

Olefinic C-H functionalization through radical
alkenylation. Chem. Soc. Rev. 44, 1070-1082.

. Yin, G., Mu, X., and Liu, G. (2016). Palladium(ll)-

catalyzed oxidative difunctionalization of
alkenes: bond forming at a high-valent
palladium center. Acc. Chem. Res. 49, 2413
2423.

. Choi, J., and Fu, G.C. (2017). Transition metal—

catalyzed alkyl-alkyl bond formation: another
dimension in cross-coupling chemistry.
Science 356, eaaf7230.

. Fu, G.C. (2017). Transition-metal catalysis of

nucleophilic substitution reactions: a radical
alternative to Sy1 and Sn2 processes. ACS
Cent. Sci. 3, 692-700.

. Arp, F.O., and Fu, G.C. (2005). Catalytic

enantioselective Negishi reactions of racemic
secondary benzylic halides. J. Am. Chem. Soc.
127, 10482-10483.

. Binder, J.T., Cordier, C.J., and Fu, G.C. (2012).

Catalytic enantioselective cross-couplings of
secondary alkyl electrophiles with secondary
alkylmetal nucleophiles: Negishi reactions of
racemic benzylic bromides with achiral alkylzinc
reagents. J. Am. Chem. Soc. 134, 17003-17006.

. Choi, J., and Fu, G.C. (2012). Catalytic

asymmetric synthesis of secondary nitriles via
stereoconvergent Negishi arylations and
alkenylations of racemic a-bromonitriles.

J. Am. Chem. Soc. 134, 9102-9105.

. Kainz, Q.M., Matier, C.D., Bartoszewicz, A.,

Zultanski, S.L., Peters, J.C., and Fu, G.C. (2016).
Asymmetric copper-catalyzed C-N cross-
couplings induced by visible light. Science 351,
681-684.

1704 Chem 6, 1692-1706, July 9, 2020

20.

21.

22.

23.

. Liang, Y., and Fu, G.C. (2015).

Stereoconvergent Negishi arylations of
racemic secondary alkyl electrophiles:
differentiating between a CF3 and an alkyl
group. J. Am. Chem. Soc. 137, 9523-9526.

. Schmidt, J., Choi, J., Liu, AT., Slusarczyk, M.,

and Fu, G.C. (2016). A general, modular
method for the catalytic asymmetric synthesis
of alkylboronate esters. Science 354, 1265-
1269.

. Cherney, A.H., Kadunce, N.T., and Reisman,

S.E. (2013). Catalytic asymmetric reductive acyl
cross-coupling: synthesis of enantioenriched
acyclic a,o-disubstituted ketones. J. Am.
Chem. Soc. 135, 7442-7445.

. Zhang, X., and You, S.-L. (2017). Removing the

mask in catalytic asymmetric diamination of
alkenes. Chem 3, 919-921.

. Mao, J., Liu, F., Wang, M., Wu, L., Zheng, B,

Liu, S., et al. (2014). Cobalt-bisoxazoline-
catalyzed asymmetric Kumada cross-coupling
of racemic a-bromo esters with aryl Grignard
reagents. J. Am. Chem. Soc. 136, 17662-17668.

. Gutierrez, O., Tellis, J.C., Primer, D.N.,

Molander, G.A., and Kozlowski, M.C. (2015).
Nickel-catalyzed cross-coupling of
photoredox-generated radicals: uncovering a
general manifold for stereoconvergence in
nickel-catalyzed cross-couplings. J. Am. Chem.
Soc. 137, 4896-4899.

. Jin, M., Adak, L., and Nakamura, M. (2015).

Iron-catalyzed enantioselective cross-coupling
reactions of a-chloroesters with aryl Grignard
reagents. J. Am. Chem. Soc. 137, 7128-7134.

Zhu, R., and Buchwald, S.L. (2013).
Enantioselective functionalization of radical
intermediates in redox catalysis: copper-
catalyzed asymmetric oxytrifluoromethylation
of alkenes. Angew. Chem. Int. Ed. Engl. 52,
12655-12658.

Zhu, R., and Buchwald, S.L. (2015). Versatile
enantioselective synthesis of functionalized
lactones via copper-catalyzed radical
oxyfunctionalization of alkenes. J. Am. Chem.
Soc. 137, 8069-8077.

Zhang, W., Wang, F., McCann, S.D., Wang, D.,
Chen, P., Stahl, S.S., and Liu, G. (2016).
Enantioselective cyanation of benzylic C-H
bonds via copper-catalyzed radical relay.
Science 353, 1014-1018.

Wang, F., Chen, P., and Liu, G. (2018). Copper-
catalyzed radical relay for asymmetric radical
transformations. Acc. Chem. Res. 51, 2036—
2046.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Chem
Article

Wang, F., Wang, D., Wan, X., Wu, L., Chen, P.,
and Liu, G. (2016). Enantioselective copper-
catalyzed intermolecular
cyanotrifluoromethylation of alkenes via radical
process. J. Am. Chem. Soc. 138, 15547-15550.

Wang, D., Wang, F., Chen, P., Lin, Z., and Liu,
G. (2017). Enantioselective copper-catalyzed
intermolecular amino- and azidocyanation of
alkenes in a radical process. Angew. Chem. Int.
Ed. Engl. 56, 2054-2058.

Wu, L., Wang, F., Wan, X., Wang, D., Chen, P.,
and Liu, G. (2017). Asymmetric Cu-catalyzed
intermolecular trifluoromethylarylation of
styrenes: enantioselective arylation of benzylic
radicals. J. Am. Chem. Soc. 139, 2904-2907.

Wang, D., Wy, L., Wang, F., Wan, X., Chen, P.,
Lin, Z., et al. (2017). Asymmetric copper-
catalyzed intermolecular aminoarylation of
styrenes: efficient access to optical 2,2-
diarylethylamines. J. Am. Chem. Soc. 139,
6811-6814.

Wang, F., Wang, D., Zhou, Y., Liang, L., Lu, R.,
Chen, P., et al. (2018). Divergent synthesis of
CF3-substituted allenyl nitriles by ligand-
controlled radical 1,2- and 1,4-addition to 1,3-
enynes. Angew. Chem. Int. Ed. Engl. 57, 7140-
7145.

Fu, L., Zhou, S., Wan, X., Chen, P., and Liu, G.
(2018). Enantioselective
trifluoromethylalkynylation of alkenes via
copper-catalyzed radical relay. J. Am. Chem.
Soc. 140, 10965-10969.

Wu, L., Wang, F., Chen, P., and Liu, G. (2019).
Enantioselective construction of quaternary all-
carbon centers via copper-catalyzed arylation
of tertiary carbon-centered radicals. J. Am.
Chem. Soc. 141, 1887-1892.

Lin, J.-S., Dong, X.-Y., Li, T.-T., Jiang, N.-C,,
Tan, B., and Liu, X.-Y. (2016). A dual-catalytic
strategy to direct asymmetric radical
aminotrifluoromethylation of alkenes. J. Am.
Chem. Soc. 138, 9357-9360.

Cheng, Y.-F., Dong, X.-Y., Gu, Q.-S., Yu, Z.-L.,
and Liu, X.-Y. (2017). Achiral pyridine ligand-
enabled enantioselective radical
oxytrifluoromethylation of alkenes with
alcohols. Angew. Chem. Int. Ed. Engl. 56, 8883—
8886.

Lin, J.-S., Wang, F.-L.,, Dong, X.-Y., He, W.-W.,
Yuan, Y., Chen, S., and Liu, X.-Y. (2017).
Catalytic asymmetric radical
aminoperfluoroalkylation and
aminodifluoromethylation of alkenes to
versatile enantioenriched-fluoroalkyl amines.
Nat. Commun. 8, 14841.


http://refhub.elsevier.com/S2451-9294(20)30137-6/sref1
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref1
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref1
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref1
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref2
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref2
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref2
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref2
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref3
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref3
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref3
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref3
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref3
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref4
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref4
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref4
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref4
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref4
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref5
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref5
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref5
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref6
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref6
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref6
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref6
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref6
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref7
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref7
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref7
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref7
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref8
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref8
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref8
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref8
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref8
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref8
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref9
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref9
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref9
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref9
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref10
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref10
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref10
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref10
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref10
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref10
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref11
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref11
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref11
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref11
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref11
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref12
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref12
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref12
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref12
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref12
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref13
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref13
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref13
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref13
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref13
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref13
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref14
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref14
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref14
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref14
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref14
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref15
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref15
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref15
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref15
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref15
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref16
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref16
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref16
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref17
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref17
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref17
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref17
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref17
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref18
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref18
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref18
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref18
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref18
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref18
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref18
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref19
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref19
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref19
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref19
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref20
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref20
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref20
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref20
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref20
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref20
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref21
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref21
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref21
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref21
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref21
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref22
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref22
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref22
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref22
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref22
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref23
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref23
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref23
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref23
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref24
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref24
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref24
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref24
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref24
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref25
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref25
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref25
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref25
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref25
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref26
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref26
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref26
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref26
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref26
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref27
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref27
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref27
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref27
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref27
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref27
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref28
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref28
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref28
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref28
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref28
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref28
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref28
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref29
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref29
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref29
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref29
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref29
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref30
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref30
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref30
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref30
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref30
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref31
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref31
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref31
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref31
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref31
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref32
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref32
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref32
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref32
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref32
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref32
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref33
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref33
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref33
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref33
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref33
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref33
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref33

Chem
Article

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Wang, F.-L., Dong, X.-Y., Lin, J.-S., Zeng, Y.,
Jiao, G.-Y., Gu, Q.-S., Guo, X.-Q.,Ma, C.-L., and
Liu, X.-Y. (2017). Catalytic asymmetric radical
diamination of alkenes. Chem 3, 979-990.

Li, X.-T., Gu, Q.-S., Dong, X.-Y., Meng, X., and
Liu, X.-Y. (2018). A copper catalyst with a
cinchona-alkaloid-based sulfonamide ligand
for asymmetric radical oxytrifluoromethylation
of alkenyl oximes. Angew. Chem. Int. Ed. Engl.
57,7668-7672.

Lin, J.-S., Li, T.-T., Liu, J.-R., Jiao, G.-Y., Gu,
Q.-S., Cheng, J.-T., Guo, Y.-L., Hong, X., and
Liu, X.-Y. (2019). Cu/chiral phosphoric acid-
catalyzed asymmetric three-component
radical-initiated 1,2-dicarbofunctionalization of
alkenes. J. Am. Chem. Soc. 141, 1074-1083.

Liu, L.K., Chi, Y., and Jen, K.Y. (1980). Copper-
catalyzed additions of sulfonyl iodides to
simple and cyclic alkenes. J. Org. Chem. 45,
406-410.

Quebatte, L., Thommes, K., and Severin, K.
(2006). Highly efficient atom transfer radical
addition reactions with a Ru"' complex as a
catalyst precursor. J. Am. Chem. Soc. 128,
7440-7441.

Taniguchi, T., Idota, A., and Ishibashi, H. (2011).
Iron-catalyzed sulfonyl radical formations from
sulfonylhydrazides and oxidative addition to
alkenes. Org. Biomol. Chem. 9, 3151-3153.

Yuan, Z., Wang, H.Y., Mu, X., Chen, P., Guo,
Y.L., and Liu, G. (2015). Highly selective Pd-
catalyzed intermolecular fluorosulfonylation of
styrenes. J. Am. Chem. Soc. 137, 2468-2471.

Sun, K., Lv, Y., Zhu, Z., Jiang, Y., Qi, J., Wu, H.,
et al. (2015). A convenient access to B-iodo
sulfone by the iodine-mediated
iodosulfonylation of alkenes. RSC Adv. 5,
50701-50704.

Zheng, D., Yu, J., and Wu, J. (2016). Generation
of sulfonyl radicals from aryldiazonium
tetrafluoroborates and sulfur dioxide: the
synthesis of 3-sulfonated coumarins. Angew.
Chem. Int. Ed. Engl. 55, 11925-11929.

Kadari, L., Palakodety, R.K., and Yallapragada,
L.P. (2017). lodine-catalyzed facile approach to
sulfones employing TosMIC as a sulfonylating
agent. Org. Lett. 19, 2580-2583.

Wang, L.J., Chen, M., Qj, L., Xu, Z., and Li, W.
(2017). Copper-mediated oxysulfonylation of
alkenyl oximes with sodium sulfinates: a facile
synthesis of isoxazolines featuring a sulfone
substituent. Chem. Commun. (Camb.) 53,
2056-2059.

Sun, J., Li, P., Guo, L, Yu, F., He, Y.P., and Chu,
L. (2018). Catalytic, metal-free
sulfonylcyanation of alkenes via visible light
organophotoredox catalysis. Chem. Commun.
(Camb.) 54, 3162-3165.

Hossain, A., Engl, S., Lutsker, E., and Reiser, O.
(2019). Visible-light-mediated regioselective
chlorosulfonylation of alkenes and alkynes:
introducing the Cu(ll) complex [Cu(dap)Cl,] to
photochemical ATRA reactions. ACS Catal. 9,
1103-1109.

Kameyama, M., and Kamigata, N. (1989).
Asymmetric radical reaction in the
coordination sphere. V. Ruthenium(ll)-
catalyzed asymmetric addition of sulfonyl

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

chloride to 1-phenylpropene. Bull. Chem. Soc.
Jpn. 62, 648-650.

Wang, Y., Deng, L., Zhou, J., Wang, X., Mei, H.,
Han, J., et al. (2018). Synthesis of chiral sulfonyl
lactones via copper-catalyzed asymmetric
radical reaction of DABCO+(SO,). Adv. Synth.
Catal. 360, 1060-1065.

Gozdz, AS., and Maslak, P. (1991). Addition of
methanesulfonyl radical to alkenes and
alkenylsilanes. J. Org. Chem. 56, 2179-2189.

Timokhin, V.1., Gastaldi, S., Bertrand, M.P., and
Chatgilialoglu, C. (2003). Rate constants for the
B-elimination of tosyl radical from a variety of
substituted carbon-centered radicals. J. Org.
Chem. 68, 3532-3537.

Tamba, M., Dajka, K., Ferreri, C., Asmus, K.D.,
and Chatgilialoglu, C. (2007). One-electron
reduction of methanesulfonyl chloride. The
fate of MeSO,Cl+" and MeSO,- intermediates
in oxygenated solutions and their role in the
cis—trans isomerization of mono-unsaturated
fatty acids. J. Am. Chem. Soc. 129, 8716-8723.

Chatgilialoglu, C., Mozziconacci, O., Tamba,
M., Bobrowski, K., Kciuk, G., Bertrand, M.P.,
Gastaldi, S., and Timokhin, V.I. (2012). Kinetic
studies on the formation of sulfonyl radicals
and their addition to carbon-carbon multiple
bonds. J. Phys. Chem. A 116, 7623-7628.

Glass, R.S. (2019). Sulfur radicals and their
application. In Sulfur Chemistry, X. Jiang, ed.
(Springer), pp. 325-366.

Seeman, J.l. (1983). Effect of conformational
change on reactivity in organic chemistry.
Evaluations, applications, and extensions of
Curtin-Hammett Winstein-Holness kinetics.
Chem. Rev. 83, 83-134.

Seeman, J.I. (1986). The Curtin-Hammett
principle and the Winstein-Holness equation:
new definition and recent extensions to
classical concepts. J. Chem. Educ. 63, 42-48.

Jain, M., Fan, J., Baturay, N.Z., and Kwon, C.H.
(2004). Sulfonyl-containing aldophosphamide
analogues as novel anticancer prodrugs
targeted against cyclophosphamide-resistant
tumor cell lines. J. Med. Chem. 47, 3843-3852.

Reck, F., Zhou, F., Girardot, M., Kern, G.,
Eyermann, C.J., Hales, N.J., Ramsay, R.R., and
Gravestock, M.B. (2005). Identification of 4-
substituted 1,2,3-triazoles as novel
oxazolidinone antibacterial agents with
reduced activity against monoamine oxidase
A. J. Med. Chem. 48, 499-506.

Sikazwe, D., Bondarev, M.L., Dukat, M.,
Rangisetty, J.B., Roth, B.L., and Glennon, R.A.
(2006). Binding of sulfonyl-containing
arylalkylamines at human 5-HT6 serotonin
receptors. J. Med. Chem. 49, 5217-5225.

Ashcroft, C.P., Hellier, P., Pettman, A., and
Watkinson, S. (2011). Second-generation
process research towards eletriptan: a Fischer
indole approach. Org. Process Res. Dev. 15,
98-103.

Bachovchin, D.A., Zuhl, AM., Speers, A.E.,
Wolfe, M.R., Weerapana, E., Brown, S.J.,
Rosen, H., and Cravatt, B.F. (2011). Discovery
and optimization of sulfonyl acrylonitriles as
selective, covalent inhibitors of protein
phosphatase methylesterase-1. J. Med. Chem.
54, 5229-5236.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

¢? CellPress

Feng, M., Tang, B., Liang, S.H., and Jiang, X.
(2016). Sulfur containing scaffolds in drugs:
synthesis and application in medicinal
chemistry. Curr. Top. Med. Chem. 16, 1200
1216.

Chen, X., Hussain, S., Parveen, S., Zhang, S.,
Yang, Y., and Zhu, C. (2012). Sulfonyl group-
containing compounds in the design of
potential drugs for the treatment of diabetes
and its complications. Curr. Med. Chem. 19,
3578-3604.

Rakesh, K.P., Wang, S.M., Leng, J., Ravindar, L.,
Asiri, AM., Marwani, H.M., et al. (2018). Recent
development of sulfonyl or sulfonamide
hybrids as potential anticancer agents: a key
review. Anti-Cancer Agents Med. Chem. 18,
488-505.

Solladie, G., Frechou, C., Demailly, G., and
Greck, C. (1986). Reduction of chiral B-hydroxy
sulfoxides: application to the synthesis of both
enantiomers of 4-substituted butenolides.

J. Org. Chem. 51, 1912-1914.

Kozikowski, A.P., Mugrage, B.B., Li, C.S., and
Felder, L. (1986). Chemistry of baker's yeast
reduction products: use of optically active (S)-
(+)-1-(p-toluenesulfonyl) propan-2-ol and (S)-
(+)-1-(phenylsulfonyl) propan-2-ol in synthesis.
Tetrahedron Lett. 27, 4817-4820.

Sato, T., Okumura, Y., Itai, J., and Fujisawa, T.

(1988). (S)-B,w-dihydroxyalkyl phenyl sulfones.

Synthesis by bakers yeast reduction and use as
precursors of optically active lactones. Chem.

Lett. 17, 1537-1540.

Tanikaga, R., Hosoya, K., and Kaji, A. (1987).
Synthesis of enantiomerically pure 2,5-
disubstituted tetrahydrofurans using readily
prepared (25)-1-phenylsulphonylalkan-2-ols. J.
Chem. Soc., Perkin Trans. 1 1, 1799-1803.

Tanikaga, R., Hosoya, K., Hamamura, K., and
Kaji, A. (1987). Stereochemistry in alkylations of
dianions of B-hydroxysulfoxides and B-
hydroxysulfones. Tetrahedron Lett. 28, 3705-
3706.

Fromtling, R.A. (1989). SCH-39304. Drugs
Future 14, 1165-1168.

Robin, S., Huet, F., Fauve, A., and Veschambre,
H. (1993). Microbiological reduction of keto-
sulfones. Application in a three-step synthesis
of (5)-(+)-B-angelica lactone. Tetrahedron:
Asymmetry 4, 239-246.

Oida, S., Tajima, Y., Konosu, T., Nakamura, Y.,
Somada, A., Tanaka, T., Habuki, S., Harasaki, T.,
Kamai, Y., Fukuoka, T., et al. (2000). Synthesis
and antifungal activities of R-102557 and
related dioxane-triazole derivatives. Chem.
Pharm. Bull. 48, 694-707.

Eto, H., Kaneko, Y., Takeda, S., Tokizawa, M.,
Sato, S., Yoshida, K., Namiki, S., Ogawa, M.,
Maebashi, K., Ishida, K., et al. (2001). New
antifungal 1,2,4-triazoles with
difluoro(substituted sulfonyl)methyl moiety.
Chem. Pharm. Bull. 49, 173-182.

Su, W., Chen, J., Wu, H., and Jin, C. (2007). A
general and efficient method for the selective
synthesis of B-hydroxy sulfides and B-hydroxy
sulfoxides catalyzed by gallium(lll) triflate.

J. Org. Chem. 72, 4524-4527.

Lu, Q., Zhang, J., Wei, F., Qi, Y., Wang, H., Liu,
Z., and Lei, A. (2013). Aerobic oxysulfonylation

Chem 6, 1692-1706, July 9, 2020 1705


http://refhub.elsevier.com/S2451-9294(20)30137-6/sref34
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref34
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref34
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref34
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref35
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref35
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref35
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref35
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref35
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref35
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref36
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref36
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref36
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref36
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref36
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref36
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref37
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref37
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref37
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref37
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref38
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref38
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref38
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref38
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref38
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref38
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref39
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref39
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref39
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref39
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref40
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref40
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref40
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref40
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref41
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref41
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref41
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref41
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref41
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref42
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref42
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref42
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref42
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref42
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref43
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref43
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref43
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref43
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref44
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref44
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref44
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref44
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref44
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref44
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref45
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref45
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref45
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref45
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref45
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref46
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref46
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref46
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref46
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref46
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref46
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref46
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref47
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref47
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref47
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref47
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref47
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref47
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref48
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref48
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref48
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref48
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref48
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref48
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref48
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref49
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref49
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref49
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref50
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref50
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref50
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref50
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref50
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref51
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref51
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref51
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref51
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref51
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref51
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref51
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref51
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref51
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref51
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref51
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref52
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref52
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref52
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref52
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref52
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref52
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref53
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref53
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref53
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref54
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref54
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref54
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref54
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref54
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref55
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref55
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref55
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref55
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref56
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref56
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref56
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref56
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref56
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref57
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref57
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref57
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref57
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref57
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref57
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref57
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref58
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref58
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref58
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref58
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref58
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref59
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref59
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref59
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref59
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref59
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref60
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref60
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref60
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref60
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref60
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref60
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref60
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref61
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref61
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref61
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref61
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref61
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref62
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref62
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref62
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref62
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref62
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref62
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref63
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref63
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref63
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref63
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref63
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref63
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref64
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref64
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref64
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref64
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref64
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref65
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref65
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref65
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref65
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref65
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref65
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref66
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref66
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref66
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref66
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref66
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref67
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref67
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref67
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref67
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref67
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref68
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref68
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref68
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref68
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref68
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref69
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref69
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref70
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref70
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref70
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref70
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref70
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref71
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref71
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref71
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref71
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref71
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref71
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref72
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref72
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref72
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref72
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref72
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref72
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref73
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref73
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref73
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref73
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref73
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref74
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref74

¢? CellPress

75.

76.

77.

78.

79.

80.

81.

82.

of alkenes leading to secondary and tertiary
B-hydroxysulfones. Angew. Chem. Int. Ed.
Engl. 52, 7156-7159.

Kariya, A., Yamaguchi, T., Nobuta, T., Tada, N.,
Miura, T., and Itoh, A. (2014). Molecular-iodine-
catalyzed aerobic oxidative synthesis of B-
hydroxy sulfones from alkenes. RSC Adv. 4,
13191-13194.

Pagire, S.K,, Paria, S., and Reiser, O. (2016).
Synthesis of B-hydroxysulfones from sulfonyl
chlorides and alkenes utilizing visible light
photocatalytic sequences. Org. Lett. 18, 2106~
2109.

Terent’ev, A.O., Mulina, O.M., Pirgach, D.A.,
Demchuk, D.V., Syroeshkin, M.A., and Nikishin,
G.l. (2016). Copper(l)-mediated synthesis of B-
hydroxysulfones from styrenes and
sulfonylhydrazides: an electrochemical
mechanistic study. RSC Adv. 6, 93476-93485.

Wang, Y., Jiang, W., and Huo, C. (2017). One-
pot synthesis of B-hydroxysulfones and its
application in the preparation of anticancer
drug bicalutamide. J. Org. Chem. 82, 10628-
10634.

Chan, C.K, Lo, N.C., Chen, P.Y., and Chang,
M.Y. (2017). An efficient organic
electrosynthesis of B-hydroxysulfones.
Synthesis 28, 4469-4477.

DFT calculation methods and details are given
in the Supplemental Information.

Meanwell, N.A. (2011). Synopsis of some recent
tactical application of bioisosteres in drug
design. J. Med. Chem. 54, 2529-2591.

Talele, T.T. (2016). The “cyclopropyl fragment”
is a versatile player that frequently appears in

1706 Chem 6, 1692-1706, July 9, 2020

83.

84.

85.

86.

87.

88.

89.

90.

preclinical/clinical drug molecules. J. Med.
Chem. 59, 8712-8756.

Han, B., Yang, X.L,, Fang, R., Yu, W., Wang, C,,
Duan, X.Y., and Liu, S. (2012). Oxime radical
promoted dioxygenation, oxyamination, and
diamination of alkenes: synthesis of
isoxazolines and cyclic nitrones. Angew. Chem.
Int. Ed. Engl. 51, 8816-8820.

Liu, R.H., Wei, D., Han, B., and Yu, W. (2016).
Copper-catalyzed oxidative oxyamination/
diamination of internal alkenes of unsaturated
oximes with simple amines. ACS Catal. 6, 6525—
6530.

Chen, B., Fang, C., Liu, P., and Ready, J.M.
(2017). Rhodium-catalyzed enantioselective
radical addition of CX,4 reagents to olefins.
Angew. Chem. Int. Ed. Engl. 56, 8780-8784.

Jiao, Y., Chiou, M.-F., Li, Y., and Bao, H. (2019).
Copper-catalyzed radical acyl-cyanation of
alkenes with mechanistic studies on the tert-
butoxy radical. ACS Catal. 9, 5191-5197.

Liu, Z., Chen, H., Lv, Y., Tan, X,, Shen, H., Yu,
H.-Z., and Li, C. (2018). Radical
carbofluorination of unactivated alkenes with
fluoride ions. J. Am. Chem. Soc. 140, 6169—
6175.

Liu, Y., Yi, H., and Lei, A. (2018). Oxidation-
induced C-H functionalization: a formal way for
C-H activation. Chin. J. Chem. 36, 692-697.

Wang, S., Tang, S., and Lei, A. (2018). Tuning
radical reactivity for selective radical/radical
cross-coupling. New antifungal 1,2,4-triazoles
with difluoro(substituted sulfonyl)methyl
moiety. Science Bulletin 63, 1006-1009.

Yi, H., Zhang, G., Wang, H., Huang, Z., Wang,
J., Singh, AK., and Lei, A. (2017). Recent

91.

92.

93.

94.

95.

96.

Chem
Article

advances in radical C-H activation/radical
cross-coupling. Chem. Rev. 117, 9016-9085.

Zhang, G., Fu, L., Chen, P., Zou, J., and Liu, G.
(2019). Proton-coupled electron transfer
enables tandem radical relay for asymmetric
copper-catalyzed phosphinoylcyanation of
styrenes. Org. Lett. 21, 5015-5020.

Zhu, X., Deng, W., Chiou, M.F., Ye, C., Jian, W.,
Zeng, Y., etal. (2019). Copper-catalyzed radical
1,4-difunctionalization of 1,3-enynes with alkyl
diacyl peroxides and N-
fluorobenzenesulfonimide. J. Am. Chem. Soc.
141, 548-559.

Harvey, J.N., Aschi, M., Schwarz, H., and Koch,
W. (1998). The singlet and triplet states of
phenyl cation. A hybrid approach for locating
minimum energy crossing points between non-
interacting potential energy surfaces. Theor.
Chem. Acc. 99, 95-99.

Cheng, G.-J., Song, L.-J., Yang, Y.-F., Zhang, X.,
Wiest, O., and Wu, Y.-D. (2013). Computational
studies on the mechanism of the copper-
catalyzed sp®-C—H cross-dehydrogenative
coupling reaction. ChemPlusChem 78,
943-951.

Qi, X., Bai, R,, Zhu, L., Jin, R, Lei, A, and Lan,
Y. (2016). Mechanism of synergistic Cu(ll)/
Cu(l)-mediated alkyne coupling: dinuclear
1,2-reductive elimination after minimum
energy crossing point. J. Org. Chem. 81,
1654-1660.

Ling, L., Liu, K., Li, X., and Li, Y. (2015). General
reaction mode of hypervalent iodine
trifluoromethylation reagent: A density
functional theory study. ACS Catal. 5, 2458
2468.


http://refhub.elsevier.com/S2451-9294(20)30137-6/sref74
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref74
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref74
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref75
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref75
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref75
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref75
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref75
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref76
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref76
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref76
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref76
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref76
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref77
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref77
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref77
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref77
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref77
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref77
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref78
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref78
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref78
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref78
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref78
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref79
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref79
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref79
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref79
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref81
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref81
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref81
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref82
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref82
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref82
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref82
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref82
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref82
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref83
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref83
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref83
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref83
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref83
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref83
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref84
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref84
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref84
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref84
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref84
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref85
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref85
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref85
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref85
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref85
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref86
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref86
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref86
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref86
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref87
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref87
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref87
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref87
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref87
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref88
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref88
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref88
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref89
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref89
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref89
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref89
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref89
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref90
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref90
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref90
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref90
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref91
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref91
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref91
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref91
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref91
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref92
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref92
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref92
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref92
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref92
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref92
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref93
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref93
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref93
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref93
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref93
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref93
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref94
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref94
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref94
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref94
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref94
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref94
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref94
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref94
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref95
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref95
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref95
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref95
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref95
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref95
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref96
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref96
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref96
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref96
http://refhub.elsevier.com/S2451-9294(20)30137-6/sref96

	Diastereo- and Enantioselective Catalytic Radical Oxysulfonylation of Alkenes in β,γ-Unsaturated Ketoximes
	Introduction
	Results and Discussion
	Optimization Study
	Substrate Scope with Terminal Alkenes
	Investigation on Internal Alkenes
	Mechanistic Study
	Computational Study
	Conclusions

	Experimental Procedures
	Data and Code Availability
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References


