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1.1 Enzymatic oxygenases & halogenases: regio- & enantioselectivity.

Oxidation of sp3 C—H Bonds by Cytochrome P450 or Non-heme Iron Enzymes.

cytochrome P450 or
nonheme iron enzymes

R' dioxygen

metal—oxo intermediates abstracting H, then radical rebounding.

O OH

1 = > H Y & '
HH)\R' HAA H)’\R' radical rebound Hlo)\R

2. Meunier, B.; de Visser, S. P.; Shaik, S. Chem. Rev. 2004, 104, 3947— 3980.
3. Butler, A.; Sandy, M. Nature 2009, 460, 848— 854.
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1.2 Bio-inspired catalysts designing for sp3 C-H functionalization.

1.2.1 Manganese-Catalyzed Late-Stage Aliphatic C—H Azidation.

O
R—H --- "BR—Nj
N3
e NaN;(aq.) as the azide source
e Late-stage functionalization G Enantioselective
BzO " v/
' N@% ©
N3 NHBoc
0 "
N3 COOMe 70% ee

mimicking the core motif of P450, such as metalloporphyrin and tetradentate
aminopyridine-coordinated metal (e.g., Mn, Fe, etc.) complexes,
often less enantioselective than the enzyme catalysis

4. Che, C.-M.; Lo, V. K.-Y.; Zhou, C.-Y.; Huang, J.-S. Chem. Soc. Rev. 2011, 40, 1950- 1975.
5. Huang, X.; Groves, J. T. Chem. Rev. 2018, 118, 2491 2553.
6. Huang, X.; Bergsten, T. M.; Groves, J. T. J. Am. Chem. Soc. 2015, 137, 5300- 5303.
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1.2 Bio-inspired catalysts designing for sp3 C-H functionalization.

1.2.2 Alkyl Isocyanates via Manganese-Catalyzed C—H Activation.

(o) o)
1 2NH 2
Rt = [ QD | = R-nco LML Ry Lk
H |
NCO R!

¢ Direct C-H activation ¢ Facile synthesis of ureas

mimicking the core motif of P450, such as metalloporphyrin and tetradentate
aminopyridine-coordinated metal (e.g., Mn, Fe, etc.) complexes,
often less enantioselective than the enzyme catalysis

7. Huang, X.; Zhuang, T.; Kates, P. A.; Gao, H.; Chen, X.; Groves, J. T. J. Am. Chem. Soc. 2017, 139, 15407— 15413.
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1.3 Chiral organocat. or LA for asymmetric radical C-H functionalization.

1.3.1 Photoinduced electron transfer catalysed cyclization.

hv (A > 300 nm)

[PET catalyst]
N (PhCH,) >

I=Z
o
P
\
I
1
|
o

Iz

harnessing carbon-centered radical, moderate enantioselectivity

8. Bauer, A.; Westkamper, F.; Grimme, S.; Bach, T. Nature 2005, 436, 1139- 1140.
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1.3 Chiral organocat. or LA for asymmetric radical C-H functionalization.

1.3.2 Enantioselective Organocatalysis Using SOMO Activation.

L iminium catalysis enamine catalysis SOMO catalysis
H . LUMO activation HOMO activation SOMO activation
aldehyde

O, 2205 e,
N
H

amine
catalyst

(@) Me O Me
A & \ v
J\ ../\<Me = ..)\<Me oxidant +,/\<Me
H . "
H Me N Me Me
Me  Ph Me Ph % Me Ph % W

propanal catalyst 1 Me  enamine Me 2
IPx=~9.8eV IP=~8.8eV IPx=7.2eV SOMO-activated

harnessing carbon-centered radical, high enantioselectivity

9. Beeson, T. D.; Mastracchio, A.; Hong, J.-B.; Ashton, K.; MacMillan, D. W. C. Science 2007, 316, 582— 585.
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1.3 Chiral organocat. or LA for asymmetric radical C-H functionalization.

1.3.3 An organic thiyl radical catalyst for enantioselective cyclization.

. COan
RS =z
VA(COZBn BT —_—

CO,Bn ) tauo™ CO,Bn
1a (2.0 equiv.) BUO™ o T2

\JL

Stereo-determining step>/ \\

Catalytic cycle R /\

Ar = 4-CF;CH,, R, = 10-Bu-9-anthryl;
Yield:95%, 95 5 dr, 86% e.e.

harnessing carbon-centered radical, good enantioselectivity

10. Hashimoto, T.; Kawamata, Y.; Maruoka, K. Nat. Chem. 2014, 6, 702— 705.



ACS Publications
W High quality. High impact

1.4 Transitionmetal-catalyzed redox systems for C-H functionalizations.

1.4.1 Nickel-Catalyzed Negishi Arylations of Propargylic Bromides.

LNi'“—m Br . LNi"' —Br

/\ ///\ lB"
Z
\{ ArZnAr
predominant
resting state [ LNi"-Ar]Br

of nickel BrZnAr

LNi' —Br

the enantioselective induction of the radical species was controlled
by the formation of an R—Ni(III)—R’ species

11. Schley, N. D.; Fu, G. C. J. Am. Chem. Soc. 2014, 136, 16588— 16593,
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1.4 Transitionmetal-catalyzed redox systems for C-H functionalizations.

1.4.2 Nickel-Catalyzed Cross-Coupling of Photoredox-Generated Radicals.
o 0 Me
Me Br ): N/>—<\N]_‘,(L1) :

Ph
+ Bn Bn
Ph” > BF3K Bl% o )
3.5 equiv 2,6-lutidine
CO;Me 95:5 THF/MeOH CO,Me
26W CFL, 24 h 52%, 75:25 er

Ar-X (2)

A/"—4

Loy AF L;Ni0
CL":"X Ph/gv;/ C. 1 |r(4)‘\/‘
.. \ \/
CL’N'l_\

hv

7 SET .
9 Ph /\ [';] ®)
Ph
- SET[~
L '/ Ar /Ar-x 2 L [Ir]" (8) A~
Cponiy Coni-x { P CERK
10 12 /8
\{' Ph
7
Ph” A
1

12. Gutierrez, O.; Tellis, J. C.; Primer, D. N.; Molander, G. A.; Kozlowski, M. C. J. Am. Chem. Soc. 2015, 137, 4896— 4899.
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1.4 Transitionmetal-catalyzed redox systems for C-H functionalizations.

1.4.3 Iron-Catalyzed Enantioselective Cross-Coupling Reactions.
Fe(acac)3 (3 mol %)

simple hydrolysis
ArMgBr L e =
Me, JBu R :

+ ~ = :
vP P = * CO H
tB VM 2
R "Emol %)M Ar“co,R  HY w
> —

J\ THF, 0 °C

Cl COXR 28 examples Dexibuprofen; er >99:1
racemic up to 92% yield and 5 more examples
up to 91:9 er

1.4.4 Cobalt-Bisoxazoline-Catalyzed Asymmetric Kumada Cross-Coupling.

T

Br 12 mol % L5 Ar
Rom/k 10 mol % Col,  RO.
Alkyl + ArMgBr - Alkyl
o : THF, - 80 °C l(\ 1
racemic 47 examples

up to 97% ee, 96% yield

13.Jin, M.; Adak, L.; Nakamura, M. J. Am. Chem. Soc. 2015, 137, 7128 7134.
14. Mao, J.; Liu, F.; Wang, M.; Wu, L.; Zheng, B.; Liu, S.; Zhong, J.; Bian, Q.; Walsh, P. J. J. Am. Chem. Soc. 2014, 136, 17662— 17668.
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1.4 Transitionmetal-catalyzed redox systems for C-H functionalizations.

1.4.5 Asymmetric Copper-Catalyzed C-N Cross-Couplings Induced by Visible Light..

A
%7 D N
) “ '\ cat CuCl/(S)-L* 0 ==
’ hv (blue LED) N
RzN/U§(C' HN - RZN& 7\
R R! — LiOt-Bu (1.5 equiv) R R =X

toluene, —40 °C

asymmetric
synthesis

R2 _NR;

X

racemic N\ \/ high ee

1.2 equiv X good yield

base-metal
catalysis

Cu

photoinduced
catalysis

visible
light

B
®\<x R _x i e ®<Nu
& — >
®R RE & R ® R
1:1

single enantiomer
of product

How to apply the appealing strategy to asymmetric functionalizations of sp3 C—H bonds?

* photochemistry and enantioselectivity

via a single transition metal (copper)
 enantioconvergent C-N cross-couplings

of racemic alkyl electrophiles
* high enantioselectivities with tertiary electrophiles

racemate single tertiary radical

15. Kainz, Q. M.; Matier, C. D.; Bartoszewicz, A.; Zultanski, S. L.; Peters, J. C.; Fu, G. C. Science 2016, 351, 681 684.
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1.5 Copper catalyzed asymmetric radical transformations (ARTS).

Copper-Catalyzed ARTs through a Radical Relay Process

2 [FG]
Qo
=5 L*Cu' X
5 =
A
L*Cu''FG

N et
Ar” R
int.| /\
H
A r)\ & L*Cu' ArQR

int.|
FG

Ar/*'\R

Radical generation enantioselective radical trapping

VVH

the initially generated radical undergoes hydrogen atom abstraction (HAA) or addition to
the alkene to generate a new carbon-centered radical

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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2 Cu-cat. intermolecular difunctionalization of alkenes.

2.1 azidotrifluoromethylation, trifluoromethyl-cyanation and -thiocyanation.

(A) Cu(l)/CF5* [ R/\é/\c,:s]

R/\/ J— . +
radical or cationic
intermediate

s R/\/\CF3

reported by
Buchwald, Liu, Wang

JInu
R CF,

Nu Nu = N3, CN, NCS
CF
(B) g Cu(CH3CN)4PFs
- |
R % (2-5 mol %) N; R
/& + &/CFg,
R TMSN; (2 eqUIv R (©) CF,
or T1. R ! cat. CuBr

‘ ' - NC. R'
1 Togni-l 2 /g . % bathocuproin X/CF
"""""""""""""""""""""""""""""""""""""""" R MSCN (2 equiv.) R %

3 N , Np, Il
1 Togni-I 3
Ph)\/CFS FSC\)\/\ph \A/\OB F3C CONMez

cat. Cu(CH3CN)4PFg

(5 mol %) NCSQCF
LTMSNCS (2 equiv)] R -

DMSO, Ny, r.t.

Togni- 4
Ac
2e71% 2f84% 29: 56% N,
(d.r>20:1) (d.r.>20:1) (d.r.>20:1) 3CF3 (dr. > 20:1)

the silyl reagents, alkynes, allenes, and enynes

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.




g 1\CS Publications

2 Cu-cat. intermolecular difunctionalization of alkenes.

2.2 Cu-cat. intermolecular trifluoromethylarylation of alkenes.

(R)
cat. Cu(CHsCN)4PFg
o Togni-l (1.5 equiv)
B(OH), w/wo MeOH R CF3

DMA, 40 °C, N,
5a 95% 5b 45% 5c 55% 5d 50%
COzMe
; :OCF3
Et,N
Se 63% 5f 74% 59 59% 5h 54%

Togni-1 reagent, ArB(OH),

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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2 Cu-cat. intermolecular difunctionalization of alkenes.

2.2 Possible Mechanism for the Trifluoromethylarylation of Alkenes.

Mutual activation CF,
. . K | OH
mutual activation, [CFs] + ArB(OH), ~—— o B OH
facilitating the oxidation, nt |
strong base to activate
ArB(OH), | + Cu(ll)
Cu(l)
\B 3
A H
(B) ors O - R [fast Int. I HO
@ + Ar—B(OH) @%\8“5*0** R . k4 step
Ar 5
Tognl-l]: :ra(oml R/\/C F3
1:0.75 Cu”IA Int. 11l
1:05 CF3 ArCu(ll)

: BOH, ©/B(OH)2 /@‘3(0”’2 1:0.25 Int v
Cl

Togni-l

reflecting a promising approach to achieving asymmetric radical transformations

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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3 Enantioselective Cu-cat. difunctionalization of styrenes.

3.1 Initial examination of the feasibility of asymmetric versions.

(A) CF3 Cu(CH3CN)4PFg (5 mol %) Nu
/O/\ . I\O L1(7.5mol%) CF,
By TMSNu (2.0 equiv.)
1i DCM (1.0 mL), N, r.t.  Bu

5 o) o) '

: Q—m ; 2i 3i 4i

: @ 3 Nu = N3 Nu=CN Nu = SCN

i L1 '

80%, 17% ee 78%, 37% ee 77%, < 3% ee

.....................

A @
(@) /IN,’/N O C’/S 0) _N

—N N =N N* =N s
\Cui :Cui _ >Cui
=N~ Y =N Y N Y
0., oL, o -,
(L1)Cu'N, (L1)Cu"'NCS (L1)Cu''CN

the cyanation exhibiting promising enantioselectivity, the strong coordinating ability.

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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3 Enantioselective Cu-cat. difunctionalization of styrenes.

3.1.1 Enantioselective Trifluoromethylation of Alkenes.

CN

0 X_o
CF WXWJ
X [CFs]2a cat Cu(lyL2 3 N N/
T TMSCN =~ CHiCN T
L2

1 6

(A) Styrenes

CN CN Cl CN CN
HO 2 Cl OAc

6a 83%, 97% ee 6b 84%, 88% ee  6c 64%, 99% ee  6d 88%, 98% ee
CN
CN CN
MeO CF CN
MeO CF, 3 CF,
O CF;
Br
OMe
6e 79%, 99% ee 6f 87%, 99% ee 69 82%, 97% ee  6h 72%, 28% ee

bisoxazolines being proven to be good ligands

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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3 Enantioselective Cu-cat. difunctionalization of styrenes.

3.1.1 Enantioselective Trifluoromethylation of Alkenes.

(B) Internal alkenes: CN CN

X
Standard condition : +
CF; CF;
74 substrate anti-8 syn-8
Z-7 34% (94% ee) 11% (99% ee)
E-7 35% (94% ee) 12% (99% ee)
L2)Cu'(CN
! Ph&/ (S)-int. IIl LACUONY . aite
= match
CF;3
Z-orE-7———— CF,
nonselectivity %/ (L2)Cu'(CN),
R)-int. Il ——— syn-8
Fh (R) mis-match ¥
CF;

E or Z-internal alkene,
nonselective addition,
match or mismatch.

Induction period,
concentration of cyanide,
ligand acceleration.

(C) Plausible mechanism ; mutual activation

OTMS GFs

@[I /
o”lsi/
Ar CN
CF;*-CN
[CF5™-CN [CF3*-CN]
extraneous

cyanlde
(L2)Cu(l) (L2)Cu'CN  (L2)Cu''(CN), CF;

X int. Il
” L2 W

)\/CF3 Ar Ak

int. V

(L2)Cu'(CN) being proposed to be the active catalytic species.

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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3 Enantioselective Cu-cat. difunctionalization of styrenes.

3.1.2 Enantioselective Aminocyanation of Styrenes.

cat. Cu(l)/L3

3/ N N/
PhOZS -

Bn Bn
NFSI L3
CN CN CN
/@/’\/N(Sozph)z CI\©/'\/N(SOZPh)2 @('\/N(sozph)z
Bu OAc
9a 82%, 94% ee 9b 67%, 96% ee 9¢ 75%, 99% ee
CN CN CN
: l N(SO,Ph), MeO\E:ﬁ\/ N(SO,Ph), N(SO,Ph),
Br Br O
9d 75%, 93% ee 9e 67%, 95% ee 9f 42%, 94% ee

deprotection of the sulfonyl group in 9 resulting in significant erosion of the enantiopurity

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.



3 Enantioselective Cu-cat. difunctionalization of styrenes.

3.1.3 Enantioselective Azidocyanation of Styrenes.

CN S :
cat. Cu(ly/L2 = OWXVO :

+ TMSN, __ PhIOCEt, opCGh N |
TMSCN  Et,0/MeOH (50:1) : i :

1 10 :

.......................

g 1\CS Publications

(A)

10a 85%, 97% ee  10b 55%, 95% ee 10c 72%, 97% ee 10d 70%, 89% ee

CN CN CN Me CN
/@\/\/Ns C \/\ _N; mNa /@(&M
F Br COOMe Me Br Me Me

10e 53%, 94% ee 10f 59%, 90% ee 10g 74%, 94% ee 10h 50%, 97% ee

10a 74% (1.64 g) 11 77%, 97% ee 12 79%, 96% ee
97% ee

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.



g 1\CS Publications

3 Enantioselective Cu-cat. difunctionalization of styrenes.

3.1.4 Enantioselective Decarboxylative Cyanation with Cooperative Catalysis.

R e CN

oo G
Ar)\n/ NPhth :\ . ______ : Ar/!\R
o enantiomeric
racemic -enriched

13 14

_______________________

Z
U
o 11
=
I
I\.+IV‘
Z

.......................

' Ir(ppy)s (0.5 mol%)
i CuBr (1.0 mol%)
L (-)L2 (1.2 mol%)

(A) :
TMSCN (1.1 equiv.)

hv

/

DMF/p-xylene (4:6)

cycle

14a34.3g F

95%, 88% ee  14b 92%, 92% ee "“-'

—— Ar, blue LED E Oxidative ET
- CN E quenchlng S cycle

(B) Cooperative Photoredox and Copper catalysis

N@-/

TMSCN

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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3 Enantioselective Cu-cat. difunctionalization of styrenes.

3.2 Enantioselective Copper-Catalyzed Arylation of Styrenes.

cat.Cu(CH3CN)4PFg

CF, Chiral ligand Eh
+ O -
CH,Cl,/DMA (/v = 4:1)
Br RT, N2 Br
1 Togni-I 15a

WS -
; o) o) b
; w({ o 1 L40=8 4 o) o
| \

‘<‘/N N L4,n=4 | <,
Ls,n=5 i i ~N N
L6,n=6 1 | ¥

1
:
]
i L7
' '
E 100 > : . 115 E E 85%, 83% ee
: T R b 84%, 89% ee?
E 80 L ,. ] 1
PR &0 ~ s {110
) W wS /’ 4
5 s2 >
®© i ¥y ©
E > 40 L L] i b=
' 8 N 4105
' 20 .
1
; 0 100
H
{

..........................................

a correlation between the enantiomeric excess and the bite angle of the Box ligand

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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3 Enantioselective Cu-cat. difunctionalization of styrenes.

3.2 Enantioselective Copper-Catalyzed Arylation of Styrenes.

(B)
= Me =
MeOJC('\/CR /@\/\/C&
MeO Br Me Me
15b 15¢ 15d 15e
77%, 94% ee? 77%, 90% ee? 53%, 90% ee? 55%, 81% ee?
0o\
ol
A R
|
15f 15¢g 15h 15i
65%, 88% ee? 59%, 91% ee? 77%, 78% ee? 72%, 84% de®

aThe reaction using L7 and EtOH (2.0 equiv.) was conducted at 0 °C.

chiral 1,1-diarylethane moieties in natural products and bioactive molecules

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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3 Enantioselective Cu-cat. difunctionalization of styrenes.

3.3 DFT Calculations for the Amino Radical Addition Process.

PhB(OH), (2.0 equiv. \
SO RNl S

CH,Cl,/DMA (4:1)

2.0 equiv
) rt. Ar, 18h 0
(A) DFT calculation: (B)PhO,S, Me,
N-F N—F
o Se---INI PhO,S PhO,S
ts_add (NFSI) (MeNFAS)
e AG*=0 AG* =146
b Aﬁm K 16a (R =SO,Ph) 16b (R = Me)
',( cal/mol), 35% yield, 84% ee 65% yield, 87% ee
NN ‘. L J00%cone .
P ; Et, PF,
[N] . "‘ |‘ /N_F /N_F
0.0 : (E'NFAS) (P'NFAS)
9 AG*=15.3 AG* =20.4
Ph7 16¢ (R = Et) 16d (R = 'Pr)
77% yield, 85% ee trace, nd (ee)
UB3LYP 6-31G(D) for C, H, N, O, S Sy 53% Conv.

the rate of formation of the ArCu(ll) and benzylic radical generation, compatibility

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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3 Enantioselective Cu-cat. difunctionalization of styrenes.

3.3 Enantioselective Aminoarylation of Styrenes.

cat. Cu(l)/L7 Me

Ar
X Me A N.
+ ArB(OH), NFAS > SO,Ph
LiOtBu

1 DCM/DMA (4:1), -10 °C 17
(A) cl 0\
o)
F = l\l/le
e L
SO,Ph - Me
= N
.
AcO
17b 62%, 94% ee 17¢ 72%, 87% ee
I\I/Ie
N.
SO,Ph
17d 69%, 87% ee 17e 72%, 90% ee 17f 63%, 90% ee

featuring good functional group tolerance

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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3 Enantioselective Cu-cat. difunctionalization of styrenes.

3.3 Enantioselective Aminoarylation of Styrenes.

(B) Synthetic applications

Ph Me I;h
3 | PinB NHMe
N.so.ph (1) cat. Pd(0)
- ]\ NaHCO,
+ N — HN ~ anti-cancer
Br N (2) Mg/MeOH RN activity
H Sonication N
179 76%, 88% ee 18 35%, 88% ee
Ph I\I/Ie Ph
MeO ~_N. (1) Mg/MeOH MeO -
=0zFh Sonication
MeO (2) HCHO/HCO,H MeO N\Me
OMe OMe
17h 59%, 88% ee 19 51%, 94% ee

being easily deprotected to afford the corresponding free amines in high
yields with retention of the enantiopurity

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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3 Enantioselective Cu-cat. difunctionalization of styrenes.

3.3 Enantioselective Aminoarylation of Styrenes.

(C) Mechanistic studies

Standard
__condition ~S0.Ph
2
SOzPh
ONFAS 17i not observed
L*Cu(l)
\/i& L*CU(”) " >©N/
A\

'SO,Ph

§ &
>C/ >O/@ ; S
v SOPh E\__'_'lt_‘!!__S_Cf?F.’f'_ % W

lolefn 'S0,Ph

23 21%
. ‘ ()
L*Cu(ll)Ph [O)/-H+

SR %
PhO,S O
int. VIl =
N

20 34% (d.r. = 1:1)
88% ee, 84% ee

21 20%

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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4 Cu-cat. Enantioselective Functionalization of Benzylic C-H Bonds.

Kharasch—Sosnovsky Reaction.

OBz
O cat. L*Cu(l)
BzO-0OBu!
excess
; L*Cu(l)
‘BuO
OBz

L*Cu''-0Bz Cull
- \L*

a large excess of the alkene, enantioselective reaction being limited to cyclic alkenes

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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4 Cu-cat. Enantioselective Functionalization of Benzylic C-H Bonds.

Enantioselective Functionalization of Benzylic C—H Bonds.

\ radical addition

\ decarboxylation L*Cu'-x - TMSNu

TMSX

HAA? () i Nu
----- tera — L*Cu'"-Nu —~
Ar)\R &) Arr R Ar)*\R
limiting
reagent

X-Y

HAA of a benzylic C—H bond, compatiblity with the trapping process

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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4 Cu-cat. Enantioselective Functionalization of Benzylic C-H Bonds.
4.1 Copper-Catalyzed Enantioselective Cyanation of Benzylic C—H Bonds.

cat. [Cu] (10 mol%) NC
Ligand (12 mol%)

+ TMSCN
OO NFSI (1.5 equiv)
3 equiv Solvent (1 mL), r.t.,, N»

1 e%tai‘v. NFSI = F-N(SO,Ph), 25a
Entry Cu Source Ligand Solvent Yield (ee)
(A) 1 [Cu(MeCN)4]PFg L9 MeCN 5% (N/A)
2 [Cu(MeCN)4]PFg L9 PhCI 12% (N/A)
3 CuOAc L9 PhCI 25% (N/A)
4 CuOAc L3 PhClI 75% (94%)
5 CuOAc L3 PhH 91% (96%)
6 CuOAc L10 PhH 84% (95%)
7 CuOAc L5 PhH 71% (-97%)

o

L9R=H
L3R =Bn

bisulfonimidyl radicals for HAA(meffectlve oxygen-centered radicals), solvent effect.

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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4 Cu-cat. Enantioselective Functionalization of Benzylic C-H Bonds.

4.1 Copper-Catalyzed Enantioselective Cyanation of Benzylic C—H Bonds.

(B) NC NC NC NC
; ; “OAc ; “Cl ; N3
25a 25b 25¢ 25d

91%, 96% ee 87%, -99% ee 72%, 98% ee 73%, 97% ee
CN CN CN CN
25e F 25f 25¢g 25h
80%, -91% ee 67%, 90% ee 48%, -92% ee 62%, 90% ee
CN oN NC Br CN
X
cl S S__
AT NS
N PhO,S),N
C r\'| N (PhO,S),
25i 25 SO2Ph 25k 25
59%, 90% ee 76%, 98% ee 80%, 96% ee 67%, -96% ee
(1.05g) (5.16 g)

broad substrate scope

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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4 Cu-cat. Enantioselective Functionalization of Benzylic C-H Bonds.

4.1 Copper-Catalyzed Enantioselective Cyanation of Benzylic C—H Bonds.

(C)
oL r 0 OLK
CT Oy
1 2 3
() (J
25m 25n 250
58%, 88% ee 66%, 98% ee 77%, 96% ee
(from 26m) (from 26n) (from 260)

CN CN
/@/H/ (S,S)-L10 /©/\l/ (R.R)-L10 /©/\l/
R —_—

OAc
Ph OAc Ph - OAc
(aR,R)-25p (R)-24p (S, BR)-25p
65%, 53:1 dr > 99% ee 84%, 92:1 dr

great site selectivity at the C-1 benzylic position,
excellent diastereoselectivities indicating the chiral catalyst dedermined stereoselectivity
rather than the substrates.

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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4 Cu-cat. Enantioselective Functionalization of Benzylic C-H Bonds.

4.1 Mechanistic Studies of Enantioselective Benzylic C—H Bond Cyanation.

(A) Kinetic isotopic effect experiments

— Competitive reaction: KIE = 3.5
H H
P Cu(OAc) (10 mol %)
TR L3 (12 mol %) NC, H(D)
+ TMSCN B e e
D_ P (2 equiv) NFSI P
p Benzene, N,, RT 25a
1-Np
24a-d,
— Parallel reaction: KIE = ky/kp= 1.6
Cu(OAc) (10 mol %)
24a L3 (1{3;2?1 %) NC. H(D)
or  + TMSCN - ol Np}'\
3 2 equiv enzene, Np, ~
24a-d, (2 equiv) P 254

(B) Trapping radical intermediates

BrCCly jf\
Standard condition / 1-Np

H with Cu(l) 2 mol% K 26 24%
1-Np BrCCl; (2 equiv.) 1-Np
ria \\L*Cu''CN /":i

1-Np
25a 44% (96% ee)

C—H bond cleavage being partially involved in RDS, benzylic radical
1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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4 Cu-cat. Enantioselective Functionalization of Benzylic C-H Bonds.

4.1 Mechanistic Studies of Enantioselective Benzylic C—H Bond Cyanation.

(C) DFT calculations

Enantio-determining N +
T Reductive Elimination 119 (R) !
. AAG* = 1.6 kcal/mol I 10.3 (S) \ 9u\
N\\ : “\\CN ;o \ “ Ph I—--\-\CN
\Cl:l‘ // /’, ‘\ \\ 7
NN | 28E 25 i | |
! 78(R) \ "\
/ ! % 7.3 !S! / W
II /l (\N \\\\
,I II N : /CN \\\\
1 N \
y Ph~Cul_ \
" CN W
A\
00 N | \
———( pESSeRESLEISORLoosOTaS _Cu .
N

suggesting that the formation of the Cu(l11) complex was reversible,
and the reductive elimination from the Cu(lll) intermediate was the enantioselectivity-
determining step

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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4 Cu-cat. Enantioselective Functionalization of Benzylic C-H Bonds.

4.2 Evaluation of Ligands for the Copper-Catalyzed Arylation of Benzylic C—H Bonds.

Ph
Cu(OTf), (10 mol%)

1 0,
+ PhB(OH), Ligand (12 mol'/o) L
20 . NFSI (1.5 equiv)
(2:8'eq0) DCM/DMA, rt, Ar
24a (1 equiv.) 27a

conversion (yield)

FR g R

-

Bn
L3 L10 L11

23% (10%) 33% (5%) 16% (14%)
50% (43%)?; 75% (74%)3°

3Li,CO5 (1.5-2 equiv.). °NFSI (2.5 equiv.)

using the Box/Cu(l) system: low yields with poor enantioselectivities, benzylic amination
and fluorination products as side products; indicating the inefficient benzylic radical
trapping, which being resulted from slow transmetalation;

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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4 Cu-cat. Enantioselective Functionalization of Benzylic C-H Bonds.

4.2 Evaluation of Ligands for the Copper-Catalyzed Arylation of Benzylic C—H Bonds.

Ph
Cu(OTf), (10 mol%)

i [v)
+ PhB(OH), Ligand (12 mol'/o) L
50 - NFSI (1.5 equiv)
(&.0'eqa1v) DCM/DMA, rt, Ar
24a (1 equiv.) 27a

conversion (yield)

4 )
FR g RS

L3 L10 \_ L11 )
23% (10%) 33% (5%) 16% (14%)
50% (43%)?; 75% (74%)3°

3Li,CO5 (1.5-2 equiv.). °NFSI (2.5 equiv.)

solution: less hindered achiral ligand L11, Li,CO,, loading of NFSI.
1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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4 Cu-cat. Enantioselective Functionalization of Benzylic C-H Bonds.

4.2 Copper-Catalyzed Arylation of Benzylic C—H Bonds.

- \\ ~ \\\ 2 ———————————————————————
AR cat. Cu()L8 i ] Art
% R Ar’B(OH), R ) S
F-N(SO,Ph), BT¥an
Li,CO5 ; .
z benzene/DMA (4:1) “h SR L1 ]

limiting reagent

(A) cn
%(ﬂ
1-Np ,'Pr 1-Np COzMe ;/ /‘g

Alpr= p-ClCgHy4 Ar 2-F-3-CICgH3

27a, 72% 27b, 71% 27c, 78% 27d, 83% 27e 50%
CF3
F3C CF3
SO Ph
27f, 83% 279, 71% 27h, 83% 27i, 83%, dr >20:1

broad substrate scope, but electron-rich ArB(OH), derivatives were less reactive.

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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4 Cu-cat. Enantioselective Functionalization of Benzylic C-H Bonds.

4.2 Copper-Catalyzed Arylation of Benzylic C—H Bonds.

(B) Late-stage arylation of C-H bonds in bioactive molecules

A AcO

standard conditions AcO,,
ArB(OH), '

Rt AcO
Cl OEt
Cl OEt
5% 29a Ar = 3,5-diCF3CgH3, 63% (1.4:1)
= 2_-F-4- 0, >
Dapaglifiozin acetate 29b Ar = 2-F-4-CICgH3, 41% (1.2:1)

29¢ Ar = 4-CNCgH,, 43% (1.2:1)

applycation for the late-stage arylation of benzylic C—H bonds in bioactive molecules
1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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4 Cu-cat. Enantioselective Functionalization of Benzylic C-H Bonds.

4.3 Cu-Catalyzed Oxidative Arylation of Inexpensive Alkylarenes.

cat. Cu'/Ligand Ar'
o BuOOBu
J__+ Ar-B(OR), » ) >40examples
Ar” R A e
E | Me [ E
1 R—_l' |
' MeO |
A,
N MeO OMe Cl i
I OMe I
. bifemelane core anticancer isoerianin diarylpropylamine |
1 analogue precursor I

using tert-butyl peroxide as an oxidant
simple alkyl arenes,
electron-rich arylboronic acids,
an excess of the alkyl arene for a satisfactory yield.

16. Vasilopoulos, A.; Zultanski, S. L.; Stahl, S. S. J. Am. Chem. Soc. 2017, 139, 7705- 7708.
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5 Summary and Perspectives.
Pathways of Possible Reactions between Carbon Radical and Copper(II) Species.

YT N X e T T :
RS N HUCY G N I L s
. TFGT R il (FGT R F6< R |
E | Lroux | l i
E | R i
| -V B
1 1 1 1 1 ~ |
E Y | l[FG] o l e i
: FG | FG FG
. ] L . W B

\_  pathl / path Il path Ii

outer-sphere ligand transfer
(path I)
CuBr: racemic benzyl bromide

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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5 Summary and Perspectives.
Pathways of Possible Reactions between Carbon Radical and Copper(II) Species.

____________________________________

: : E X I
: L*Cu"/'/ﬂ E DL Cu"’\,ﬁ :
! (A 1 1 \ |
! FG R ! : FG R !
i i . R i
- L*CulX : vl |
: | BT To T (A
! | : TFG
1 \ 1 : l :
. Fe -
. .
path | path Il
carbocation intermediate

(path 11)
NFSI: racemic benzylic amination

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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< G2 [blications

Pathways of Possible Reactions between Carbon Radical and Copper(II) Species.

____________________________________

: L X (e

: L*Cu\"/'/ﬁ L L*Cu\"’/e\jl | L cu

. TFG7 R+ (FGT R |

E o |Lroux | |

i L 1 R

| LCuX 1 @ | \‘/x
: 0 7R o

E Y L l[FG] 1k l e
| G ] FG ] FG
A A N

path | path Il \ path Il /

radical relay process
(path 111)
(L*)RCuUlllFG,
reductive elimination

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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5 Summary and Perspectives.
Pathways of Possible Reactions between Carbon Radical and Copper(II) Species.

____________________________________

: L X e |

L Cu\'x'/'/ﬁ L Cu\”/E\jZ 1k u E

. YF67 R (FGT R [ i

E ! |Lroux | l i .

: . o ' | radical relay process
5 Leux | ® 1 i (path 111)

E o TR et (L*)RCUllIFG,
Y | |[FG] | e | reductive elimination
A L N R T

A A i A

path | path Il K path Il /

Limitations: poor enantioselectivity for non-benzylic radicals, tertiary benzylic radicals;
further extensions to intermolecular asymmetric oxygenation and amination;
limited asymmetric benzylic C—H cyanation, limited HAA mediator.

1. Fei Wang; Pinhong Chen; Guosheng Liu Acc. Chem. Res. 2018, 51, 2036-2046.
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