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Alkynylations-1
1. Nucleophilic alkynylation
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3. Sonogashira-type cross-coupling




4. Radical alkynylation

Alkynylation-2
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Sonogashira-type Cross-coupling

1) Original Sonogashira cross-coupling (sp + sp?)

Pd(PPh3),Cl, (cat.)
Cul (cat.)
Et,NH
Phl + H———H Ph———Ph

2) Cross-coupling of alkyne and primary alkyl halide (sp + sp?)

[(allyl)PdCI];, (2.5 mol%) e
Cul (7.5 mol%) Cl o /—\

NHC ligand A (5 mol%) N N~
e — Cs,CO; (1.4 eq.) ) __ R~ "R
"Non—Br *+ ——"Hex . Non——"Hex _
DMF/Et,0 (1:2), 45 °C NHC ligand A
80% (R = 1-adamantyl)

3) Cross-coupling of alkyne and secondary alkyl halide (sp + sp?)

(o) (o)
[IBiox7PdCl,]5 (2 mol%) 7 - (
Cul (8 mol%) N\/N
C32C03 (1 4 EQ) .o
E>—Bl' + H———"Oct ———"Qct

DMF/DME (3:2), 60 °C
65% racemic IBiox7

1) Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett. 1975, 50, 4467. 2) Eckhardt, M.; Fu, G. C. J. Am. Chem. Soc. 2003,
125, 13642. 3) Altenhoff, G.; Wurtz, S.; Glorius, F. Tetrahedron Lett. 2006, 47, 2925. 6



Asymmetric Cu-Catalyzed Sy2’ reaction by Tan’s group

®

CG (2 mol%) t _(\N/> t
CuCN (15 mol%) Bu JI\ ' *'Bu
<;>—Br + H—=——FPh Q%Ph ” u
sat. K2C03 aq/CH2CI2 ©

|
racemic 93% (91% ee) CG

proposed reaction mechanism

O | e

isomer interconversion

kinetic resolution

1) Cui, X.-Y.; Ge, Y.; Tan, S. M.; Jiang, H.; Tan, D.; Lu, Y.; Lee, R.; Tan, C.-H. J. Am. Chem. Soc. 2018, 140, 8448.
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1. Asymmetric C-H functionalization

(o) Cul (cat.) .
H chiral ligand ~Bu R

JBu ~ N
e 2 > Z

up to 94% ee
2. Enantioconvergent cross-coupling

Cu' (cat.)

R2
_ H R? chiral ligand
/ + )\ > / R1
R X R1 . /
racemic up to 99% ee
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Photoinduced Cu-Catalyzed Coupling of
Terminal Alkyne and Alkyl lodide by Lalic’s group

CuCl (10 mol%)
Ligand (20 mol%)

\H/ K2003 (3 GQ)
Me02C + y
; p-BrCgH 07 "N CH;CN/MeOH

R'———R — R
|
L,Cu'X base
OR1
Lcul—=—r]" ° LaCul—=""R
SET photoexcitation

| — * If the proper chiral ligand is used, the
Rl L,Cu———R enantioselective radical addition would
occur without photoirradiation, to realize
the assymmetric cross-coupling??

Hazra, A.; Lee, M. T.; Chiu, J. F.; Lalic, G. Angew. Chem. Int. Ed. 2018, 57, 5492.



Investigation of Chiral Legand-1
Cul (10 mol%)

chiral ligand (15 mol%)
H Ph Cs,C0;3 (2 eq.)
Z A >
Ph Br CH;CN, rt
1 eq.
1.5 eq. racemic A (desired) B (undeswed)

-

-
-
L 4

0] (o)
% N PPh2 _ L\\ 'L - 2+
N N | cy' Ph
PPh, 1 ° // P

Ph Ph
A: trace, B: 22% A: trace, B: 52% s %

(g L
. . ()
A: trace, B: 34% intermediate of

Glaser reaction

; ; PPh
T N " 2 To inhibit Glaser reaction,
the legand should be
o | ~ O « bulky
Z * multidentate
L12)
N = A: trace, B: trace A: 81% (50% ee)

1) Dong, X.-Y.; Zhang, Y.-F.; Ma, C.-L.; Gu, Q.-S.; Wang, F.-L.; Li, Z.-L.; Jiang, S.-P.; Liu, X.-Y. Nature Chemistry 2019, 11, 1158.
2) SladOJewch F.; Trabocchl A; Guarna A D|xon D.J. Am. Chem Soc 2011, 133 1710.



Optimization of Reaction Condition

Cu (10 mol%)

L1 (15 mol%) Ph /i
H Ph base (2 eq.) \ o
/ + )\ - _ S
Ph Br solvent, rt = L
1eq Ph Cu—0
1.5 eq. racemic CuTC
entry Cu base solvent yield (ee) entry Cu base  solvent yield (ee)
1 Cul Cs,CO3 CH3;CN 81% (50% ee) 8 Cul Cs,CO3 CHLCI, 65% (61% ee)
2 Cul Cs,CO3 EtOAc 85% (72% ee) 9 Cul Cs,CO; DCE 52% (54% ee)
3 Cul Cs,CO3 t-BuOMe 83% (78% ee) 10 CuCl Cs,CO; Et,0 83% (82% ee)
4 Cul Cs,CO3 toluene 65% (79% ee) 11 CuBr Cs,CO3 Et,0 84% (82% ee)
5 Cul Cs,CO3 THF 79% (73% ee) 12 CuTC CGCs,CO; Et,0 89% (82% ee)
6 Cul Cs,CO3 MeOH 81% (53% ee) 13 CuTC K3PO, Et,O 88% (81% ee)
7 Cul Cs,CO;3 Et,O 87% (81% ee) 14 CuTC NaOH Et,O 87% (81% ee)

Dong, X.-Y.; Zhang, Y.-F.; Ma, C.-L.; Gu, Q.-S.; Wang, F.-L.; Li, Z.-L.; Jiang, S.-P.; Liu, X.-Y. Nature Chemistry 2019, 11, 1158.

12




Investigation of Chiral Legand-2

CuTC (10 mol%)

chiral ligand (15 mol%) Ph

H Ph Cs,C0; (2 eq.) /\
/ ' )\ o g /\ ? °
Ph Br Et,0, rt =

1 eq.

1.5 eq. racemic

L D
OMe

L1
N A: 89% (82% ee)
| N NH PAr,

N =2

A: 82% (80% ee)

Ph Cu'—0
A (desired) CuTC

.g_Q_OMe 3%37

A: 83% (85% ee) A: 50% (89% ee)

CF3 ‘Bu

CF t
3 L2 Bu

A: 50% (89% ee) A: 90% (94% ee)

Dong, X.-Y.; Zhang, Y.-F.; Ma, C.-L.; Gu, Q.-S.; Wang, F.-L.; Li, Z.-L.; Jiang, S.-P.; Liu, X.-Y. Nature Chemistry 2019, 11, 1158.



(NRe H
N—¢w
k..IIDArz

C52C03
ligand

reductive
elimination

Ccu'X
(X=10orTC)

enantioselectivity

determining step SET

radical
addition

Ph ————FPh

Dong, X.-Y.; Zhang, Y.-F.; Ma, C.-L.; Gu, Q.-S.; Wang, F.-L.; Li, Z.-L.;

C32C03

Proposed Reaction Mechanism

——Ph -
OMe
N
| R NH PAr,
N
(@)
r'?'Rze_ ligand
N—Cu'———Ph
|IDAI'2
JY
Br N
[
0
TEMPO
Ph

*When TEMPO was added,
this radical intermediate
was trapped by TEMPO.

Jiang, S.-P; Liu, X.-Y. Nature Chemistry 2019, 11, 1158.



Substrate Scope of Alkynes

CuTC (5 mol%)

L2 (7.5 mol%) Ph
H Ph Cs,C0; (2 eq.)
=« PR > /\Et
R Br Et Et,0, rt z
. R
1.5 eq., racemic
R =
%, R'=H,82% (97% ee)
R' = OMe, 66% (95% ee) = =
R' = NH,, 87% (97% ee) \ N LS
R' = Br, 96% (97% ee) N
R R' = CHO, 97% (96% ee) 86% (95% ee) 91%, (97% ee)
Phe % %,
= OMe, 94% (96% ee) ~% Q "'0/\)';
R' =F, 98% (96% ee) 92% (96% ee) 81% (97% ee) 92% (96% ee)

R' = CI, 98% (94% ee)
R' = Br, 96% (94% ee)

» R! = CHO, 79% (91% ee) @/“? /©/

92% (96% ee)
95% (97% ee)

Dong, X.-Y.; Zhang, Y.-F.; Ma, C.-L.; Gu, Q.-S.; Wang, F.-L.; Li, Z.-L.; Jiang, S.-P.; Liu, X.-Y. Nature Chemistry 2019, 11, 1158.



Substrate Scope of Alkyl Halides

CuTC (5 mol%)
L2 (7.5 mol%)

H R? Cs,CO; (2 eq.)

Z o+

Ph Br R2 Et,0, rt
1.5 eq. racemic

Ph Ph
‘37’)\/\ ';QJ\/ Ph
77% (96% ee) 62% (92% ee)

Ph

Ph
ey SO
n

° 0 * n=1,34% (92% ee)

82% (98% ee) n =2, 86% (86% ee)

*L1 (7.5 mol%) was used, in stead of L2.
**alkyne (1 eq.), alkyl halide (1.5 eq.), —40 °C

Ph

Ph

81% (98% ee)*

MPh

84% (92% ee)

CN

oy

61% (77% ee)**

r
P

Ph

30% (96% ee)

R

Me—!
~

Et

4-Me, 85% (96% ee)
3-Me, 79% (93% ee)
2-Me, 43% (95% ee)*

Dong, X.-Y.; Zhang, Y.-F.; Ma, C.-L.; Gu, Q.-S.; Wang, F.-L.; Li, Z.-L.; Jiang, S.-P.; Liu, X.-Y. Nature Chemistry 2019, 11, 1158.



Summary-1

Cu (cat.)
chiral ligand R2
/ H R2 CSch3
Z - X - A
R X R? 7
R3
racemic up to 99% ee

« enantioconvergent C(sp?®)-C(sp) cross-coupling
via radical intermediate
* high ee (up to 99% ee) under the mild condition reductive

R2 elimination
PR R2
o X" R )\
LCUu———Ph — — LCUl———Ph — Lcom R'
SET + radical addition \
R2 Ph

L

Next task: three-component coupling reaction by radical traping

R1

Dong, X.-Y.; Zhang, Y.-F.; Ma, C.-L.; Gu, Q.-S.; Wang, F.-L.; Li, Z.-L.; Jiang, S.-P.; Liu, X.-Y. Nature Chemistry 2019, 11, 1158.
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Asymmetric Cu-Catalyzed Radical
1,2-Carboalkynylation of Alkenes

Cu -
H chiral ligand R3 R?
% R R3 R2 Cs,CO; /\)< 1
= Z R
+ +
R4 K XXR,I R4 /

reductive
R3 R2 R3 R2 @X k\ R R3 R2 elimination

Y X

X R "R

2
R3 R
NR; NR R2 |
(MR (R N R’
N—Cul———r* - N—(;‘,u" ——R*4 > N—Cyl!
K..PArz SET \..l'bA.r2 radical addition \_ |5' Ar\
(enantioselectivity 2 R*

determining step)
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Optimization of Reaction Condition

Cu (10 mol%) Ph
L1 or L2 (15 mol%)

Ph
M k\ Cs,CO5 (2 eq.)
~~  Yeq. O'Bu o
+ Br solvent, rt
NC o NC
X eq.

=

A (desired)

Ar
Zeq,

entry Cu ligand X Y Z solvent A% (% ee) B%

B (undesired)

1 Cul L1 15 1 1.2 Et,0 42(72) 16 NC
z
2 Cul L1 15 1 1.2 14-dioxane 50(70) 12 OMe
3 Cul L2 15 1 1.2 1,4-dioxane 66 (94) 32 N
4 Cul L2 1 1.5 1.2 1,4-dioxane 76 (94) 8
I \ NH PAI'2
5 CuTC L2 1 15 1.2 1,4-dioxane 67 (94) 8 N. —
(o)
6 CuOAc L2 1 1.5 1.2 1,4-dioxane 76 (94) 4
L1 (Ar = Ph)

L2 (AI' = 3,5-tBU2C6H3)

Dong, X.-Y.; Cheng, J.-T.; Zhang, Y.-F.; Li, Z.-L.; Zhan, T.-Y.; Chen, J.-J.; Wang, F.-L.; Yang, N.-Y.; Ye, L.; Gu, Q.-S.; Liu, X.-Y.
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Substrate Scope of Alkenes

R CuOAc (7.5 mol%) R
L2 (7.5 mol%) OBy
Cs,CO; (2 eq.) //
1. 5 eq. > I
><"/ oiBu 1.,4-dioxane, rt
NC
1.2 eq,
$ A
-~ )
\©\ &QX | y SI'PI"3
" I
R'=H, 71% (93% ee) X = 0, 60% (85% ee) 65% (85% ee)
= OMe, 72% (91% ee) X =S, 70% (92% ee) 0By
R' = F, 82% (92% ee) Z

(0

N
66% (65% ee)

Dong, X.-Y.; Cheng, J.-T.; Zhang, Y.-F.; Li, Z.-L.; Zhan, T.-Y.; Chen, J.-J.; Wang, F.-L.; Yang, N.-Y.; Ye, L.; Gu, Q.-S.; Liu, X.-Y.
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= Cl, 66% (90% ee)
R' = Br, 72% (92% ee)



Substrate Scope of Alkynes

Ph CuOAc (7.5 mol%)
k\ L2 (7.5 mol%) Ph
C32C03 (2 eq) t
H 1.5 eq. - _ O'Bu
Z tr, 1,4-dioxane, rt 7
/ o O'Bu R o
R
(o)
1eaq. 1.2 eq,
R =
NN N
Z OH
R1 = N
53% (96% ee) 65% (85% ee) 90% (97% ee)

R' =H, 82% (96% ee)
R' = OMe, 82% (95% ee)

R! = F, 82% (95% ee) N ?H
R! = Cl, 77% (95% ee) ;’\SiMe
R! = CHO, 71% (95% ee) Q O Cy 3
72% (95% ee) 90% (96% ee)
85% (96% ee)

Dong, X.-Y.; Cheng, J.-T.; Zhang, Y.-F.; Li, Z.-L.; Zhan, T.-Y.; Chen, J.-J.; Wang, F.-L.; Yang, N.-Y.; Ye, L.; Gu, Q.-S.; Liu, X.-Y.
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Substrate Scope of Alkyl Radical Precursors

Ph CuOAc (7.5-10 mol%) Ph
’ K L2 (7.5-15 mol%) R
/ C52C03 (2 eq) //
7 1.5 eq. y
R 1,4-dioxane, rt
+ X’
NG NC
1 eq. 1.2 eq,
R-X =
I
OMe N
CI><[( Br><ﬂ/ “OMe Br/\CN
o)
o 70% (95% ee)
51% (93% ee) 74% (94% ee)
F F CF;—I——O0
><n/OEt
Br (@)
o)

53% (92% ee) 71% (96% ee)
(1) (1]

Dong, X.-Y.; Cheng, J.-T.; Zhang, Y.-F.; Li, Z.-L.; Zhan, T.-Y.; Chen, J.-J.; Wang, F.-L.; Yang, N.-Y.; Ye, L.; Gu, Q.-S.; Liu, X.-Y.
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1H-NMR Study of The Cu' complex

12 23 NH Pph2 A: L1
26

27

30 28

L1 29

N -

e ——— S — gy ———————— —1 e yep————

0 49 48 47 46 45 4.4 43 42 41 4.0 3.9 3.8 3.7 36 35 3.4 3.3 32 3.1 30 29 28 2.7 2.6 2.5 24 |
Protons adjacent to the quinuclidine nitrogen shifted to downfield by mixing L1 and Cul.
The 3'P-NMR experiments also showed the downfield shift (+2.4 ppm). —> L1 worked as a multidentate ligand.

Dong, X.-Y.; Cheng, J.-T.; Zhang, Y.-F.; Li, Z.-L.; Zhan, T.-Y.; Chen, J.-J.; Wang, F.-L.; Yang, N.-Y.; Ye, L.; Gu, Q.-S.; Liu, X.-Y.
J. Am. Chem. Soc. 2020, in press. 24



Proposed Enantioselectivity

L1Cy''——R!

favored re-TS disfavored si-TS
major enantiomer minor enantiomer

Dong, X.-Y.; Cheng, J.-T.; Zhang, Y.-F.; Li, Z.-L.; Zhan, T.-Y.; Chen, J.-J.; Wang, F.-L.; Yang, N.-Y.; Ye, L.; Gu, Q.-S_; Liu, X.-Y.

J. Am. Chem. Soc. 2020, in press. -



Summary-2

Cu' (cat.)
chiral ligand R R3
H R R3 r2 Cs,CO; R2
/ + k + R1
» z X X)<R1 //
R4
up to 98% ee
<chemoselective addition>
R3 R2
R .\4R1 P -
R3 R? k\ Z R

4 Ry 5
NQ " . TR - N R’
R1 'k)( 1 b
R ( NR;

(-
N—Cull
L

(R o\
A N—Cu''———R* B N—Cu''——Rr* PAr, SN,
; : R
k_II’Arz \—lIDArz C
A—>B B-—>C
* The bulky tertiary radical reacts with alkene or alkyne. * The relatively stable benzyl radical

* The transition state leading to alkyl radical would be

reacts with Cu'' complex.
more stable than that of vinyl radical.

Dong, X.-Y.; Cheng, J.-T.; Zhang, Y.-F.; Li, Z.-L.; Zhan, T.-Y.; Chen, J.-J.; Wang, F.-L.; Yang, N.-Y.; Ye, L.; Gu, Q.-S.; Liu, X.-Y.
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