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earth-abundant

Cu s ..~

V, Cr, Mn, Fe

copper
Co, Ni,@ [Ar]3d"%4s’

— low biological toxicity
-

R/\—

R-H ——> X

cross-coupling @
R/X—hal =—
Y
Cu(l)/ Cu(ll)/ Cu(ll)

X' : radical, Y: nucleophile @

\/—//

Snider, B. B. et al., Chem. Rev. 1996, 96, 339-363.; Zhang, X. P.et al., Chem. Soc. Rev. 2011, 40, 1899-1909.; Groves, J. T. et al., Acc. Chem. Res. 2015, 48, 1727-1735.; Fu, G. C. et al., ACS Cent.Sci. 2017, 3, 692-700.; 4
Kong, W. et al., Chin. J. Chem. 2018, 36, 247-256.; Detrembleur, C. et al., Chem. Rev. 2019, 119, 6906-6955.; Chu, L. et al., Chem. Soc. Rev. 2021, 50, 10836-10856.;




LCu'

Step Il
Bonding

Step Il
! Radical Relay

I
1
1
1
1
1

LCu v + (X LCu'

Y

General Mechanistic Proposal for Copper
Catalyzed Radical Transformation Reactions

t

( X

7

AN
LCu---Y

[ Path A: Radical Substitution J

t
(x
3 <
| —>» | LCu . —_— X —Y + Lcu
LCu'll v ~(y
[ Path B: Reductive Elimination J
+

Ot X

oV L p— )

’

LCu--{ v

[ Path C: SET & lon-type Bonding]

————

[ Three competing pathways of step il

Kochi, J. K. et al., Acc. Chem. Res. 1974, 7, 351-360.; Liu, G. et al., Acc. Chem. Res. 2018, 51, 2036-2046. ; Lan, Y. et al., Chem.Commun. 2020, 56, 6609-6619.;

Liu, G. et al., Nat. Synth. 2022, 1, 107-116.; Liu, G. et al., Chem. Soc. Rev. 2022, 51, 1640-1658.;




Accuracy

DFT calculation

%

Cost of calculation

Gaussian 09

Eyring H. J. Chem. Phys., 1935, 3,107-115.
Neese, F.et.al., Photosynth Res, 2009,102, 443—-453.
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Type A: Open-Shell Singlet (OSS) Radical Substitution

, X el

LCu— Y _i_ / L0u——— Y
LCull— y "1~

Spin Flip
Triplet Intermediate

Type B: Triplet Radical Substitution

MacMillan, D. et.al., J. Am. Chem. Soc. 2022, 144, 21278-21286. 3
Nakano, M. et.al., Top Curr Chem. 2017, 375, 47.
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2 2.1 EFEEERAYA
{502 ‘ = - - -
Cc-C
Cu(OTf), via
Bt _ph H NNN-L, CsyCO, EL_Ph o
PhHN " / ' PhHN Ph/N‘T&
cl o (Solvent) N i Et
o 10°C, 80 h © Ph ciHcsk %
NH NMe,

81% yield, 61% e.e.
(PhCF53)

Liu, X.-Y. et.al., Nat. Chem. 2022, 14, 949-957.

73% yield, 91% e.e.
(MTBE/cyclohexane)

NH NMe,
NN
Ar
L*-B
(L g B
cl
o)
D

(0]
Cu(OTf
(0T, N’O _
DCM/MeOH, rt — | oy =
Ar = 1-naphthyl -5 Ve
r naphthy \ /Nsoll OTf
Ar
C, 32%
Ph—=——H
1 Et
CSQCO3 O H Ph
MTBE/cyclohexane O \H)X
10 °C o Ph

E

With C: E, 75%, 89% e.e.
With Cu(OTf),/L*-B: E, 50%, 88% e.e.




Et__Ph "
PhHN\H)<CI + /
Ph
0

“5¥ 2.1 ST EmERCE)

Cu(OTf), o .

NNN-L*, C5,C05 b %o Ph R o
(Solvent) \(f_)& Ph T QEt

10°C, 80 h

(@)
Ph ci—Hcst o

100 T

o0
o
I
T

Product e.e. (%)
B
o O

I | } [l 1 0 } ! [l ! |
r T T T T L*J

-100 -80 -60 -40 -2 d) 20 40 60 80 100
Catalyst e.e. (%)

-80 |

-100 +

Relationship between ee values of ligand and product.

Cu————-~H H
O H Et. pp R O H Ph
O j‘)<0| Cs,COs, O I AN

Et

o) PhCFj, rt Ph

D E
With L*-C: E, 20%, 88% e.e.

Without L*-C: E, 0%
D&1 under standard conditions without L*-C: E, 0%

—=—H

— I\I/Ie I\I/Ie
TR e Ot (O
X
_®
©/ o C32CO3, PhCF3 R2 R1 R2 R1

from F1 at 90 °C: G1,30%
from F2 at 90 “C: G2,45%

t

F1, X=Cl, R'= Et, R?= Ph
F2, X=Br, R, R2= Me

. R : !

________________________________

I\,

R = 4-Buph Me2N

10
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{90
Cu(OTf), via
Et_Ph H NNN-L*, Cs,COs4 Et. _Ph N Ph
PhHN\H)<CI + / ; PhHN\H/\ Ph—N 5,
)
Ph PhCF3, 10 °C, 80 h N o)
0 3 o Ph cli—Hcs o

BT - %

— \ I~ ~\ I~ ~\
7 N - N // 4 // N 4
N —NQ —NQ _ L pTTTTTmmmmmmemmemseooeoeooooo .
[Cs] 0 t .
, / )X ' OMeZ :
\ / Ph—N - \ Ph—N- }\ ~ N\ ! [Cs] = Cs :
cl A\ TTND N . -
o ,/ ., Ph 4 Ph LN ! '
‘H\\Ph on O/ Ph O/ Ph 74 ~cu”- ; OMe, ;
’, =17. N Ph | !
_ ph—N  E B} . - N = ! o o Q :
Q Int7-0SS Int7-Triplet TS3 (Triplet) Ph—N -~ ; it 3 !
—~ -\ -6.0 TS2 -20.9 / '/"Ph R e NH NMeZ:
TN Int7-0SS L O Et S HENL R e :
— '26.6 : N NNN_L* :
\ pPh—N N TS3 (0SS) L \_y  (NNN-L )
AN i A -27.2
Int3 /\N)X N CI-[Cs]—0 Int7-Triplet
Int2 _Et Ph
PhN
N
Et [Cs] OI o
2 t
=0 pn - nt4-08s N7 0" - - 0
/[Cs]—O 1 /[Cs]—O p n Trlplet O~ (\, \ ~n SN
N0 )L N0 - o—ICs] SN N
| —~ 2\ | —~ 2\ Int5-0SS -
Ph SN PN PR SN N 294
LN LN ) -40.3 \
Int4-Triplet O
cl” cl” 0=\
AN AN -40.9 N\ y—ICs]
Int4-OSS o Int4-Triplet o Int5-Triplet Int6 5, Int8 Ints — Int9
1 C-Cl bond cleavage | Isomerization _ |_ Radical dissociation & capture | _ C-C bond formation IEroduct Iiberatioa!
= = I~ 1= -

AG,, in kcal/mol, B3LYP-D3(BJ)/6-311+G(d,p)-SDD-SMD(Cyclohexane)//B3LYPD3(BJ)/6-31G(d)-LANL2DZ
Liu, X.-Y. et.al., Nat. Chem. 2022, 14, 949-957.
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{555 =
(e |
o}
—
"_’N\\CUH'

Int6
0.0

Ph

Ph LN

Ph*'\!
 Fe

Ph—

Cu‘/ Ph

@;j
N 7
7/ \'Ph
O Et

AGy, in kcal/mol, B3LYP-D3(BJ)/6-311+G(d,p)-SDD-SMD(Cyclohexane)//B3LYPD3(BJ)/6-31G(d)-LANL2DZ
Liu, X.-Y. et.al., Nat. Chem. 2022, 14, 949-957.

N N
Cl-[Cs]—O PhN&\Ph
/) —X'Ph
o et
Int2 CIEICSl ez -Triplet
8.5
N2 N3
el o
| INcs
2
o c1:r
223A— f —2304
|
1
g

~ (@] 1
/’\N)\-§\N
Path A “‘N\>CU{\) .
> o/ I
Radical Substitution Ph—N (()é/
/—\'Ph
L Et _
TS3 (0SS)
(14.8)
_ 3& -
N\
L’—\NN\ N
Path B ~cu?
----------------------- > @/ \‘(?é/Ph
lon-type Bonding Ph—N ® o
/>—\”Ph
L (0] Et —
TS3-CB
(Cannot be Located)
r (0] mE:
,’\N»——_\
LN
Path C @\/Cl,f oh
---------------------- - RN
Reductive Elimation Ph—=N f//>//
7/ \N'Ph
L t _
TS3-RE
(21.1)
~ (0] mE: Mulliken Spin
/\N» - Distribution
/ N\ /\N Cu 0.508
/C ) __Ph c' 0.232
SN C2 -0.204
(c3 C? -0.549
/) '"Ph 1
L (@) Et - N' 0.088
2
TS3 (0SS) N® 0.082
N3 0.067
Ph' -0.087
Ph? -0.133

Int8
(-25.3)
OMe2
[Cs] = Cs
OM62
o) 0 3
/\ﬁ)\-\ _ NH  NMe,
LN N —
\ N (NNN-L)
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AG,, in kcal/mol, B3LYP-D3(BJ)/6-311+G(d,p)-SDD-SMD(Cyclohexane)//B3LYPD3(BJ)/6-31G(d)-LANL2DZ

Liu, X.-Y. et.al., Nat. Chem. 2022, 14, 949-957.

81% yield, 61% e.e.
(PhCF3)

73% vyield, 91% e.e.
(MTBE/cyclohexane)

ALY

SEIG 4 Hee: 61%
THHE 4 Ree: 68%

TS3 (0SS)
AAG;) = 0.0 kcal/mol

TS3_A (0SS)
AAG;,) = 0.0 kcal/mol

S gk Hlee: 91%
THHE 45 Hee: 94%

1.99 A 231A
-14.5°

e

L steric
repulsion
TS83' (OSS)

t
AAG,, = 1.0 kcal/mol

/TN
/ s
O ;
?"Et Xsteric Bu
Ph ’ repulsion -

TS3_A'(0SS)
AAG;,, = 2.1 kcal/mol
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=Py 2.1 ETFEHRERE

{30
(OAC),, 5 mol%
- (CeHCO0) Phen, 7 mol% CeH1z CsHis
CeHiz—— eH13 2 > _
C-C DCM, 50 °C, 12 h NC Phen =
TMSCN
e
OMe 72% yield
pus
[ Mg |
Radical Trapping
(OAc),, 5 mol% co T !
C6H13 — Phen, 7 mol%, N CGH13 C11 H23 : )OJ\ :
: _O.__CHy(CHy)sCHj !
DCM, 50 °C, 12 h NC | CHy(CH)sCH; O 2(CH2)oCH3 5
TMSCN, LPO X (0] |
- ! LPO !
TEMP . ' '
OMe e ,  Ome = it L= =
1s N LTI TITI !
not observed

Ring-Opening Experiments S

9rmpening =® o ' MeOOC !

o) (OAc),, 5 mol% 5 !

0 Phen, 7 mol%, Ph OMe . I

Ph——= + MeO P - ! Ph— :

o) DCM, 50°C,6 h NC ' E

TMSCN i !

2 ! '

3, 40% oo NG ;

3', not observed

14
Bao, H. et al., J. Am. Chem. Soc. 2019, 141, 548-559.




2.1 ETEEBEERRLE

LT
. (OAc), 5 mol%
Phen, 7 mol% C6H13 C5H11
CeHiz—— *  (CgH43C00), .
DCM, 50°C, 12 h NG
TMSCN
OMe
e 72% yield
{ MEQ & ] Ring-Closing Experiments
i (OAC)z, 5 mol% C11 H23
/{_/;< Phen, 7 mol%,
- ” +
LPO, 3 equiv.
; CN
TMSCN, 3 equiv. Ph
4 DCM, 50°C, 12 h oMo
5, 50% 6, 25%

Probe Experiments for the Allenyl Cation with LPO

(OAc),, 5 mol%

CeHiz—— Phen, 7 mol%, CeHi3 C11H23 o C11Hps CeH13 C11H23
LPO, 3 equiv. NC * CeHig = + MeO
TMSCN, 3 equiv.
OMe DCM, 50°C, 12 h OMe

1s additive, 5 equiv. 1 OMe " 1" OMe
entry additive 1 1' 1" E o
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" | I o _cHy(CHy)eCH; |
1 none 73% / / | CH3(CH,)eCH, O™ "1 !
: 0] :
2 H,0 71% 0 / i ﬂgﬁ&"_oﬁ - !




ECALH!

AnggKl(kCanO')

AG,,, in kcal/mol, B3LYP-D3/def2-TZVP-SMD(Acetonitrile)//B3LYP-D3/def2-SVP

Bao, H. et al., . Am. Chem. Soc. 2019, 141, 548-559.

AE / kacl mol”

20 4 = = (riplet
18 1 ®  broken-symmetry singlet
16 4 _N
/ o —
9 ] N\ /C/ C5H11
l'? -" o= Ar C6H13
2 - ;
] 2-th N
0] o s —— | (T
8+ o = CsHy SN
1 ° - CeH13 N 7/ |
6 — » Ar 2-th
4 * = Int2 not located
4 e o "
1 e -
2 - .,
| o " nm
o
0~ e o o
2 B '[ Ll I L X ]' Ll I ~ } ' Ll r Ll I | ' Ll T A

1.8 2.0 2.2 24 2.6 28 3.0 3.2 34 3.6

d( Cu-Cﬁ) /A

The relaxed potential energy surfaces corresponding to Cu-Cd bond
coupling between INT5 with INT2 on triplet (black line) and broken-
symmetry singlet state (red line) surfaces.
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= AL

Me

Tc, 5 mol%
Phen, 7 mol %

via Me

_ /?
CeHiz—— + NFSI + TMSCN

Ph

CH4CN, 12 h

Me
CeHi3, \>""[N] Q > 1[N]
> / CeH13—
o

NC Ph Ph

76% yield, dr > 99:1
[N] = N(SO,Ph),

TS1_S

TS1_R

T
AAG,) = 0.0 kcal/mol AAG(fO,, = 5.8 kcal/mol

AGg,, in kcal/mol, B3LYP-D3/def2-TZVP-SMD(Acetonitrile)//B3LYP-D3/def2-SVP
Bao, H. et al., J. Am. Chem. Soc. 2019, 141, 548-559.

TS1_R frag
10.7

TS1_S_frag ‘:: 1

7.9 AEint= -3.6 ! !

- 71y I

A A —_— .
| : TS1_R . AEgis_sub

AEqis_sub! ABin= 5.8

| Y 2.1 |

' TS1_S

AEdis_cat AEdis_cat

" v

Distortion and interaction analyses for TS1S (left) and TS1R (right).
Abbreviations at the subscript of AE are defined as following. “dis”

and “int" denote the distortion energy and interaction energy,
respectively. “sub” and “cat” indicate the electronic energy
contributed from the substrate (radical) and catalyst, respectively.

n
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______________________________________________

C-C " R CN ! | |
- N Cu(CH3CN),PFg, Phen or Box _/E._ . CF. ! _N ;
N 0 Y sl SOy
TMSCN NC CF3 R : p g ,\\l !
CH4CN, -15 °C : N 5
1,4-addition 1,2-addition S :
\___Phen _________ Bx
I Cu(CH3CN)4PFg (5 mol%) NC o T !
ME% A ligand (6 mol%) W ' AN !
Togni-1 (1.5 equiv.) Bn I | !
Bn._“~ TMSCN (2.0 equiv.) NC | Phen = !
CHsCN, overnight,rt Bn. F : SN
1 2 3 E S | !
yleld 71% trace e ______. :
Cu(CH3CN)4PFg (5 mol%) NC e ‘:
ligand (6 mol%) W | |
Togni-1 (1.5 equiv. Bn | l
P ogni-l (1.5 equiv.) - _>: . | : o oL .., !
Bn = TMSCN (2.0 equiv.) NC } Box= ,\/l ,\\1_7 i
CH3CN, overnight, -15 °C Bn = E “ E
1 2 3 ! !
yield: 10% yield: 256% (E/Z = 1:1) ' l
\.
| . R
é é o—°
R™intdi R
int- int-1ll int-Iv
Kaikyi l LCu"(CN), {TTTTTTTTTITTITTmTmmmmomssmsoosoomsononones , LCU"(CN)Zl Kaiienyi
: . CN 5
favored for Box ! ,Cu'\' Box: Kaiky1 > Kaitenyi : favored for Phen
l E CN Phen: kalkyl < kallenyl . l
E int-l !
3 L ) 2

19
Liu, G. et.al., Angew.Chem. Int. Ed. 2018, 57, 7140-7145.




A=) \ S 22
Sy 2.2 ETIAREP | * :
; < ° AN A Y \I 71N b N N
{902 t g\'ﬂ N/ Gu—CN N
N "“Cu—CN N “ Cu—CN
N, ) B F3C J \ ‘ / CN VRN
,Cu CN CN N _N \ --CN
o \ G- — S
FsC N ZN 11.2
AN 12.5 \ H  CFs H  CFs
PSRN 9.7
TS4 . =t
TS4 / 7 T83 N,
/ . 5.8 .7 N
NG / Int7
/Cu —CN < __.-/ .
N / N
Int6 / ) .
. CN ,’I N"C{"'CN
CFs eN CF CF T\
378/ FsC o O'/ 3 3
Int8 —_— N\ =X —= Int4 CFs
Int8 Int7 int3 H int2 H Int5
- C -_C__B_(_){r_d_ Eo_r_n]?gi_qrz _w_/l:tp_l_:’f'z_)p_a_rg_y_lfc_ _Ii_’q(_j{qql_ _________ C-C Bond Formation with Allenyl Radical Int5
1,2 addition 1,4 addition
(N i
- Nicy— t
(*N t /@ yeN “ N
N'Gu—cN o N —~ —Ql CN N/ Cu—CN
7N N':Cy—CN g \ .
--CN FaC N =N --CN
F.C CN 15.4 \
3 AN W S H  CFs
13.4 AN N <N 2 TSS N M
Y TS5 H CFs
TS8
, 9.1
BT - TTse
I,’ Int10 \
// * ’}l \\
NG, / Nr.Cu'eN 3
* _Cu'—CN \ |
N CN \\ N
K x+ _Cu'—CN
Int11 §—\ N N7
™ Int12 - CF3 0 CF3 H Ch Int11
T&ca T( 70 :( Int10 N\
nt6 -38.6 Int3 ™ Intz NG cF
Int8 C-C Bond Formation with Propargylic Radical | C-C Bond Formation with Allenyl Radical \":—3'2 Int5
_____________________________________________________________ -
1,2 addition 1,4 addition nt
AG,, in kcal/mol, M06/6-311++G(d,p)-CPCM(Acetonitrile)//M06/6-31G(d)-6-311G(d)-CPCM 20

Liu, G. et.al., Angew.Chem. Int. Ed. 2018, 57, 7140-7145.




2.2 EFRE SRS

{90
% 3 R CN
N . % Cu(CH3CN),4PFg, Phen or Box _>= . CF, via o, o,
RA T\ Z -
TMSCN NC CF3 R —8: —
CH3CN,-15OC H H
1,4-addition 1,2-addition
Me%-i (N,\'}l Me%-i N N
CF3 ‘Cu—CN CF, "*Cu—CN
A} \
CN CN . .CN CN
-t - oul .
~CN CN .
AG *= 11.2 kealimol A AG *=15.4 keal/mol VAR
Int1 3 Int9 s
TS1 TSS
7 Steric
f{” repulsion ’(,

T e Ty

i \If ~
i P
oS
Int1 TS1
C l"i"‘:
i N
Q ZON
i A
Phen
AG,, in kcal/mol, M06/6-311++G(d,p)-CPCM(Acetonitrile)//M06/6-31G(d)-6-311G(d)-CPCM 21

Liu, G. et.al., Angew.Chem. Int. Ed. 2018, 57, 7140-7145.




LG
Ph——

FIRIREBRL]

CU(CH3CN)4BF4, L*

TMSCN, Ph-PTZ, THF
purple light, 30 °C, 24 h

1004
1= P
80> L
1 -
18 e
40 7 y=0.9x+1.71429
208 R*=0.9988
1.~ ee of ligand (%)
I T T T T T 1 T T 'U.". T T T | T T T T b 1
-100 -80 60 -40 -@/---’ [ 20 40 60 80 100
=20 4
e -40
g 1
/," -60 4
pd 80
i i
-100 -

Relationship between ee values of ligand and product.

AG,,, in kecal/mol, M06-L/6-311+G(d,p)-SDD/SMD(THF)//B3LYP/6-31G(d)-SDD
Xiao, W.-J. et.al., J. Am.Chem. Soc. 2019, 141, 6167-6172.

0.58
2.00
~ 1.95,
0.20 0.45

CN via
Ph

91% yield, 92% ee

0.53

- N_ N
NC™ ™oy .
SN
S X
Ph - Ph
TS3 447 TS1
[—
" TSN

29.8

cu”-cu’ Mechanism I

POXY

)
.47

r 2.56 oj><(0

o5 | ‘\7
R
NC”7_Z:CN

X
Ph
TS2

-3.8

Int2

cu'-cu -cu' Mechanism

o o .
/ \J
L* = N N o,

© 0 00000 00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

L
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LY 22 ETERERA

35 Cu(CH3CN),BF,, L* CN via
Ph——=—( - =
Et TMSCN, Ph-PTZ, THF Et Et %
purple light, 30 °C, 24 h Ph

85% yield, 94% ee

[ xtmgs | . . N
o A ad 020

\N

' CN
AP —> ph—=H
) ‘ ,)vvv"\\ %
R T\f ' Int3_S
TS2_S

AAG(j:O,) = 0.0 kcal/mol Non-covalent interaction (NCI) analysis

> H ‘\\Et

) S

%7“""‘CN Ph A r,',\ \

NC H2 e, \
H1 BH1-H2 =291 f
BH1-H3 =3.30

f
/
/o~
\ ~
|
/9/‘
f
—~
[ ]

Int3_R

TS2_R
AAG;,) = 3.5 kcal/mol

QJ BH1-H3 =3.02

Non-covalent interaction (NCI) analysis

AG,y, in kcal/mol, M06-L/6-311+G(d,p)-SDD/SMD(THF)//B3LYP/6-31G(d)-SDD 23
Xiao, W.-J. et.al., J. Am.Chem. Soc. 2019, 141, 6167-6172.




o N 3 4
=FN 2.2 ETAIRERRLE
{302
cat. Cul/L*
H . NFSI Me via
C o i oo o Lo
Me + TMS / i > % v / \
1,2,4,5-CgHoF 4/DMA ™S N N=",
N,, 5°C or rt

78% yield, 91% ee

cat. Cul/L*

[ G IREE S J O NFS|
Si(OMe)3 Na,COg
H o+ / > Br +
TMS 1,2,4,5-CgH,F ,/DMA

. (5
Vi

T™S
1a Ny, 5°C orrt 2a
CBrCly
17% 55% (92% ee)
CBrC|3
HAT [ /8\}
= 1-Np
™S cu''L
D
D
cat. Cul/L*

Si(OMe)q Na,COs
D - U L~

1,2,4,5-CgH,F //DMA
1a (5.0 eq.) 1a-d, (5.0 eq.) N2, 5 °C orrt 3al3a-d,
NFSI-2 (1.0 equiv.) 48% yield

Competition reaction : KIE = Ky / Kp = 5.0

Parallel reaction : KIE = Ky / Kp = 2.27

24

Liu, G. et.al., J. Am. Chem. Soc. 2020, 142, 12493-12500.




TIRIR BRI

(/) inner sphere

(\ ey — > prod.
Arx Ar
INT_|
(if) outer sphere
*Lciz_é
*LCu'—=——R INT_II
) prod.

NN

N, *LCu”):

R

R 4

A~

./

Ar/Q\ INT_III

cat. Cul/L*
NFSI
N32CO3 L* = O O .
> ) { j
1,2,4,5-CgH,F4/DMA N N—,
5°Corrt
78% yield, 91% ee
5 S0, Tol
MeOQ);Si——=—= : MeO).Si——
(MeO)sSi—=—< : (MeO)y u—ﬁph
4a 5 L
| Me ph
* * ! * 1l * 1l
Lcu! Lcu! side | tC s0;Tol “Lcu .:<Ph* side
- -\ 7 oY T T rod.
Ar Ar’z—\_b prod. o Ar Ar Me P
INT_lla INT_IV | INT_Ilb INT_V
H (MeQ);Si——R
4a or 4b S
O standard conditions O S R
(NFSI)
1a 5a or 5b
from 4a: 5a 31% (87% ee); 41% conversion
from 4b: 5b 44%(d.r. = 1.1:1, 74% ee/75% ee); 51% conversion
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S50 = cat. Cul/L*
O H Si(OMe) NFSI O Me
| €)3 N82CO3
Me =+ TMS/ - X
1,2,4,5-CgH,F4/DMA ™S
No, 5°C orrt
78% yield, 91% ee
&b T !
HEeTm - T | |
e : e
| )l( Lh\l = = N o oL !
I\N—Qu"" =-SiMe, | xl\l ! I\T ) l(l \J "
Arljﬂ N
Me™—H FN_C.” = SiMe; 5 5
L _ L ad ; SO Me !
TS1_S 3 b= N
L M| ; SO,Me !
l
N
N—Cu'
Int3
n R_prod. O
S + S
— coyl— A
h‘lx/Cu SiMes O ™S
Int2 Int1 R_prod.
I C-C Bond Formation to (S)-Product I C -C Bond Formation to (R)-Product I
| i
AG,,, in kcal/mol, wB97X-D/6-311G(d,p)-def2TZVP-CPCM(Perfluorobenzene)//wB97X-D/6-31G(d)-SDD 26
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TN 2.2 ETARBERRUE
9 0.2
cat. Cul/L*
O P Na,COs
Me + 1y i N
1,2,4,5-C¢HyF 4/DMA ™S @ 0
N,, 5 °C or rt
78% vyield, 91% ee
| ik b |
\\N
O % &—— rTgCL — Sives
™S A5
L H/\Me N
R_prod.
TS1_R TS1_S fT o ooooooooooiioooooooooooooo .
¥ 1 ' i
AAG,, = 0.0 kcal/mol AAG,, = 2.6 kcal/mol . :
. !
N o o :
[y - ; k,J@ i
_SO,Me :
X= N\
| SO,Me
AG,,, in kcal/mol, wB97X-D/6-311G(d,p)-def2TZVP-CPCM(Perfluorobenzene)//wB97X-D/6-31G(d)-SDD b 27 T '

Liu, G. et.al., J. Am. Chem. Soc. 2020, 142, 12493-12500.
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5.0 equiv.

Stahl, S. S. et.al., Nat. Catal. 2020, 3, 358-367

CuCl Box, NFSI,
H (MeO),P(O)H, N, OMe
)\ + MeOH >
Ph DCM/HFIP, Ph
40°C, 16 h
OMe

CuClI (10 mol%)
BiOx (10 mol%)
(MeO),P(O)H (0.5 equiv.)

MeOH
NFSI
DCM/HFIP, D pD. OMe
D
40°C, 16 h, N, CD,
D D
D

1st run, 72%, ky / kp = 2.0:1
2nd run, 80%, ky / kp = 2.1:1

CH;

0.2 mmol

D

0.2 mmol

CD;

CuCl (10 mol%)
BiOx (10 mol%)
NFSI (2.0 equiv.)
MeOH (5.0 equiv.)
(MeO),P(O)H (0.5 equiv.)

DCM/HFIP,
40 °C, 16 h, N,

CuCl (10 mol%)
BiOx (10 mol%)
NFSI (2.0 equiv.)
MeOH (5.0 equiv.)
(MeQO),P(O)H (0.5 equiv.)

DCM/HFIP,
40°C, 16 h, N,

OMe
CH3
D p OMe
D
CDs
D D
D
kHI kD =1.7:1
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CucCl, Box, NFSI,
H (MeO),P(O)H, N, OMe
+  MeOH -
Ph)\ DCM/HFIP, Ph)\
40°C, 16 h
PhO,S., -SOzPh
H TS3
H 0 ! H
)\ N< Ph/\ > ﬁ\ + /'ll\
Ph + PhO,S” (y "SO,Ph ~ pp 0 PhO,S” “SO,Ph
AG* = 9.6 kcal/mol
Int1 Int2 AG = -17.0 kcal/mol Int4 Int5
<N\ | 8 AG = -275kealimol /N
Cu—Cl +  Ppho,S” 3 S0,Ph g Cut
e
N 25 0 SY2 NT OIN]
Int6 Int2 Int7

AG,,, in kcal/mol,M06-L/def2-TZVP-SDD-SMD(e =10.6)//B3LYP-D3(BJ)/631G(d,p)-SDD-SMD

Stahl, S. S. et.al., Nat. Catal. 2020, 3, 358-367

via
()
(8] Box =
N
AG /(kcal/mol) :
313.15K i <N\ o
u\\
N\C —Cl N} >OMe
P N oM PR
Ph" O !
Int4 Pho N _
N 13.6
; (o™ s}
N u // \
< \Cuu/CI -16.2\ N/ ~0OMe p \
AU - - g \‘
N OMe .-~ 1813} > Ph / .
/’// \\\\ /,’ \\ < \Cu|_C|
MeOH 213 .- 222 S e
N\ +”/C| /,/ Int12 16.0 . —Int14 . \:\\"1
AOUN ! Ph \
F ///,--\ HF '260 ~ “‘

Int5 + Int6

/N\
PhO,S SO,Ph
Int5

/N\
PhO,S”  “SO,Ph

[N]
Int9

C-0 Bond Formation
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Path A

gz ik

Cu(OAc),
Box, NFSI, TMS-N

MeNOZ, N2

50°C, 16 h

AG,,, in kcal/mol,M06-L/def2-TZVP-SDD-SMD(MeNO2)//B3LYP-D3(BJ)/6-31G(d,p)-SDD
Stahl, S. S. et.al., J. Am. Chem. Soc. 2020, 142, 11388-11393.

Int9
AG = 8.0 kcal/mol

., N
‘cu" cu" *
TEONT N
N \\

3 N

\
N

Int3
AG = -0.8 kcal/mol

TS8

Int4

TS10
AG *=14.7 kcal/mol
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steric
repulsion) non-covalent

X interaction

+

X
( K (NNN-ligand, phen, etc.)
A~ /b !
LCu-- @

[ Path A: Radical Substitution ]

+

£ Y

Lo Y) + 0 ) — LCu'—®_T+ x) — (* (box; ete.) »‘ x—¥) + Leu

LCu--@

[Path C: SET & lon-type Bonding ]

(box, phen, etc.)

Lcu

[ Path B: Reductive Elimination ]

t [~ steric t

4
repulsion R? R
L R3

HT.C-CIX R
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)
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