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a L e 3B, MEKT
s Rosuvastal L RIRReR

- osuvastain Aliskiren ; : W : . . ;

: S L SARGEFFMN

: QH different OH ' E R3 n RG : w #%l. é

E > biological activities : e ‘

5 JijA?&ﬁ i : L 2) BRI

; Cl ¢ N 5 Cl ¢ N e .
: N—/ : N—/ P :
: (S,S) : (R.R) P 5
' Low antibacterial activity ' High antibacterial activity : P N p . '
s o s o i 8D+ 3O D @ |
E ' E A N X
: = : : Y — Vv :
: cl « N : cl « N ; : stereodivergent @ @ 5
: N—/ : N— 5 1 synergistic catalysis ) L )i
: (R,S) : (S,R) P :
' No antibacterial activity No antibacterial activity ' :

E. M. Carreira, et al. Science. 2013, 340, 1065-1068; J. Am. Chem. Soc. 2014, 136, 3020-3023;
C. -J. Wang, et al. ACS Catal. 2024, 14, 3812—3844; Angew. Chem. Int. Ed. 2022, 61, €202206517; W. Zhang, et al. Sci. China. Chem. 2023, 66, 2238-2255.
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The pioneering work The Catalytic Cycle

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

Carriea group (2013) m m
HJ\/ N L

R' [all stereoisomers accessible] R! R2

D -

(R)-[Cat2*]

(R)-[Cat1*]

5 w L1 5
! T \ Sub-A Sub-B
] >, 3 :
- m (RIS)-L1 R ;
: Crr
R2 1 c
> H)%( R,R
[Cat1*] or [Cat1*] R! :
- - E (R)-[Cat1*] (R)[Cat2*]
C - - C
OO o O NH% % NH, - : RS & Sub-A + Sub-B v S,R
\ N N :
PN 7 \ N
OO o) O N = ; (S)-[Cat2*] (S)-[Cat1*]
(R)-L1 [Cat1*] [Cat2*] : Css

E. M. Carreira, et al. Science. 2013, 340, 1065-1068; J. Am. Chem. Soc. 2014, 136, 3020-3023;
C. -J. Wang, et al. ACS Catal. 2024, 14, 3812—3844; Angew. Chem. Int. Ed. 2022, 61, €202206517; W. Zhang, et al. Sci. China. Chem. 2023, 66, 2238-2255.
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Metal/Organo catalysis Dual Ograno catalysis
! Metal/Amine E { MetallLewis base : i Metal/NHC : : Amine/Lewis base ,
: ' _ ' ' + ' . _ :
NHR* l : s % : : NHC : NR'R2* s o ;
* 1 ' * 11 : * ' : 1 :
. I\VMI: + )ﬁ/Rz E ' . I\VMI: + @ S Ar ; ' . “VM% + 22 ' I + xﬁ&Ar :
NS NR H \ : NS R N\/k : : XN : | N\/k :
R : ] Ph : : R’ I AR Ph :
______________________________________________________________________________ ’ N VL
2013 2017 2020 2021
Carreira group Hartwig group Glorius group Lee group
o o o
2016 2018 2020
Zhang group Wang group Zhang group
Ir/iZn + Ir/Cu Pd/Cu
' Cu/L*

L HO--Zn/L* : ;rll-* I S I;d/L* "LCu |° :

riL* o N P + || Ar I ArZ__N__ :

\!/,\w + Ar1/§/ 5 R NA R 5 AT R \/+\H\O‘Bu 5

1 , E ' !

_________________________________________________________________________________________________________________

Dual Metal catalysis

E. M. Carreira, et al. Science. 2013, 340, 1065-1068; J. F. Hartwig, et al. J. Am. Chem. Soc. 2017, 139, 87-90;
F. Glorius, et al. Nat. Catal. 2020, 3, 48-54; S. Y. Lee, etal. J. Am. Chem. Soc. 2021, 143, 73-79.
W. Zhang, et al. J. Am. Chem. Soc. 2016, 138, 11093-11096; J. Am. Chem. Soc. 2018, 140, 2080-2084; J. Am. Chem. Soc. 2020, 142, 8097-8103. 6
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Metal/Organo catalysis

----------------------------------------------------------

organo organo

NH, L* HN,

‘~-Y v' vv
RS Rt RS Rt

P I
L I I I e €

Product

D L L L L L L L I g

High reactivity
High chemo-, regio, enantio- and diastereoselectivity

__________________________________________________________

K. N. Houk, et al. J. Am. Chem. Soc. 2022, 144, 1971-1985;

Ir/Cu or Pd/Cu

-----------------------------------------------------------------

_________________________________________________________________

-----------------------------------------------------------------

steric
hindrance
\ =2

ry

: 17N g2 :
: 1,n-chiral (n>2) RITSR :
(Iinear selectivity) (High regioselectivity) '

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

C. -J. Wang, et al. ACS Catal. 2024, 14, 3812-3844; Angew. Chem. Int. Ed. 2022, 61, e202206517; W. Zhang, et al. Sci. China. Chem. 2023, 66, 2238-2255.
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2.1 7 4 B AL m gy,

AAA reaction

Unsymmetrical
1,3-disubstituted

1,2-adjacent

23 (M 7 I

OAc r;lu
or Pd, Ir, Rh, Ru, Ni
- I or
+ Nu
N =z
“Nu
OAc Nu
+ Nu- g ’
Ph/Me/\)\R1 PhiMe” X" R!
BPin: Pucheault. 2011
CF;: Kawatsura. 2016
Me: Liao. 2013
Zhang group (2020) [Pd(n-allyl)CI], (2.5 mol%) R’
OAc Ph__N_ _CO,B - 0 :
/\)\ L 2'Bu (R,R)-L1 (5 mol%) -~ WNHz
AT XA NR [Cu(MeCN),]BF, (5 mol%) Ar §

t
(R,Rp)-L2 (5 mol%) r2 COBu

K;PO,, THF

R2
( ‘Bu ) e 2
Q,s: then 10% citric acid PPh, 01
o N<:> é/QN 'Bu
fo) Fe
<

L2

P. A. Evans, et al. Synthesis. 2013, 45, 3179-3198; Y. -C. Chen, et al. Angew. Chem. Int. Ed. 2009, 48, 5737-5740;
W. Zhang, et al. Chem. Soc. Rev. 2015, 44, 7929-7967; J. Am. Chem. Soc. 2020, 142, 8097—8103;




2.1 7 4 B AL m gy,

23 (M 7 I

4 ¢ ) ( )
'Bu
Zhang group (2020) S\\ PPh, O
[Pd(n-allyl)Cl], (2.5 mol%) R! \;)"tBu
OAc Ph__N__CO,Bu R,R)-L1 (5 mol% : P N ) :
A}\ + \é Y 2 ( ) ( o) A /\/QQNHZ fo) Fe
Ar R R2 [Cu(MeCN),]BF, (5 mol%) r o & :
(R,Rp)-L2 (5 mol%) Rz “Y2BU “tgy S
K3POy, THF, rt (R,R)-L1 (R,Rp)-L2
then 10% citric acid J
Selected examples ; Stereodivergent approach
Me Et E Me (R,R)-L1 (S,S)-L1 Me
ph g Nz SN L g < (RR,)-L2 (5,512 , HZNWP“
Me¢ COZ Bu \ (o) Me¢ COZ Bu E Me¢ C02 Bu BUOZC i\ne
E (S!R)'3 (R!S)'3
89%, 14:1 dr, > 99% ee 73%, 11:1 dr, > 99% ee \  89%, (14:1 dr), > 99% ee 90%, (12:1 dr), > 99% ee
: OAc Ph__N_ _CO,Bu
= oo
: Ph/\)\Me Me
We We NH Me Me
Ph NS NH, Ph/\/&q 2 ' A NH, H,N
$C0,Bu $ C0,Bu ; Ph ! X 7 Ph
//_~ 2 y S/— 2 : md CO,'Bu - (R,R)-L1 (S,S)-L1 ‘Bu0,C" Yo
e '
; (S,5)-3 (S,5,)-L2 (R,R,)-L2 (R,R)-3

62%, 18:1 dr, > 99% ee

71%, >20:1 dr, > 99% ee

W. Zhanag, et al. J. Am. Chem. Soc. 2020, 142, 8097-8103:

82%, (8:1 dr), > 99% ee

81%, (8:1 dr), > 99% ee

10
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The controlled experiments

OAc OAc
Ph/\/LMe P X" e
(R,R)-L1 Me (R,R)-L1
S)-3a (99% ee HoN 2 t ’ R)-3a (99% ee
( ) ( o ) (R,Rp)-LZ /izcoz Bu (R,Rp)'LZ ( ) ( o )

t, 3 t
Ph\éN\l/COZ Bu 92%  Ph" XNy 85% VNYCOZ Bu
Me 19:1 dr 6:1dr Me
>99% ee 98% ee
100 40
=== recovered }’iEﬂdS of substrate 3a
90 T -+ peg values of recovered substrate 3a 4 35
= 4 30
S
o 125 2
o =
> )
4 7 =3
B 3
% 15 8
3 Ll
&
4 10
13
0

W. Zhang, et al. J. Am. Chem. Soc. 2020, 142, 8097-8103:

Proposed mechanism

PAe Pd/L12
Ar/\/L R1
—ee
(S)-1 Ky
DyKAT

Dynamic Kinetic Asymmetric
Transformation (DyKAT)

OAc Pd/L12
AI"/\/\ R1 —_——
k
(R)-1 2

Pd/L12
Ar” X NR1

Pd/L12

Me
matched /FS“I:COQBU
—>
ArT X VRt
ks .
major product
[Cu*]=<= O
Ph N
~o O'Bu
Me

chiral N-metalated
azomethine ylide

Me

HoN .c0,Bu
mismatched /\j‘
---------- - AT Rt

minor product

11



2.1 & 3 84k 3 (O 7 ZR AR

The Similar Examples

Zhang group (2021)

[Pd(h-allyl)CI], (2.5 mol%) Ar,  j—Ar! MeO
OAc CO,R! (R)-L1 (5.5 mol%)

N - N ] MeO PPh, Fe
Ar1’\)\A,1 + Arz—g [Cu(MeCN),]BF, (5 mol%) A<’ CO:R 0 .. PPh;
(R)-L1

N

0
PPh, Q/(\—A-upr

(S,S,)-L2 (5 mol%) S

K,CO3, DCM, 50 °C 34 examples (S,Sp)-L2
up to >20:1 dr, >99% ee L J
( )
Zhang group (2022) R? (" 0 )
, [Pd(h-allyl)CI], (2.5 mol%) AcO R’ OO \—),H_
R? OAc CO,R* (R)-L3 (5.5 mol%) PPh; NT P

(S,5,)-L2 (5.5 mol%)
K2COj3, THF, rt 74 examples (S,Sp)-L2
up to >20:1 dr, >99% ee | (R)-L3 D,

N - N 4 '
1&)\ t* R [Cu(MeCN),]BF, (5 mol%) R3¢’ CO:R PPh, Fe PPh,
o 99 =
X X

W. Zhang, et al. Org. Biomol. Chem. 2021, 19, 1955-1959; CCS Chem. 2022, 4, 1720-1731; Chem. Eur. J. 2022, 28, €202200273.
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DFT calculations

( []
]
]
]
L}
kcal/mol !
= S,R Branched '
— R,R Linear X
== S R Branched .
= S R Linear — " F/’—?\I '
- ]
"ed” S L :
S Pd =N O '
/g\‘QOAC H MOAC ) 27.79 '
Ph i H Ph H ”_\{ [
OAc OMe " [9-13] :
[5-6]% (syn,anti)-6 8 - 24.00 '
e L [
e S 11-151 '
21.39 - ~
OAc 8 18.08 7 1689\ \ !
7 — /,r’ . ‘ :
\\ ]
Y ]
]
‘&ranched products
AN ]
! ]
L}
L}
]
]
]
]
L}
L}
]
h . ]
13 K [
Oy h ot '
H Vs 16 .
A MeO | _.=H * '
Ph/LK("'OAC 12 Aco‘m O :
OAc e '
P_J L '
5 1 Linear products !
"
]
]
L}
& ]

W. Zhang, et al. CCS Chem. 2022, 4, 1720-1731.
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..................................................................

4 )
Zhang group (2023) (o) e \
4 o
F t i - . o, O 3 i
/\)\ , PhazN__CO,Bu (S)-L4-Pd(h-allyl)BF, (5 mol%) “ co,Bu o) PPh, N rr
AT N E R [Cu(MeCN),]BF, (10 mol%) = Ar 5 0 PPh, Fe bph
(S,5,)-L2 (11 mol%) H,N  Me { O ! 2
MeOLi, THF, rt (o)
then 10% citric acid L (S)-L4 L (S,Sp)-L2
Challenges Select examples
oTTTEE T AT I: ------------------------------ 1 F F
: N\ N\ ' N\ ' H H
LG : P P P P : P P P P i A .CO,Bu A o CO,'Bu
/\)\ Pd/L ; \ ﬁ \ ﬁ ' \Pdl \Pd/ ! \< \<
Ph R : R R 5 O H S iy me  NH; S 'NH,
} P H P " H i phT R PhT R
R = Alkyl or OAc : anti anti : syn T syn :
S NS e endo e X0 ...t|  55%,15:1dr, >99% ee 64%, 5:1 dr, 94% ee
Eanti >> Esyn Mainly two Pd-mr-allyl-intermediates T Stereodivergent approach ____________.
prmm T R L L LR R R R ~ |
! 7\ 7\ . 7\ 1 | + using: (S)-L4/(S,Sp)-L2 using: (S)-L4 / (R,Rp)-L2
LG PalL ; R P R P ; R P PP F F
Ph/\)\R —_— F"d F Pd g : l;d H Pdy 1| XA CO2'BU SR CO2'Bu
: ~~v¢' “*v" : ~~v¢' ~:v" : E :‘ 'l
+ Ph H Ph H : Ph F Ph/\)\F . O < 'NH, O NH,
R = Alkyl or OAc ' anti anti . syn syn | (R,R) (R,S)
' endo exo " endo exo -

W. Zhang, et al. Angew. Chem. Int. Ed

. 2023, 62, €202313838.

58%, >20:1 dr, >99% ee

L €

14



2.1 7 1 2 e k2

DFT calculations

#h (F A R IAX)

(" T — — — — —
; N\ N\ N\ N\
: R P R P R P R P
= TS1-c (19.8) I;d H I;d c Pd Pd g
S TS 1-dl (19.3) ; L T o o
| PTTST0F Ph” "0H Ph/\“)“\F Ph/\'/l‘\H
) . F. ,THF F. ,THF F. ,THF F. ,THF
ol —T§1-b (17.2) = TS2-d (12.9) : Int0  Li lLi IL[ IL[
i fm=TS ,ja (16.8) —_TS2-c (11.6) : THF  THF THF  THF THF  THF THF  THF
kS \yu 3THF ,' 5 TS1-a TS1-b TS1-c TS1-d
T THE L L 4 - Pd/Li C-F bond activation — —
v, " “ ;o — T.SZ-b 7.8 '
i AN R : £ P/-\P 4 78
:'::: \\:“ \“ \“ ", ": " '— Tsz_a (5 5) E \ ’ \ \ ’ \ ’
:.':'t ‘\‘ |‘ \‘ ': 'I 'l' “l‘.' : @?d H @Pd F @?d H @?d F
& LHATHF S ‘Intad (4.2) 0D ! Ph/\)\F Ph/v\F Ph/v\H
:.' N L v ' Int1-a Int1 b Int1-c Int1-d
: '. ;' ! v ' (endo, syn) (endo, anti) (exo, syn) (exo, anti)
= Int0 (0) WY e : 1.1 kcal/mol 1.4 kcal/mol 2.1 kcal/mol 4.2 kcal/mol
\\ — mt1 =C (2 1) l“:| :
—Int1-b (1.4) % ; P P rP, rP,
= Int1-a (1.1) . : [ Ph o ‘3 [ Ph o —3 Papgy Pmpg
e : / ’ :
(Unit: kcal/mol) " ' ( H r Pr ( F /)é 'Pr /)§ r
/\ ,Pr ' to (R,S)-3aa"; ] 3 FNI “H
R P to (R,R)-3aa": - P ' - P —
Pd ' <« Cu_ . Cu
2 F | |BuOTg’ °N tBuO Buo—p’ ‘BuO
\ Cu = (S)-L4 oL _
“N " TS2-a TSZ b TS2-c TSZ-d
I : 5.5 kcal/mol 7.8 kcal/mol 11.6 kcal/mol 12.9 kcal/mol
nt0 P = (S,Sp)-L2 ; Pd/Cu C-C bond formation
\ '
W. Zhang, et al. Angew. Chem. Int. Ed. 2023, 62, e202313838.
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2.1 7 4 B AL m gy,

Energy Decomposition Analyses

23 (K 7 A BUX)

t \ nt1 b"/,N
\S:SFL2 /
TSZ-a (5.5 kcallmol) TSZ b (7.8 kcallmol)

Zoomed Zoomed

Weak
covalent

- bond

L

J

jL

. Notable
attractions

L vdW
interaction

~repulsion

120

100

80

E (kcal/mol)
3

D
o

N
o

+ E
| | TS2-a[to (R,R)-3aa] |-25.54 % E°‘°
TS2-b [to (R.S)-3aa] |-21.25 — E"
‘_Y_T_Yﬁﬁ—l'_‘l_f_f_'ﬁﬂ_l_m—rﬂ_ﬁ_!_?—!ﬁ_h' |nd
" 0 5 10 15 20 25 |[INE,,
Etotal l:] Ednst(allyl);
&0 55 (I Egiston) |
A193
1004 19
] 296 —‘3 2 51
479
99
22 21 22
350 20 B4

TS2-a [to (R,R)-3aa] ‘ TS2-b [to (R,S)-3aa]

W. Zhang, et al. Angew. Chem. Int. Ed. 2023, 62, e202313838.
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e ™ e N
Zhang group (2024) O o)
R R MeO PPh, \—),”.P
/\L, 0 , PhaoN YC02R3 (S)-L1-Pd(n-allyl)BF, (5 mol%) l » MeO PPh, = N™ Er
Ar OJ\/OMe R2 [Cu(MeCN),]BF, (5 mol%) Ar S CO.R O .. PPh;
(S,Sp)-L2 (5 mol%) H2N 2 @
K,CO3, THF, 50 °C (S)-L1 (S,Sp)-L2
then 10% citric acid
Selected examples Stereodivergent approach

(S)-L1 (R)-L1
: — >
E H,N CO,Me (S,Sp)-L2 (R,Rp)-L2 H2N COzMe
; (S,R)-3 (S,R)-3
v 76%, >20:1 dr, > 99% ee 71%, >20:1 dr, > 99% ee
' t
: X Ph\éNYCOZ Bu
! Me
: “ H,N C°2Me (R)-L1 ‘ (S)-L1
'
: (S,S)-3 (s,sp)-Lz (R,Rp)-L2 (R.R)-3

38%, >20:1 dr, > 99% ee

73%, >20:1 dr, 98% ee 82%, (8:1 dr), > 99% ee

W. Zhang, et al. CCS Chem. 2024, DOI: 10.31635/ccschem.024.202303749.

81%, (8:1 dr), > 99% ee



2.1 A4 FAuAn BB 3 (7 LI

--------------------------

] M RI : 1 1
/\ . R 1 1 . NN .
PdL* 1 : 1 1 \. 1
R P - H : Il : Ly :
Pd “: . 1 \ 1 1 1
-“H —_— H AS R —_— : s : ' R3 !
~~: .2 : R R3: : R E
ph/\“)\R H ' R R : " R'R2
: R! R? R'R2 ! : :
well developed not developed
e ™
Zhang group (2023) \.\ o P ~
2
g:c/ ~ s - )R\ (R)-L4-Pd(n-allyl)BF ; (5 mol%) Q <o O oo ?‘)
° AN 3 > 1 3 2 “ipy
RN\ Ph” "N~ “CO,R [Cu(MeCN),]BF 4 (5 mol%) RT - OR o PPh, x N
(S,S,)-L2 (5.5 mol%) R 2 < O € PPh,
Cs,COg3, THF, rt (o) @
then 10% citric acid -
o L (R)-L4 (S,Sp)-L2 )
Select examples
N
. [ N
FY o N o o
S oy - OMe PR 0'Bu Ph” v : O'Bu
Me NH, Me NH, //_ NH; NH,
69%, >20:1 dr, > 99% ee 72%, >20:1 dr, > 99% ee 75%, >20:1 dr, > 99% ee 62%, >20:1 dr, > 99% ee

W. Zhang, S. Ma, et al. Angew. Chem. Int. Ed. 2023, 62, €202218146.
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The controlled experiments DFT calculations

OAc Me D N o :
}\/ = ~ )\ (R)-L4-Pd(n-allyl)BF 4 (5 mol%) e
o N t - t .
Ph z Ph N® "CO,'Bu base, THF, rt Ph ) O'Bu :
Me NH, '
rac-3-1a rac-3-2a (R,S)-3-3aa
entry base Cat. Cu yield (%) dr ee (%) »
. 204A 220A 2304 24A 219A 2074
1 Cs,CO, Cu/L1 72 > 20:1 >99 . P{/u /Pd/L4
' H,AK c? c? et
: H/C%\?\ Ph Ph/\/’%co\‘H
2 Cs,CO; no Cu nr - - E n3-butadienyl n3-butadienyl
' palladium intermediate A palladium intermediate B
3 NaH no Cu 26 1:1 82/81 ' «Pd-C'-C2: 76.6°; «C%-C1-C2: 140.6° £Pd-C1-C2;: 75.3°; «CO-C'-C2: 148.7°
1N
4 Cs,CO;3 Cu/dppf 37 2.5:1 66/14

W. Zhang, S. Ma, et al. Angew. Chem. Int. Ed. 2023, 62, €202218146.
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-----------------------------------------------------------

1 N\ 7N\ a /NS

I P P P P R P ROPo

a-alkynylidene e s e Bug M 5 » e e
. N * e ! n O~ Bu.. <~ Buu. ) n T
mr-allylpalladium 7R W L PN B AN Bun /T /T
H v BU ang H  anti I'Isyn Bu syn '

; exo endo endo exo :

W

K OPh
(o) N
Bioactive Molecules _

OH
. Cylic allenes .
Enprostil isolated from Vernonia sp. Citroside A
Zhang group (2021) A e ™
r (o) e p
. Pd(n-allyl)Cl], (2.5 mol%
1,3-n0nadjacent R H Ar N [ (?S)_Ly4)(5]§ (mol%) 0) N= < O O—)
===, OAc* T~ \ co,E - EtO,C) 0 PPh, N
H v 2 t N r
[Cu(MeCN),IBF, (5 mol%) ., o pph, || g
(S,Sp)-L2 (5.5 mol%) R/ ¢ O € PPh,
€82C05, THF -10°C (R R) (R.S) (5,5) (RR) | © S
54 examples q (S)-L4 AN (S$,Sp)L2 )

up to >20:1 dr, >99% ee

W. Zhang, S. Ma, et al. J. Am. Chem. Soc. 2021, 143, 12622-12632.
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The controlled experiments

23 (K 7 A BUX)

[Pd(n-allyl)Cl], (2.5 mol%)
Ph (R)-L4 (5.5 mol%)

‘Bu H _N
Ho— =, OAc ¥ D—COzEt [Cu(MeCN),]BF, (5 mol%)
(S,S)-L2 (5.5 mol%)
C32C03, THF, -10 °C

rac-2-1a 2-2a

N=—
> EtO,C.,

Buy/

(R,S)-2-3aa

Ph

recovered-2-1a

>99% ee, > 20:1 dr

‘Bu H
+ Hﬁc%/OAc

ee (%) —#— ee of recovered 1a

100

80 +
60
40 -
20

0 -

30 60 180 360 480 600
time

recovered yield (%) [ recovered yields of 1a  conv. (%)

—m— conv. of 2a
—A— ee of 3aa

ee (%) —a— dr of 3aa
1 m . Y — : ........................ : ; i 20
./ P ~ . L
80+ - 16
60 L 12
0. O
-8
201 -4
0.
- -0
0 100 200 300 400 500 600

time

W. Zhang, S. Ma, et al. J. Am. Chem. Soc. 2021, 143, 12622-12632.
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2.1 A4 FAuAn BB 3 (7 LI

--------------------------------------------------------------------

Proposed mechanism : PdiL4 PdiL4 Pd/L4 PdiL4 !
' | V. ~ —I :
: Hh / NG~ tBuh/\V/ tBul: / HI'. / :
' 1By H H By i
' 0 kcal/Mol 13.64 kcal/Mol  10.27 kcal/Mol  9.84 kcal/Mol
1 CuIL2
‘Bu H
=== _OAc
H L4IPd cl OFEt
rac-2-1a ‘YBase
Phe----- _Cu/L8 —|@
[Pd(n-allyl)Cl] Pdo/L4 S N=NT ,‘o N Ph _CulL2
2 @ = Cu —N 0
+ i \_/ ‘ Me U /

.......... OEt
L19 '‘Bi : H
Ph >ﬁ70 4
. _H
1
N= Pd/L4
EtO,C1,
% on / _|®
o Cu/L2 N CO,Et
Et 2G 1, /4
H L4IPd / ) Ph—gH 2.2a

tBu\// 2-3aa Cu(MeCN)4PFg + L8
W. Zhang, S. Ma, et al. J. Am. Chem. Soc. 2021, 143, 12622-12632.



2.1 7 1 2 e k2

#h (F A R IAX)

e R' A
o WRZ
Ry R3
Cat* Z o1 C1-product
_ ‘B c3 — B C5_~_C3
C==C bond relay = =N YT w
strategy PdL* PdL* I
RZG R3 /ﬁy\ /\(\/\
L C3-product C5-product )
Zhang group (2024) ( o A Wa N
) Z
- Py
1,5-nonadjacent R1W R20,C-_-N__Ar [(R)-L5-Pd(n-allyl)BF 4 (5 mol%) R20,C, N © PAr; Q/(N “Pr
2%, !
Br + U [Cu(MeCN),IBF, (5mol%) . S Z NS-A1 0 PAry (| Fe PPh,
(S,S,)-L2 (5.5 mol%)  R'F (0 S
Cs,CO;, THF, rt R,R) (R,S) (S,S) (R,R
2C0; (R,R) (R,S) (S,S) (R,R) (R)-L5 | (5S)L2
36 examples - -
. ()
up to >20:1 dr, >99% ee Ar = 3,5-('Bu),-4MeOC¢H,
Stereodivergent approach
using: (R)-L5/ (S,S,)-L2 using: (R)-L5 / (R,Rp)-L2 using: (S)-L4/(S,Sp)-L2 using: (S)-L4 / (R,Rp)-L2
E E EtO,C, E
Cyi...-"° Cy..-"° Cy Cy
(R,S) (R.R) (S,9) (S;R)
92%, >99% ee, 13:1 dr 78%, >99% ee, 10:1 dr 82%, 99% ee, 14:1 dr 81%, 98% ee, 11:1 dr

W. Zhang, S. Ma, et al. J. Am. Chem. Soc. 2024, 146, 9241-9251.
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2.1 7 4 B AL m gy,

23 (M 7 I

Proposed mechanism

\.

-
_— P Cu/L2
c3 ‘Bu c5 ,\(’:3/\ c1 ,N/ \
By AN, Cf =" e /O
~NF i Pd/L5
C345.;3.int-2a \
1,2,3_,3 i ¢
Cc n°-int 2(/ 4.96
1.73 conjugate nucleophilic substitution
'/‘PdOILS —l@
tBuW /‘\ m Ph /CuILZ
Pd Cu N
QBr w_/ N - ,0
1,5 -oxidative (Ra)-Ts-1c o'B
addition 17.31 H u
tB“W )\ //
[Pd(n-allyl)CI], Pdo/L5 @ N_ CO,Bu
+ Cu(MeCN),PFs  Cu/L2 Ph _gH
+
L5 BUO,C,_N_ . L2
N N
tBuu.é.
(R,, S)-3hc

W. Zhang, S. Ma, et al. J. Am. Chem. Soc. 2024, 146, 9241-9251.
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2.1 A4 FAuAn BB 3 (7 LI

-----------------------

DFT calculations

CI,3-oxdiative addition) ( 1,5-oxdiative addition )

g
|
/

/

-----------------------

( : PdIL5
’ p PdIL5 Do ' (Ry)-TS-1c o3
' H . = ' ! ' a NN ¢
+  Bu + TS-1a Bu, K .+ By : 17.31 =z T
E C j?:ﬁ-eé- 1848 =S o Q :(3:5-94- . thefavored  (R).c'23.pint-2c
5 By N P Br) N P 1.73
: Pd] N C345.7P-int-2a L o\
! Int-1a : 4.96 ! Int1c [Pd] t(S,)-TS-1c Pd/L5
+ 2.00 ; » .+ 0.98 : —e— ci
""""""""""" ‘ ' N % tBu/_._\gi%:\ c1
; (R,)-C1%3-p-int-2¢
: 1.08
:l— ‘: E (Ra)'TS'1d / C3 c1
. Bu— ' TS-1a P T oseenes S 22.15 R:.,4'M‘\
: 9 ~-€%€% - 1 34.90 L Bu—( : Pd/L5
' Br \ l E . _'/W ' E _______ 65‘64-- ) E (Ra)-C1’2’3-773-int-20
; [Pd] ' Bu™ cs A c3 - 70N
:  Int-1b : Pd/L5 v Br ! 1.10
L 12.94 ; C%45--int-2b e (N (5784
Trmmmmmmmmmmmmmmeeet _ vy It [Pd] 28.17 ——
8.60 P 1 6.23 ; —~— _\/C?—"‘\ c1
: Pd/L5
5 (R,)-C1%3-7-int-2¢
L : 0.00

W. Zhang, S. Ma, et al. J. Am. Chem. Soc. 2024, 146, 9241-9251.
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2.1 7 4 B AL m gy,

DFT calculations

23 (M 7 I

[conjugate nucleophilic substitution )

( nucleophilic substitution)

4 !
; Pd/L5
E N y/_\ Nu
Pd/L5 ; R, 27 = 3 RO (R,,S)-3hc
t : Nu 1 R,)-C123.73int-2 a)19+2C
BU.. AN 7/\ — S : (Ra) 7eint-ec 14.47
cs C3 TS-2a a’ E 1.73
788 . s
C345.p-int-2a .' ; I;dILS
4.96 E E tBu/_._'\c/f’,vt\ c1 /\Nu (S.,S)-3hc
' , S.)-TS-2c
iPh, CUL2 (R ).c"23 lint-2¢ (Sa)
: @\20 : 108 10.86
: O'Bu ! /_\Nu
- : 313
: i R, 4~N "\ ¢t Tend (R,,S)-3hc
: ; Pd/L5 al="o"
' ' 9.71
t __ NN y/\ Nu (5..5)-3he ; ; (R,)-C123-7-int-2¢
B L i
C345.;3.int-2b 9.76 : ’/_\ Nu
8.60 ; By N O (Sa»S)-3hc
- (S,)-TS-2D
E (R,)-C1%3--int-2¢
: 0.00
. :

W. Zhang, S. Ma, et al. J. Am. Chem. Soc. 2024, 146, 9241-9251.
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2.1 A4 FAuAn BB 3 (7 LI

The controlled experiments

( ) )
¢ X no conversion with . ¢ X
Bu/\/\ 96% recovered yield Bu/\(\

Br 26 O of (2)-6 : Br

tBu \,' \\/ E
Iﬁ/\ "' \‘\ :
K % no conversion X
Br (E)-6 \* :' tBu [Pd] \‘/ E
(oa¥™ L ¥ =
Pd; | — N\ [ 'Nu ;

__—0OAc "\//J—-‘ similar alkylidene 73-allyl '.' \-/ . By N N

By ' palladium intermediates T~ : u/\(\/\

(R)-7 B (Ra4,S)-8, 41% ; Br
a 86% ee, 15:1 dr !
t ‘5~ ’l" :
Buq_ __—0Ac / et -° \ '
(Sa)-7 oxidative nucleophilic (Ra,S)-8, 22% .
addition substitution 709 ee/>99% ee, 2:1 dr
R R L L LY s pTTTTTTTTmmmmmmmmmmmmmmsmees * ' Pd

: L EtO,C : : 2R

E Ph N/CQILZ P tBu,"/. N\ Ph E tBuW
1 — (@] ' ' — , '
: E L R,,R)-8 : :

' OFt oo (Ra:R) . (1 5-oxdiative addltlon)
\_ D eielelaetelelaietulelaietolelaietelelaleielolde X Y,

W. Zhang, S. Ma, et al. J. Am. Chem. Soc. 2024, 146, 9241-9251.
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1. AR H =R X

2.Pd/Cu¥ir BI4EAL 89 SLAR B H0ME A AR R
2.1 HIEFA AR 3 (A X))
2.2 Heck R & & 3
2.1 PdHA&E N 37

3. %5 RE
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2.2 1) 3 B A Ak, (Heck & 3)

Direct oxidation addition Through Heck reaction
( X PdL '|°d/'- )
— >  ——e—= — g~
AI'JI/\)\R1 Ar1/\/\R _\R1 \/\R"
Ar
o (pa o (pa
Pd PdL Pd
R1 v R1 ~~§/ ArX \_/
Ho > 'H/\/
or or Pd/L*
X -N:\ 1Ar
J




2.2 1) 3 B A Ak, (Heck & 3)

( )
Zhang group (2024
9 group (2024) [Pd(n-allyl)CI], (5.0 mol%)
- 0
(R)-L6 (11 mol%) AN ',Me t
y—S [Cu(MeCN)4]BF, (5 mol%) A ppCO2Bu
A+ AR + N\ =N N _CO,Bu (R,Rp)-L2 (5.5 mol%) 2
= A Cs,CO0;, DCE, 50 °C (2)-4
Ar? = 4-MeCgH, Me then 10% citric acid
Ar?
. ) 3 [Pd(n-allyl)CI], (5.0 mol%)
(Sp. RI-L7 (11 mol%) WMG t
[Cu(MeCN),]BF, (5 mol%) Ar! NHEOZ Bu
(R,Rp)-L2 (5.5 mol%)
Cs,CO;, DCE, 50 °C (E)-4
then 10% citric acid
Pd Ligand Cu Ligand
( ~N 4 N
5 : C ; 0
5 : : ) : \l-
: : BN IET h : Q’ '\N Pr
5 : i @ CH, : Fe PPh,
] : 5 ; (R,R,)-L2
' ' +  (Sp, R)-L7, Ar = 1-naphthyl
\ ] '\ [
. \, ) \. J )

W. Zhang, S. Ma, et al. Science. 2024, 385, 972-979.



2.2 1) 3 B A Ak, (Heck & 3)

Zhang group (2024) 4 A
72 2
) . [Pd(n-allyl)Cl], (5 mol%) \l.
Ar'l +  Ar — + N NYCOZ Bu (R)-L6 (11 mol%) - AI’ZWMF} t . N Pr
Ar= 4-MeC.H Me [Cu(MeCN),]BF, (5 mol%) Art NHZO2BU Fe PPh,
61 (R,R,)-L2 (5.5 mol%) Y (a>)\
Cs,CO;, DCE, 50 °C (2)-4 (RR.)L2
1 2 3 then 10% citric acid P
Select examples
~
XS Me X e
'co Bu N C02Bu
O O
OMe
92%, Z/E = 97:3, 98% ee 77%, Z/E = 94:6, 98% ee 85%, Z/E = 90:10, 94% ee 74%, Z/E = 89:11, 98% ee 94%, Z/E = 96:4, 97% ee
Nl_'ICZEOZ‘Bu N;_'goztsu \/\/S;V'cozfsu
F
98%, Z/E = 98:2, 99% ee 95%, Z/E = 96:4, 99% ee 74%, Z/E = 80:20, 98% ee 86%, Z/E = 83:17, 90% ee 99%, E/Z = 97:3, 97% ee

W. Zhang, S. Ma, et al. Science. 2024, 385, 972-979. 31



2.2 1) 3 B A Ak, (Heck & 3)

Zhang group (2024) 4 N o N
) 72 . [Pd(n-allyl)CI], (5 mol%) Ar? Q/P(tBu)z \liPr
Afll+  Af NN CO B (Sp, R)-L7 (11 mol%) \ R’ ArsP™ Fe X : N
Y . o by ¢ CH3 Fue PPh2
Ar? = 4-MeC.H R [Cu(MeCN),]BF, (5 mol%) Ar! NHCOz Bu @ @
614 (R,R,)-L2 (5.5 mol%) 2
Cs,CO0;, DCE, 50 °C (E)-4 (Sp, R)-L7, Ar = 1-naphthyl (R,R,)-L2
e P R, )
1 2 3 then 10% citric acid - J
Select examples
4-MePh 4-MePh 4-MePh 4-MePh 4-MePh
™ Me NS Me NS Me NS Me NS Me
“C0,B “C0,'B ‘CO,'Bu “CO,Bu “CO,'Bu
NH; 2" NH, 2" NH; 2 NH; 2 o NHz 7
S
(o) o
OMe CF, o—/
90%, E/Z = 98:2, 98% ee 70%, E/Z > 99:1, 95% ee 79%, E/Z = 97:3, 95% ee 79%, E/Z = 97:3, 95% ee 93%, E/Z = 98:2, 98% ee
4-MePh 4-MePh 4-MePh F 4-MePh y 4-FPh
X "Pr ™ Bn X X _ Me
‘CO,B “C0,'B “C0,Bu “CO,Bu “CO.t
NH; 2! NHy 2! NH; 2 NH; 2 NHS 02 BU
OMe

89%, E/Z= 97:3, 96% ee

98%, E/Z = 98:2, 82% ee

W. Zhang, S. Ma, et al. Science. 2024, 385, 972-979.

98%, E/Z=97:3, 92% ee

94%, E/Z = 98:2,97% ee

97%, E/Z > 99:1, 98% ee
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2.2 1) 3 B A Ak, (Heck & 3)

The controlled experiments

4 .
Phl + PhE-: E Phl + PhEo:
1 2 [Pd(n-allyl)Cl]; (5 mol%) Ph 5 1 2 [Pd(n-allyl)Cl], (5 mol%)
. (Sp, R)-L7 (11 mol%) RN ,,Me t : + (RI-L6 (11 mol%) o pp” ,lMe t
/=S [Cu(MeCN),IBF, (5 mol%) 5.~ g /COBu: /=S [Cu(MeCN),JBF 4 (5 mol%) Ph NHZO2BY
X __N_ _CO,Bu (R,Rp)-L2 (5.5 mol%) 2 ; X __N_ _CO,Bu (R,R,)-L2 (5.5 mol%)
Y Cs,CO3, DCE, 50 °C (E,R)-4 : \I/ Cs,CO;, DCE, 50 °C (Z,R)-4
3 Me then 10% citric acid : 3 Me then 10% citric acid
S v 100 ]-u
= 100 A v 8 8 8 ® ®
b I E R i ] ] a b | °
K, . N
= 'S 80 ’
2 807 . 5 % E
] | . 5 o |
60 - : 60 - .
o 5 |
40 A . o yield (%) 40
| 5 { ® e yield (%)
. mE%)
o0 ; 20 " Z (%)
,_O * ee (.g",b) : [ ]
1l e ' e + ee (%)
[ ] ' [ ]
D T T T I T T T I T T T | T T T ] E 0 L T T [ T T T T T L T T T T T |
0 10 20 30 , 40 0 10 20 30 .y
\ time/h . time/h

W. Zhang, S. Ma, et al. Science. 2024, 385, 972-979.



2.2 1) 3 B A Ak, (Heck & 3)

The controlled experiments

'

—~ 2 ' ) 120 h
a R ' B
Arzp\ /P(tBU)z [Cu(MeCN),]BF, (5 mol%) Ar P4,%3 ' --J—--mm—m-—-w
Ar. Pd@® (R,Rp)-L2 (5.5 mol%) ~ Me P D o 2 : 40h
<L o Cs,CO;, DCE, 50 °C OBy m ! | -
L oTf then 10% citric acid Ph NH; 7" /\ ' i
,R)-4, 46% vyie < )
(E,R)-4, 46% yield s el 2.0h |
Ar =4-MeCgH, E/Z > 99:1 : > : ' I I
L8 CCDC: 2266288 Masaneien
Ph ' 8 S [Cul0.003M  * [Cu]0.005M = [Cu]0.01 M
X 3 Ph i IERE:
k(\OCOZ“"e [Pd(n-allyl)CI]/(Sp, R)-L7 ~ Me Ph  Pd/L7 D
Ar = vy t \'/ :
Standard E-selective Ar NHCOZ Bu ; (641001 M
(2)-5, Ar = Ph reaction conditions _ 2 Ar ' y=0 ngzx 42393
(2)-6, Ar = 3,5-di-FC¢H; (E)-6b, 60;% y_|eld, E/Z = 94:6 the initial anti- ' 30 | R2=0.082
(E)-20, 84% YIeld, E/Z =973 B intermediate ] ' .
' [Cu] 0.005 M
. y = 0.2456x - 5.4012
3 B 4 20 R2= 09843
Ph '
Ph/YOCOZMe [Pd(n-allyl)CI]o/(Sp, R)-LT “~ Me Pd/L7 ; ' (Cul 0,003 M
Ar > e t < v 10 4 : y =0.2314x - 65544
Standard E-selective Ar NHC02 Bu Ph/Y ' R? = 0.9881
(E)-5, Ar =Ph reaction conditions 2 Ar '
(E)-6, Ar = 3,5-di-FCgH; (E)-6b, 66% yield, E/Z = 94:6 the initial syn- '
-20, 86% yield, E/Z = 95:5 ; ; ' 0 : ; . .
(E) oy |_intermediate _ 0 100 120 200
L ' time/min )

W. Zhang, S. Ma, et al. Science. 2024, 385, 972-979.
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2.2 1) 3 B A Ak, (Heck & 3)

DFT calculations

’

B aE:
} ae A P/\P(‘B ) i 7~ ] 0 E:
. ra u)2
(kcal mol) \Pd/ AraR /P(tBu)z (‘Bu),P. PAr
PR 2 \ 2
. ’ - /
M-E)1 HI@ ‘X{.’?‘ih OFd
340 i S
M{E)1 - L i L Sph . Ph/\P|:‘~ Nu
0 \ Ph TS-(E)-3¢ = -
" \ TS-(syn)-4c
Yy | pd® 7 1.23
ArR - P(Bu), . 17 “en - al
pPd° | .~ TS+E)-3b 7\ N\
'\ L pn P M(E)30 T AR P(Bu)z | (Bu)}R PAr
“ ;. '14.41 . e @Pld G_)'Pld‘ Ph
2\_)‘2: ’ > P S
\ M 2 ',;::" -15.29 _ _ Ph/\|/ Nu’
IM-(E)-2 .- IM-(E)-3b o Ph Ph
-23.76 Ph \ (o . “IM~(Syn)-4c TS-(anti)-4b
P : \ s Ph—--Pd *..'.-65.68
: 73 : /\t TJ Pd® Faph N e T S-(syn)-4c
S : AraRFEBU 17 N i 67.03 - Nu—f 6420
: N Me Pd L . IM-(anti)-4b A (2)-6b
i Pu.sd I ] | Ph TS-(E)-3b ™\ “+. TS-(anti)-4b
E N/ \0') 0By E ArZP\Pd/P( Bu), 76.29
: : Ph ;
' Nu ' ® | (E)-6b
1 1 N—rP
Ph
\.

W. Zhang, S. Ma, et al. Science. 2024, 385, 972-979.
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2.2 1) 3 B A Ak, (Heck & 3)

The controlled experiments

The P31-NMR detected

( :
3 ! Ph 3
Ph/Y\OCOzMe [Pd(n-ally)CILIR)-LE  _  pp™y ',Me t : \(\ [Pd(n-allyl)CI]./(R)-L6 o PhW,Me &
Ph Standard Z-selective Ph NHEO Bu ' OCOMe Standard E-selective Ph NHCZ:o u
reaction conditions ., Ph reaction conditions
E)-5 -4, 45% yield, Z/E = 90:10 ' (2)-5 (2)-4, 48% yield, Z/E = 89:11
(E) (2) y '
Ph : .
CI 1) )\ E lnie;’mfiljle I (5h) JLML— - M ’—MWTJ J mmw.:s
[Pd(ns-allyl)CIl, g Et0.CTCOE : : | —
DCE, r.t. Cs,CO , DCE, r_t_’ 1h L6 ' Intermediate II (3 h) B
+ > X2 243 o N : [T Y WY i e
05 h 2 Phl, 1 h, 50 °C : ntermediate o
(R)-L2 | ) E Intermediate II (1 h) " L _JIL )
Calcd [M+Na]* : 530.0238 Calcd [M+Na]* : 657.9595 E Intermediate 11 (0.5 h) ’ | ," I
Found [M+Na]* : 530.0244 Found [M+Na]* : 657.9607 ! e e
E Intermediate 1-2 | | H -
Ar : e A e Rt i i it \——A—a—-—)-;--*f—i—,—UA. e T —— e ——
\=.= 6L 3 : Intermediate I-1 o |M. IH
N + . —_— R U G R Y AV N
= 4. Pd ° '
Ar=4 MeC6H4 \L/ [Cu(MeCN)4]BF4 (5 mol /0) S vy Me : Intermediate 1
2a (R,R,)-L2 (5.5 mol%) ‘CO,Bu:
r Ar Ph NH, 2 ' ———— - — 7~J[~ — -
4h,50°C Ph  Cs;COj, DCE, 50 °C [ on i
Calcd [M+Na]* : 638.1440 ; a
Found [M+Na]+ : 6381444 E 110 130.5 130.0 128.5 120.0 125.5 1250 127.5 127.0 126.5 126.0 125.5 125.0 124.5 124.0 123.5 124.0 122.5 122.0 12L.5
\_ '

W. Zhang, S. Ma, et al. Science. 2024, 385, 972-979.
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2.2 18 3= 24k Ak, (Heck s )

The P31-NMR detected
(

—_ —— - ' — - — )
L]
L]
L]
Ph Pd/L3 Pd/L3 ' Ph Pd/L2 Pd/L2
(2)-5 or ()5 ! 1 . (2)-5 or (E)-5 J 1
K1 , > Ph : 11" , > Ph
0 . time, 10 °C ' - time, 10 °C
Pd"/L3 species  1ga| Ph Ph ' Pd/L2 species  TBAI Ph Ph
anti-K2 syn-K2 ! anti-K5 Syn-K5
.gyn:K-l anriY-K-Z . anti-K-5 syn-K-5
594.87(d.J=432Hz) 593.74 (d,J=47.0Hz) ' BN, 01267
L] o
: prrewsoeth AN oo
K1 + (2)-19. 10 °C. 70 min U '
q ' I1' +(2)-18,10°C.30min | N
K1 + (2)-19. 10 °C. 30 min AN ' —_— TN
M@0 0mm | ) 0 NN} '
K1+(2-19.10°C. 1Smin | o ; W@ min a0
- ° i : I-1 -18, 10 °C, 10 mi
K1+(Z)-19.10°C, 10min | . . ==L B : __,_:_(Z) 810°CW0mm .| | |
_ K1+(E)}19.10°C.90min [ | PV ' L1' + (2018, 10 °C. 5 min
K1 + (£)-19, 10 °C, 10 min A
_ : I-1' +(E)-18,10°C. 1 h
K1+ (E)19.5°C, 10min | | | . :
K @9.0°Cs0min |, | Lo : L1 + ()18, 10 C, 30 min
' RS Sttt m Ny N
_K1+(E)19,0°C,30min | 5 A | I ' I-1' + (E)-18, 10 °C, 15 min
’ - - —r, - - e
K1+(E)-19.0°C. 15min | , ' ! o
- = 1 - ' 1-1' + (E)-18, 10 °C. 10 min
K1+(E)-19.0°C.10min | A | | ' e — -
K1+ (E)19.0°C.5Smin | o | | | ' U EN810°CSmin | | I AL ~—
K1 . I-1
e [ ' i e ) e TR,
8964 96.0 956 952 948 944 940 936 932 928 924 920 ' YRR Y RRT TR T TR T Y RRT VRRT TRET TRRT TR

W. Zhang, S. Ma, et al. Science. 2024, 385, 972-979.



- ‘\ /: - k - —_
2.2 81 3 A AL Aok, (Heck B 3h)
DET calculations §
A AG - ci_ L6
y Cl. L6 Cl. L6 Pd
(kcal mol™) / \ v/ s Ph
-Rdo Pd; L6 CI SN
IM-(2)-1 '@ Phe---" Pld Nu’
‘ : Ph
) 9.05 Ph XA L
IM-(2)-1 . L | Ph/Y TS-(anti)-4c
5 TS-(2)-3¢ Ph C e 1%
" -15.31 IM-(syn)-4h N/
: cl Lﬁ . P4
' d/ Lo, . 0o
Cl L6 ' ° L0, AN -
\ / ‘\ Ve \ 'o': TS'(Z)'3h \‘\‘ I L / .
| Pd% . P’ ML 16.40 . ¢l to Ph Nu
| N Ph 91 Pld Ph Ph
" IM~(2)-2 IM-(2)-3¢ S ~ ~ TS-(syn)-4h
@ 2315 _ ilitc 2332 cl, ‘8 en AN (syn)
2315 N - ' TS-(anti)-4
o Le "N izan Ph'_'_P.?‘ 7 % ,M_(a:r;i)_‘lc o108
\ v -24.24 v N -
AN Cl. L6 R (E)-6b
| Ph S /'I’h IM-(Syn)-4h — mm— =00 4\ """" TS-(syn)-4h
PH »./ IM-(anti)-4c” -68.39 Nu -63.46 (2)-6b
ci, L6 L6 CI
Bd 5 cl_ L6 cl_ L6 o N
| A -l Ph Pd© o-bond rotation Pd©
> \I - \I - |
~ )G( >E< ~~ Ph
Ph 7= Ph PH ™ Ph -1 /\P:
IM-(anti)-4c IM-(anti)-4c-n' IM-(anti)-4h-7" IM-(syn)-4h
-0.16 29.30 26.50 0
\_

W. Zhang, S. Ma, et al. Science. 2024, 385, 972-979.
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2.2 1) 3 B A Ak, (Heck & 3)

( ' ™ ( )
Intramolecular ! /
PdX Intermolecular PdIL ! Intramolecular Pd/L o)
Hec k Heck ' PdXR1 Heck R« \!x \\7--.,
| N > ¥ R ) PPh; N—/
= Ar -
. ' y,
(S,R)-L9
Zhang group (2024) > <

Pd(dba), (10.0 mol%)

i : Me PPh, O
1,5-nonajacent R1_-<j 0 . Ph N, COM (S,R)-L9 (11 mol%) R o AN CO,Me |
Z NJW IR T ICuMeCN)IBR, B mol%) . o  HN R é/a\;)"m
|

Me Me R? (R.Ry)-L2 (3.3 mol%) N Fe

PA-Cs (15.0 mol%) Me _ >
Cs,CO4, DCE, 50 °C n=0,1

then 10% citric acid (R,Rp)-L.2
Selected examples
Me Me Me Me
H,N Me MeO H,N Me F H,N Me H,N
N N0 V0 V0 SMe
Me Me Me Me
70%, 87:13 dr, 99%/71% ee 66%, 86:14 dr, 97%/67% ee 60%, 85:15 dr, 98%/87% ee 50%, 87:13 dr, 94%/38% ee
Me Me F. Me Me
H,N Me  Me H,N* "Me H,N* Me H,N' O'Bu
N0 N0 N0 N0
Me Me Me Me
61%, 75:25 dr, 92%/30% ee 59%, 77:23 dr, 94%/43% ee 52%, 70:30 dr, 90%/49% ee 58%, 72:28 dr, 93%/35% ee

W. Zhang, S. Ma, et al. Angew. Chem. Int. Ed. 2024, 63, e202407498.



2.2 1) 3 B A Ak, (Heck & 3)

Zi group (2024)

Pd,(dba);*CHCI; (5 mol%)
(R)-L10 (15 mol%)

R¢ R Ph >
! N

+ -
N\M D_COZMe [CU(MeCN)4]BF4 (5 mOI%)

(S,Sp)-L11 (5 mol%)
Cs,CO0; (2.0 eq), ‘BuOH (0.1 M)
60 °C
Selected examples

(R)-L10

J

MeOzQ

98%, 15:1 dr, >99% ee 82%, 15:1 dr, >99% ee

MeOzQ

72%, 15:1 dr, >99% ee 74%, 18:1 dr, 99% ee 87%, 16:1 dr, >99% ee

W. Zi, et al. Angew. Chem. Int. Ed. 2024, 63, €202402843.

MeOzQ

O (r9)

92%, 20:1 dr, >99% ee
using: (R)-L10/ (R,R,)-L11

O (RR)
92%, 20:1 dr, >99% ee

Fe PPh,

(S,S,)-L11

Stereodivergent approach
using: (R)-L10/(S,Sp)-L11

using: (S)-L10 /(S
MEOZQ

Me, —

N.
Bn

0 (s9)
92%, 20:1 dr, >9

,Sp)-L11

N
S —Ph

9% ee

using: (S)-L10 / (R,Rp)-L11

Me02C

N
Me =/I" 7 Ph

N.
Bn

O (SR)
88%, 20:1 dr, >9

9% ee
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2.2 1) 3 B A Ak, (Heck & 3)

The controlled experiments

e P
| )
|-Pd
Bn\)\/\
©:'(N XX Pd,(dba)s*CHCI; (5 mol%)
5 L8 (15 mol%) -
4-1a Cs,CO; (2.0 eq) N. Cs,CO; (2.0 eq)
. ‘BUOH (0.1 M), 60 °C, 48 h Bn ‘BuOH (0.1 M), 30 °C, 24 h
(0]
MeO,C.__CO,Me i Me0,C.'_co,Me
4-4 E 4-4
100 '
90 ' O r
80 : ;
3 Ph 3 Ph
' Fe 2 Fe 2
70 ' ; P.., * : P:.,
-~ : o / : e
S 60 ' =N’ O =N’ O
% 50 o lo)
s 40 .
" 30
20 : TS 8A TS 8A
10 AAG =0.0 kcal/mol AAG = 2.5 kcal/mol
0 v - *
0 20 40 60 80 100 120 :
L e.c. of L8 (%) ' S-product R-product
Nonlinear Effect DFT calculations

W. Zi, et al. Angew. Chem. Int. Ed. 2024, 63, €202402843.



H oK

L Ar R H = A& L

2.PA/Cutr Bl 4R A 89 AR K HOME A R, Rk
2.1 A8 A R F (F F A EUX)
2.2 Heck 5 52 2 3
2.3 PdHiE B 3

3. & HEHE
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2.3 PAHA G X\ 2 3

Oxidation addition

-----------------------

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

----------------------

---------

Through [PdH] insertion

-
------- DAY
: : or
. . R1
PdH —>: —=
I l or
AN
1///\
R
.
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2.3 PAHIEN B 5

85%, > 20:1 dr, > 99% ee

46%, >20:1 dr, > 99% ee

84%, >20:1 dr, > 99% ee

82%, 13.6:1 dr, > 99% ee

4 ) (
Zi group (2019) = o A
o Me \—)"lph
~ Ph __N__CO,Me (S;Sp)-L12-Pd(n-allyl)BF, (4 mol%) : PBu, : N
RN+ 1/\/éla,cozm. Fe pey, Fe PPh,
R2 [Cu(MeCN),]BFg (5 mol%) R LR : :
(S,Sp)-L11 (5.5 mol%) 2 @
Et;N (2.0 eq), THF (9.4 IV!), 30 °C L (8Spt12 f [ (8811
then 10% citric acid
Selected examples Stereodivergent approach
: Me (S,Sp)-L12 (S,Sp)-L12 Me
- /\/ép,cozm - on /\/éﬁcozm
5 ud NH, (R,Rp)-L11 (S,Sp)-L11 HoN “Me
5 (R,R)-3 (S:R)-3
68%, >20:1 dr, > 99% ee  70%, >20:1 dr, > 99% ee . 83%, 14:1 dr, > 99% ee . 88%, >20:1 dr, > 99% ee
: S~ Ph__N__CO,Bu
: PR XX Y
Me Me
CO,Me COMe : '\:ne CO.M l\:lle
2 X N e CO,Me
t F4C : med NH; (R,R,)-L12 (RRpL12 H,N Me
: (R,S)-3 (,5)-3
: (S,Sp)-L11 (R,R,)-L11

W. Zi, et al. J. Am. Chem. Soc. 2019, 141, 14554-14559.
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2.3 PdHIE N &

\

N

)

~
Me
¢ -L12-Pd(n-allyl)BF, (4 19
0 0 TR il eticnil e ek Tl S /\/%COZMG
Ar R? [Cu(MeCN),]BFg (5 mol%) Ar R
(S,S,)-L11 (5.5 mol%) 2
Et;N (2.0 eq), THF (0.4 M), 30 °C
. then 10% citric acid N
; Proposed mechanism Investigation of the Bases

R '

1\/[PdL ] /*O\ OMe ' entry Base yield dr ee
" [C{] :g nucleophile ;

RN int-1 )IN i 1 PNR e ST

1 Ar - E 2 DBU NR
[Pd*H] [BH]* © 3 DBACO NR

4 Cs,CO3 trace - -[-
base '
base '
[Pd*] [Cu*] + :

[B’H]+ " Ph\éN\I/CHOZtBu E 5 Et;N 99 >20:1 >99/-
e .
2 (]
R1/\/é;@,cozma R2 :
L HN" R?2 3 : J

W. Zi, et al. J. Am. Chem. Soc. 2019, 141, 14554-14559.
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2.3 PdHIE N &

N

)

Zi group (2021)

N Ar N CO,Me
RO 4 ANz ~
RZ
5-1a 5-2a
Ar —4-F-C6H4
N Ar N co
RO 4 ANz N
RZ
5-1a 5-2a
Ar =4-F-C6H4

L13-Pd(h-allyl)BF, (4 mol%)

[Cu(MeCN),]BFg (5 mol%)

(S,Sp)-L2 (6 mol%)

EtsN (2.0 eq), THF , 30 °C

then 10% citric acid

1o\ S Se)-L11-Pd(h-ally)BF 4 (4 mol%)

AgOAc (6 mol%)
(S,Sp)-L11 (5 mol%)

Et;N (2.0 eq), CPME , 30 °C

then 10% citric acid

Me

66%, 16:1 dr, >99% ee

70%, 20:1 dr, >99% ee

W. Zi, et al. Angew. Chem. Int. Ed. 2021, 60, 6545-6552.

Select examples

g £
NH
o COzMe "Cone

r N
1 !
OR N__P.,
WCOZMe @[ \:[ Bu
7, t
H2N RZ N/ ,Bu o
ti-5-3 ) \—)"i
anti-5-3a L13 Q/QN Pr
\. J Fe PPh,
1
OR o S
X CO,Me —) -
\/éﬂ : 2 N\~ "Ph (S,Sp)-L2
HoN R '
Fe PPh,
syn-5-3a @
(S,Sp)-L11
=

Yo life
o NH,

To,Me

72%, 12:1 dr, >99% ee

NH
)\/\/k/\o 2

To,Me

62%, 6:1 dr, 96% ee




2.3 PAHA G X\ 2 3

Stereoselective model

Stereoselective model

e

< 7 N 7 N

Fle OMe — —

N N N
/ N/
N’Cu \S\Me Me\ PtBu Me . ) < ,‘Bu\)

P
/ 'l, WS t -~ /','. RO
Pd . Bu Pd (o
Ar DS e
A \/\OBn B
(S,Sp)-L1-Cu favored disfavored
Re-face 0 OMe Si-face
block C/u \ favored o OBn
—¥— . z
N~ Me X cO,Me
\ -
H,N M
Ar 2 €
Cu-azomethine ylide 5-3a (anti)
D

?\‘ N yN-P‘d - yN-P'd\
0\)‘ \ Ph Bnof

(S,Sp)-L3-Ag favored (S,Sp)-L3-Pd  disfavored
Re-face o) OMe Si-face
block A/g \ favored o OBn
—— .
N~ Ve \/S/COZMe
\ ",
H-N M
Ar 2 €
Ag-azomethine ylide 5-3a (syn)
D

W. Zi, et al. Angew. Chem. Int. Ed. 2021, 60, 6545-6552.
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2.3 PAHIEN B 5

Zi group (2022)
R2

/%N)\

(S)-L5-Pd(h-allyl)Cl (4 mol%)

.%NR3R4 +

Z Ar CO,R' (S,S,)-L2-Cu(MeCN),BFg (5 mol%) H2Np2
Et;N (1.8 eq), CPME , 5 °C

then 10% citric acid

o)
PAI'2 \;)'lipr
Fe PPh,

S

(S)-L5 (S,Sp)-L2
- t]
Ar = 3,5-('Bu),-4MeOC¢H,) | )

Select examples

92%, >20:1 dr, >99% ee
W. Zi, et al. Chem. Catal. 2022, 2, 1428-1439.

69%, 2.7:1 dr, >99% ee 79%, 10:1 dr, >99% ee

Stereodivergent approach
using: (S)-L5/(S,Sp)-L2  using: (S)-L5/ (R,Rp)-L2
o o

A9

(R,R)

Ph

65%, >20:1 dr, >99% ee 54%, 16:1 dr, >99% ee

using: (R)-L5/(S,Sp)-L2  using: (R)-L5 / (R,Rp)-L2

59%, 16:1 dr, >99% ee 67%, >20:1 dr, >99% ee
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2.3 PAHIEN B 5

( )
. /N /N
a-alkynylidene % PdH R P R P PdH PN
m-allylpalladium AT Pd v§ o . Pd -~ 7
Ar” X e N
\_ J
- i s N
1,3-nonadjacent He group (2021) . — \
H
[Pd(n-allyl)Cl], (2.5 mol%) O O’
(RI-L14 (5 mol%) R10,0 Augel Wmeo PAr, AL P
ArN O NaBAr,F (5 mol%) W MeO PAr; Ph P
7 | SN
=z + 1 > ar\ H
Ar COR'  Cu(MeCN),BFq (5 mol%) N Ph
F (S,S)-L15 (5 mol%) (S,5)-L15
Et;N (2.0 eq), DBU (5 mol%) (R)-L14
CPME, rt Ar = 3,5-('Bu),-4MeOC¢H,
\_ J
Select examples
H /r'l /I-'l H
Ph
/"u 7l /""/\ 2
MeO,C Z ©\ MeOZCW' O\ MeO,C . MeO,C .
2 OMe X CFs V¥ L Z OMe
— F H —\ F H — F H N= F H
S G G G

20 h: 82%, 16:1 dr, >99% ee

Z.—T. He, etal. J. Am. Chem. Soc. 2021, 143, 7285-7291.

24 h: 96%, >20:1 dr, >99% ee

20 h: 88%, 6:

1dr, 91% ee

19 h: 79%, >20:1 dr, >99% ee
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2.3 PAHA G X\ 2 3

The controlled experiments Proposed mechanism
e ' N\
o S /'i' :
~ °N (o] [ =5 Me02C 0/"Ar E [Cu] Base'H
| o o N _ _}Q:\Y 5 ArHet C02R2
2ivVle . < : '
F Standard condition \ /N .
' Base
H® [Pd]
150 E /
w :
; Pd]-H z
A R20,C A
100 _ Stereodivergent HetAr F H
—&@— Yield (%) : synthesis 6
' 1
50 —@— de (%)
' H H
’ h E S y
3 11 14 20 27 38 44 50 54 57 69 83 t/ 3 4
L : )

Z.—T. He, etal. J. Am. Chem. Soc. 2021, 143, 7285-7291.
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2.3 PAHIEN B 5

Axial-to-Central

H H
J M
MeOZCW./'"Ar NaBH, W./'lAr (tBu3P)AuCI
—> >
— F H 83% — F H Axial-to-central
chirality transfer
Wa W y CF3
Ar = p-CF;Ph (S,S)-9, 60%, >20:1 dr, >99% ee
Select examples
using: (S)-L14/ (S,S)-L15 using: (S)-L14 / (R,R)-L15 using: (R)-L14 / (R,R)-L2
S =
I F I F
21, 21,
N Ck b > N ? ‘Q =
Iy "y
CF; CF;
(R,R)-9, 72%, >20:1 dr, >99% ee (R,S)-9, 50%, >20:1 dr, >99% ee
] F :
" 5 ‘0 H " o
i E gy
: ~ "N (o) . 57’4 i \7"C9
PP N NP o Bl
1 02 "N"Yo O=p; : Lo e S0 o
: H «~OPh w B ST K
! 4 NH ! 2N |
: : clB\‘, ’\l €2 |\ _:(54
: i ' ol o~ y & \
N co,Pr ' B L
bt
Sofosbuvir (HCV antiviral) Il 2 X-ray of (S,S)-9

Z.—T. He, etal. J. Am. Chem. Soc. 2021, 143, 7285-7291. 51
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LA H ZAE X

2.PA/Cut ) A A9 AR A HOME A 5, -
2.1 A4 B R B (M 7 AR
2.2 Heck 5 k2 2 )
2.3 PdHIE B 3l

3. Bt 5 R
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35 RA

= ™ ~ . ‘J‘_, ‘\ - Ve
JE B > FAE S 5CUILE A4 FHKA > LI A BTG K HOE SR
- , D
S edl ‘- L % ! He group (2024
K] AV B o'ZnR22 oznR?, || eoroup 0z
! N o) ' Cu ' I i
P A N I A
E R> ¢ OR* : l--CuL* . ] E
: RN : : R, cZR? o)
, C1-Chiral l C1,C2-Chiral == Pd. /\‘/B\IAH
Seesmmmmmmmmmeeeet o Nmmmmmmmmssssoommmmssssssoommmesees o RO Co L. Ar?
Yougroup (2023) : P +(C
Cu(OAc);(1mol%) O R! : At
S,S,R,)-L16 (2 mol% c2 (- 5 o = _Ar
+ R1/\/\0Ac ( d ( i c3 Z . l / —_ // Pd o=p
v (R,Ra)-L17 (4 mol%) L At PO R— S > 4 J
toluene, rt "Et Ar2 o p—T—
ZnEt, ° ; R "
— —_+ - N P + axis
(R,)-BINOL OTf [ O !
0, % 1 ~ Pd 0
\P I RQS . R/\/% > R\%YP\” Ar'
o '~_4 / \_Ph ! Co A2
Meo _N 7 - O ; Me
(S,S,R.)-L16 (2 mol%) : P) + (&
\_ _J '
(R,Ra)-L17 :
. : J

S. -L. You, et al. Angew. Chem. Int. Ed. 2023, 62, €202216396; Z. —T. He, et al. Angew. Chem. Int. Ed. 2024, 63, €202413428.



35 RA

JE B > FARSOPUENERERE 4 5 EFIAY

( . . )
Chain-Walking
R? NH,
Ph, C3,CH(CO,Et), Cu Ph,cl OR!
C4
G !
Et0,C~ “CO,Et 14
COzMe ., %92Me
C02M9 Cu n
—>
oCC . LG 0%
Et0,C~ “CO,Et c2 ~2 5
CH(COzEt)z HN  OR'
Wu group (2019) 1,4- and 1,5-
nonadjacent
T ey K
: R O=0 :
1 R 1
: 2 PdL* Cu D H '
: . _Me Aral J !
' Ar1/\Hn/\/ —_— 1 ClMe ——mM> HN 1 Me !
: Ar h Ar h :
; Ar? Ar?
' 1,n- E
' nonadjacent '
Galllleleleleleleleeleleleloleloletelolefoieieioloiebelelelelulalalolllllliieieieioloioioioieioieioioieioieteioieiebeieielalalalalolalliliiieiiioieioieioioioieieieioieieiols >

J. S. Zhou, et al. Angew. Chem. Int. Ed. 2020, 59, 5341-5345; X. Wu, et al. Chem. Commun. 2019, 55, 3769-3772.
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