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Fundamental component in transition metal catalysis
A Modulate the steric and electronic properties of the li
alyst

Tailor reactivity and selectivity patterns of the

A Ligand architecture  design and structure - activity relationship (SAR)

Single ligand system  €p—is- _LG@

Catalyst must effectively
promote all steps of a Oxidative Reductive
Catalytic reaction ! Addition Elimination

step Steps that LMundergoe@ Steps that LMfailed to
undergo



Ligand

In TM Catalysis (] Catalyst Ligand Design
Modulate &
Fundamental Electronic ‘ Reactivity structure -
Component & & activity
Steric Selectivity relationship (SAR)
properties

Single ligand system  €p—is- _LG@

Catalyst must effectively

promote all steps of a Oxidative Reductive
_ _ B N~

catalytlc reaction ! ddition Elimination

step Steps that LMundergoe@ Steps that LMfailed to

undergo
TM = Transition Metal



How to solve? m

/\ 0 // R! %
/ -
N—cy” ~
Os * R3 2
N &
Long 5‘)mad'\r\‘é

Well
[ML#] estamst+am 2] [MLL?]

Complex mondigand Co catalyst systeni?! Mixed ligand system [
systen!!

Homo or Hetero

Hard to design Limited combinations e
Coordination space

[1] Q. Gu, X. Hong, X. Liu, et aNat. Chem2022 14, 949.

i

[MLL+ME]

Ligand- relay system

Each performs its
own functions and
then relay

[2] a) D. R. Pyea, N. P. Mankad, et @hem. Sci2017, 8, 1705;b) R. A. Shenvi, et alJ. Am. Chem. So2018 140, 12056;

¢) W. Zhang, et alAngew. Chem. Int. E@022 61, €202210086.

[381a)B . L. F e ArigewgGhem. latt EQGILQ 49, 2486;b) M . T. R eAagew. Chem.tint. BA008 47, 2556.
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Ligand Relay catalysis (serial ligand catalysis)

*LG + —LG —@M@— ‘—
@ : L' M L2
o Ligand exchange
Oxidative to relay the M!
Addition @

T

[MLL+ME]

Each performs its
own functions and

i step Steps that LM
. Y YASLRSE LM failed to

then rela
Definition [1I: $3 N5 Rat Lom i
------ tdergees------------------!
Multiple kinetically labile ligands (especially multi -dentate ligands) with different
properties reversibly coordinate to the single metal center and mediate their individual

steps of the catalytic cycle.
[1] @) M. C. White et al. Angew Chem. Int. Ed2011, 50, 6824;b) S.Zhu, et al.Chem2021, 7, 3171.
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M FRECIE I SEILBER S M

0
2 _
L= Ph/s\¢

for C-H cleavage

-0 O

for Selective Reductive
Ellimination & Oxidant

Previous work: Allylic C-H
Oxidation
Wacker s

Oxidation Pd(InXz RNAC

OR' Linear (L)

Pd(I)X
R\/& "2 RO, O‘\S /\ s,,o
o
AcOH P L' Ph R
Pd(OAc), N
Branche\! (B)

M. C. White, et alJ. Am. Chem. So2004 126, 1346.

YN

P

Pd(OAc), (1 eq.)

wn=0

/
\
.1 Ph CDCl; 48 h, 40-43°C Ph’Lz\/

M. C. White, et alJ. Am. Chem. So2005 127, 6970.

Stoichiometric study

Step 1: C-H cleavage

(o]

1]
Ph7o~F (L2 1eq)

=

First Ligand Relay
Catalysis

AR
Pd(OAc)
A, 59%

2

oo

R
R =CgH47

Pd(OAc), (1 eq.) R
CDCl3,43°C,7h

Pd(OAc) 24 h

B

B possible reactive intermediate
L2

contributingto G H cleavage

Step 2: Functionalization

OAc

B (2eq)
R)\/

55%
B:L =12:1



M FRECIE I SEILBER S M

Control studies

sulfoxide (10 mol%) R

First Ligand Relay

Catalysis

(0)
1]

Ph/sw(Lz, 10 mol%) j\
Pd(OAc), (10 mol%), BQ (2.0 eq.) O0” R’
R'CO,H (1.5 eq.) or AcOH (4 eq.) RJ\/

dioxane, air, 72 h, 43 °C

R/\/

Selected Examples

- ) [Pd] (10 mol%), BQ (2.0 eq.) \l/\ R._~_OAc
AcOH (x eq.), dioxane, air, 48 h, 43 °C OAc
R = CgHy7 Branched (B) Linear (L)
entry sulfoxide [Pd] AcOH (xeq.) GC Yield of B B:L
1 = Pd(OAc), 52 3% 3:1
2 L2 Pd(OAc), 52 66% 12:1
3 [ Pd(OAc), 4 64% 31:1
4 L2 A 4 60% 31:1
conditions OAc
A
CgH17 dioxane, 43°C,6h CgH47 7
/;’Q’OYMS entry conditions GC yield B:L
i \ 0 1 AcOH (40 eq.) <1% -
Ops 2 L?(1eq.) <1% -
Hy7Cs 3 BQ (20 eq.) 58% 32:1
dimer A’ 4 PPh; (20 eq.) 42% 1:1
fietzes by A 5 dppe (10 eq.) 4% 1
//,-\/R
Pd(OAc) B reactive intermediate
monomer B L2 contributing to G H cleavage
BQ more than oxidant!

*S. D. Robinson, B. L. ShawJ. Organmet. Chenl965 3, 367.
M. C. White, et alJ. Am. Chem. So2005 127, 6970.

OAc

OAc H
N O~ A
TBDPSOW ©/ \n/
O

56%, B:L > 20:1 64%, B:L = 26:1
(o)

R= H 71%, B:L =37:1

o R OMe 70%, BiL =41:1

0, = .

C7H15\)\/ Br  74%, B:L =46:1

NO, 83%, B:L>20:1

o o
o»\( OH 0»\©\Br
C7H15\/I\/ O\/\)\/
0}

64%, B:L = 32:1 65%, B:L > 20:1




A FREC A= D SCEBER Sz First Ligand Relay

Catalysis

Proposed mechanism

Ox. of
[Pd]

Functionalizatio
n

Pd(OAc),

2 G H cleavage

DHQ (L)Pd(OAc), R
I
AcOH i}\l AcOH + L? R

2l R] Agouw
L2 //r\/ _ /Pd \( ¢
Relay! Pd(OAc) OK o)
/
Pd°(BQ) \ I, B Me)\O/fg/
v /
R
BQ
dimer A
R
_ R //l'\/
_Pd(OAc)
OAc (BQ)
i A Oxidant

A -acidic ligand for selective

reductive elimination

M. C. White, et alJ. Am. Chem. So2005 127, 6970.
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A PR LB BB R R Macro actonization

RVARV o
CO,H _S s ; .
C/H P pg(0Ac),” " (H'[Pd], 10-20 mol%) 0 o\\/_\/o
L~ BQ (2.0 eq.), air, DCM = L= P S/‘Ph BQ=0 o
45°C,C=10mM
_ for C-H cleavage for Selective Reductive
0 2 <] RO (O L) Ellimination & Oxidant
0 2, 52% (15-membered ring)
o 3, 60% (16-membered ring)
4, 53% (17-membered ring) ) ) )
0 ), Stoichiometric study
o =
e %% [ trg WS Ba % [
O MeO,, (o) c1\3 C\ / C1\3
| —:[ (0] OH (1eq.) 0 (2eq.) (0]
o] MeO=—\ ", -0 o) CDCly o) 45°C, 21 h o
s (l; (10 mM)
i 0 45°C, 9 h 0 0
52%, 98:2 (Z:E) 63%, 99:1 (E:2) 60%, 1.4:1 (d.r.) c 52%
CSEEnte R s O e e 13C NMR HRMS proved the existence of intermediate C
o
CAO /
N
o] .
Ph} N}';_H{' 5 Similar process!
o
58% (17-membered ring) 61%, 3:1 d.r. (19-membered ring)

M. C. White, et alJ. An. Chem. So2006 128 9032. 12
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Alkylation of terminal (un)activated U \Vhite
olefin
Previous work: oo
8 1 1 QL
Ph7} P 0 (L' 1Pd]) EWG o8 8l
R + EWG! EWG? e R~ EWG? H o “""Pd(0AC), " !
\l/\ DMSO (n-acceptor) /l\/ + Ph)j\/Noz (L°[Pd], 0.1 eq.) R/\/\HLPh
H , DMBQ/AcOH R (409 DMBQ (1.1 eq.), L* (0.05 eq.) NO,
EEIVEIEE @RI ([O] & base source) 4 DCE:DMSO =7:3
45°C,72h
A Alkylation: BQhas propensity for irreversible Selected Examples
conjugate addition reactions with Nu 0

M. C. White*, et al. J. Am. Chem. Sd2008§ 130, 14090.

Stoichiometric study
Step 1: C-H cleavage

R=CBH17 C)\\S/ \//o

- ~ R
Ph'pg0Acy”h (L'IPA) TN

N. NO
Ts 2

66%, L:B > 20:1 63%, L:B > 20:1

s ;
(0}
\)\‘/\/\Hl\Ph
OBn NO,

R/\/

L! promote G H cleavage

PdClI
Nu' l BuyNCI

2
B, 78%
Step 2: Functionalization

R = CgH17 (o]
R Ph)l\(Noz n
(Nu’) /\/\HL )
L — R 1A Ph! DMSQuning the
A . 3'-3 2 reactivity and regio -
' 71%, L:B = 12:1

Derivatization
o
; N
Sio
X SN2~ CgHy7
C8H17/\/\HLPh MeOH /\/\ll‘loz
NO,
56%, L:B =12:1 94%
(o} Bu;SnH o
X AIBN N .
PhH
NO,
61%, L:B > 20:1 66%

Ph

CrHise
OH NO,

58%, L:B > 20:1

activated olefin [o)
X Ph
NO,
73%, L:B =11:1
o
Et,N A Ph
(6] NO,

60%, L:B > 20:1

seleciivity
M. C. White, et alAngew. Chem. Int. EQ011, 50, 6824.

13
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NiH-Catalyzed Asymmetric Functionalization of Remote

Olefins/ Alkyl Halides via chakwalking:

RIS
W\/\(V’?\Rz 1 FG
+ FG-X 4@—> R\/\(\/)%\RZ
1
Ru o Re

selective

L
XNiH || hydronickellation cross-coupling

FG-X

. L . :

LNiX 2 Hogi X v NiL
Ru\v,/\ — R RN 2
R2 \/\/Hn\Rz =

n

olefin-derived
nucleophile

alkylnickel

chain-walking
formed in situ

Ligand Relay! L | L*

FG NiL*

FG-X
1 1
R\/\(wf!‘\Rz acymmetric R\/\(\/)#\R2

cross-couping

S.Zhuy, et al.Chem2021 7, 3171.

walking

>99:1 r.r, 92% e.e.

>99:1r.r, 93% e.e. >99:1r.r, 92% e.e. >99:1r.r, 93% e.e.

e.e., enantiomeric excess; r.r., regioisomeric ratio.

Asymmetric cross-coupling via  chain- Zhu
Formatlon of Aryl 'Q&?&QQmﬁ?m.%
L' (3 mol%), L" (8 mol%) Al
R" + (Het)Ar-Br R
B]/I\/'/n\” (Het) DEMS (2.5 eq.) [B]/'\”(n\/
] KF (2 eq.), Lil (1 eq.)
unrefined alkene DMA(0.2 M), rt., 20 h a-aryl alkylboronate
5 o
i Bdmpd = B,
I 5 0
for chain-walkin : i 4
9 : Bpin = E_B\
. e}
CO,Me CF;
; N ; /\ ; /\ Z OTBS
Bdmpd Bdmpd Bpin Bpin 4
53% yield 56% yleld 68% yleld 60% yield
>99:1 r.r, 90% e.e. >99:1rr, 92% e.e. >99:11rr., 90% e.e. >99:1r.r., 86% e.e.
CHF, CO,Me
; A\ ?/\ E/z Et
Bdmpd Bdmpd Bdmpd Bdmpd
63% vyield 53% yield 48% vyield 72% yield

14
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Mechanism study aYe

= Nt

n-Bu L n-Bu
for chain-walking

a) kinetic study I:

for asymmetric coupling

CO,Me
Bdmpd/\/\ + Std. Cond. + 13"
Br S Bdmpd” NN
1a 2a (2.0 eq.) 3a 1a"
100 ——13a
L —— 12
—— 12"
80 - —y—1a"

Yield (%)
3

£
o
T T T

6
Time (h)

S.Zhuy, et al.Chem2021 7, 3171.

Asymmetric cross- coupling via chain-

walking

—g)olr(rir}]aet{?g sotfu doyﬂ/llz - boronates

Ni(NO3)2*6H,0 (4 mol%)

Bdmpd/\/\ ligand

DEMS (2.5 eq.)
1a KF (2 eq.), Lil (1 eq.)
DMA(0.2 M), r.t., 1h

Bdmpd/%‘/\ 1a'
Bdmpd/\’rﬂ\ 1a"

Bdmpd” N laH

3mol% L | 8 mol%L™? | 3 mol% L+8 mol% L™
la 0% 95% 21%
26% 2% 27%
l1a’’ 68% 3% 51%
la-H 6% 0% 1%
A Chainwalking precedescrosscoupling
A Chainwalking proceeds wdissociation ofNiH
A Chainwalking proceeds w/arBr
A In chainwalking,L!is more efficient thah *

Zhu

15



M FRECIE I SEILBER S M

Mechanism study

Asymmetric cross-coupling via chain-

/N
=N N
n-Bu n-Bu

L1E(N
N

Chain-walking

¢) Radical trapping

COzMe  Ni(NO)p*6H,0 (4 mol%)
L" (3 mol%), L™ (8 mol%)
DEMS (2.5 eq.)

KF (2 eq.), Lil (1 eq.)
DMA(0.2 M), r.t., 20 h

Bdmpd” "X *

Exclude radical
process

S.Zhuy, et al.Chem2021, 7, 3171.

Bdmpd
Std. Cond.: 77% yield, >99:1 r.r.,, 93% e.e.
1.0 eq. BHT: 76% yield, >99:1 r.r., 93% e.e.
1.0 eq. DHA: 68% yield, >99:1 r.r., 93% e.e

\

walking
5 ligand H ligand
——Fomhation of=Aryl =bpronates (w2 (e
INT-1A INT-18 ' INTAC INT-1D
0.0 1:0 6:9 0:0
iBu__ i-Bu l‘b . i " i i X
i-Bu /N v/,H\—I' oL ”,H\j /N »_,H\_‘
H,N' OH ‘.,N/”l"»f ‘_‘,r‘w.f \N,lef
o F F
(S)-L”E*(N TSIA ™ Bampd TSAB ™ Bdmpd TSD ™ Bampd
Asymmetric Coupling LA 2 w, 7 B
£ 'l %

[ o R
L ~g’
X -
chain-walkingl l ligand INT-1D ligand
exchange /N
( CNi-R |N:Ni<R
(o 02M e Ry INT-2C INT-2D
57 126
lphay ; PhBr
I Br. *
eh (N1 ZPh
PLN N
R \NTTUR
n-Pr

by major
.+ minor

Zhu
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walking
. .= Fermationof Aryl -boronates
: (cat) 15 211 LN
e) Proposed mechanism RiSH | g SR ol (
] i [B]
R3SiX, L1  emccmecne T 18 Ly
LINi'H+L'Ni"H TS-1A (
R4SiH, base, L' r [ el Bdmpd” N
NiH speci'es L1Nﬁ,'_?, L'Ni"H PN
. regeneration hydrometallation Ni'lL! r | AG inKcalimol Eded
L"Ni'B
aro 3 r Il B] R Bdmpd X
R! VI
[B]/é\M{\/ Bdmpd/\/\/\
highrr. & e.e. stereospecific B-H elimination/

reductive elimination

SNl

LY
1+ 1
B] /\(\/)/n\/ R B] /kb/)/n\/ R

n
N,
vI'
7\ -
\
= N //
n-Bu L' h-Bu

for Chain-walking

i-Bu
i-Bu

-Bu

H,N OH

(s)-L"

for Asymmetric
Coupling

VI, INT-2C-R

selective
oxidative addtion

Ni'L*!

V, INT-2C

L'Ni"H
[

S.Zhuy, et al.Chem2021 7, 3171.

R'! transmetallation
[B] )\V\/)/n\/

(or SET/XAT)

="

migratory insertion \, fast

w/rapid dissociation/
resociation of NiH

Ni||L1

11, INT-2A
[B]}\M/n\/R1

ligand exchange

IV, INT-2B i

R1

L'Ni'H
'

n-Pent
F30—<: >—-<

Bpin
90% e.e.

Ph

Bpin n-Pent

85% e.e.

Asymmetric cross-coupling via chain-

Zhu

NaBOj3+4H,0
—— =

@Li

L ==
then NaOH, H,0,

MeO |
. \@/

Selected Applications

Regioconvergent conversion of
isomeric mixtures of olefins.

n-Pent
(1:1:1:1) Std-Cond._ Me026—©—<
Bdmpd

72% yield, >99:1 r.r., 93% e.e.

: n-Pent

87% yield, 90% e.e.

oxidation

n-Pent

F3C
then NBS

sp2-sp® coupling 63% yield

90% e.e.

C n-Pent

70% yield, 90% e.e.

\©/kn -Pent

58% yield, 79% e.e.

LiCH,CI

homologation

Pd,(dba);, PPh3
Agzo K,CO3
stereospecific
suzuki coupling

17
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H

R 4
Ar)\'\’ﬁ\” + (Het)Ar-l

unrefined alkene

NiCly+glyme (5 mol%)

L2 (1 mol%), L2 (6 mol%)

DMMS (2.0 eq.), KF (2 eq.)

DMPU:Tol (1:4, 0.2 M)

OMe

Ph >N

84% yield
99:1rr., 95% e.e.

Ac

PR N

71% yield
97:3r.r., 90% e.e.

PMP
(PMP-Br used)

57% yield
99:1r.r., 93% e.e.

NHBoc

PR N

73% yield
98:2r.r., 96% e.e.
/

N
/

Ph >N

60% yield
98:2r.r., 95% e.e.

Ph

41% yield
>99:1r.r., 94% e.e.

Selected Examples

rt., 24 h

Asymmetric cross- coupling via  chain-walking

——Formation of 1,1-diarylalkane /1,3-

Ar
7 1
Ar/\‘\”ﬁ\/R

1,1-diarylalkane

OTf

PR TN

68% yield
97:3r.r., 94% e.e.

OMe
)
s

Ph >N

76% vyield
97:3r.r., 90% e.e.

52% vyield
98:2r.r., 94% e.e.

Bpin

CHO

PR TN
71% yield
97:3r.r., 90% e.e.

PMP
43% yield
>99:1r.r., 95% e.e.

PMP
= Bz

P N

80% vyield
>99:1r.r., 95% e.e.

arylboronate
(Het)

Ar Ar
1 \

n-Pr n-Pr  (RR)-L?

for chain-walking

for chain-walking for asymmetric coupling (1,3-arylboration)

NiClyeglyme (5 mol%)

L3 (1 mol%), L2 (6 mol%)
(Bpin), (2.0 eq.), LiOMe (1.5 eq.)
dioxane (0.2 M), r.t., 24 h
then NaBO;°H,0

Ar(Het)
A" >"0H

P~ N + (Het)Ar-Br

a-aryl alkylboronate

Zhu

Ar = 3-t-BuCgH
EN N Gh 7\ \Oj\
/> <\ —
n-Pr\\\v‘ N Nan-Pf N N™ NeBu
L3

Selected Examples

SMe CO,Me 7 NBoc OMe
@ @ ﬁ@ Meofjom
Ph” > oH Ph” " 0H Ph” " 0H Ph” " OH
50% vyield 53% vyield 66% yield 55% vyield
96:4 r.r., 96% e.e. 90:10 r.r., 94% e.e. 95:5r.r., 95% e.e. 92:8r.r., 96% e.e.

S.Zhu, et al Nat. Commun2022 13, 2471.

(0]

PMP =p-MeO-CgH, : DMMS = (MeO),MeSiH; DMPU = \Nijr

18
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chain-walking

1 X RZ__O
RuA™>r™ar o WI
— R
1 + RzlLoH @@ n Ar

R~
W A
L« a-aryl ketone
feedstocks acylation
. . “f jitu .
. NiH generation/ ”f St ; selective
ST chain-walking activation cross-coupling X
via Boc,0
. o (0]
Y OBoc
NiL NiL" 22" Nggoc R2 “NillL*
R1 - R1 R1
MAF ligand \/\‘\45\Ar Asymmetric n CAr
h acylation .
alkylnickel L olefin-derived 4 regioconvergent
generated in situ nucleophile enantioconvergent
Y \ ow><wo 4 \ / \
— = @N NQ . =N N= . =N N= .
< n-bu n-Bu s-Bu S-bu
L4 Ph (RR)-L? Ph LS L6

for chain-walking
(alkyl iodide)

for chain-walking
(remote alkene)

for asymmetric coupling for NiH insertion

S.Zhu, et al J. Am. Chem. So2022 144, 47, 21448.

NiCly+glyme (14 mol%)
L% (8 mol%), L™ (14 mol%)

Mn (3.0 eq.), n-PrBr (3.5 eq.)

OH Boc,0 (2.0 eq.), MgCl, (1.0 eq.

Asymmetric cross-coupling via  chain-walking
——Formation of U-aryl ketone

) Ph

Nal (1.5 eq.)
1,4-dioxane:DMI (3:2, 0.13 M)
-5°C, 24 h
entry deviation from std. cond. yield (%) e.e. (%)

1 none 81 (79) 92
2 wlo L8 0 -
3 wio L' 70 0
4 Zn instead of Mn 69 86
5 DMMS instead of n-PrBr/Mn 0 --
6 w/o Nal 9 ND
7 w/o Boc,0 0 -
8 w/o MgCl, 51 86

Zhu

19



K FBECANE S SCHBEL sz Asymmetric cross-coupling via  chain-walking Zhu
——Formation of U-aryl ketone

NiClyeglyme (14 mol%)
L* (6 mol%), L™ (16 mol%) R?2_O NiBry*glyme (16 mol%) R2 _O
H 0 It o L5 (8 mol%), L' (14 mol%)
Mn (3.0 eq.), n-PrBr (3.5 eq.) R J\M/I\ u\ 0l%), 0l%
n R! " Ar Tt OR2 R! n Ar

OH  Mn (3.0 eq.), Boc,O (3.5 eq.)

RW + zu\ - - - -
n CAr R?> “OH Boc,0 (2.0 eq.), MgCl, (1.0 eq.) Ar
remote alkene carboxylic acid Nal (1.5 eq.) a-aryl ketone remote alkene carboxylic acid Mgl (60 mol%]) a-aryl ketone
1,4-dioxane:DMI (3:2, 0.13 M) Tol:DMA (5:1, 0.17 M)
-5°C, 24 h -5°C, 24 h

Selected Examples

Selected Examples

o o Std cond.: 75% yield, 97:3 r.r.,, 93% e.e. cl 0

Bn' Bn w/o L% NO desired product 4
/:I@\ % /:I@\ /:I©/CHO w/ MgBry: 75% yield, 97:3 r.r., 94% e.e. :i:/[Ph
w/ MgCly: 72% yield, 97:3 r.r., 93% e.e.
Bpin w/o Mgly: 67% yield, 96:4 r.r., 93% e.e. 83% yield
96:4 r.r., 92% e.e.
(o]

64% yield 64% yield 69% yield 71% yield o] )
>99:1rr, 88% e.e.  >99:1rr, 90% e.e.  >99:1rr,91% e.e. 97:3 r.r., 90% e.e. B o-F: 74% yield, 95:5rr., 94% e.e. BocHN
m-F: 84% yield, 96:4 r.r., 90% e.e.
Bn . o nl p-Cl: 71% yield, 97:3 r.r., 90% e.e. Ph
-OTf: 78% yield, 95:5r.r., 90% e.e.
\ " 0 Bn Bn = p- oy ° 61% yield
o et E/Z E/Z F. >99:1rr., 91% e.e.
o Ph
) F 6
61% yield 45% yield 59% yield 59% yield
>99:1 rr,, 92% e.e. 99:1rr, 91% e.e. >99:1 r.r., 88% e.e. >99:1 rr., 85% e.e. 78% yield 70% yield 83% yield 85% yleld
E FsC MeO. 97:3rr., 93% e.e. 95:5rr, 93% e.e. 96:4 r.r,, 93% e.e. 97:3rr, 92% e.e.
(o] (o] (o] TBDPSO. (o]
/*’\/2:/[ oj><(o 4 \
| | — —
Ph Ph Ph Ph <_/N N\Z N N
62% yield 56% yield 61% yield 73% yield Ph (RAAL? b MBY L5 IEHE
>99:1rr., 89% e.e. >99:1rr, 91% ee. >99:11rr, 91% e.e. >99:1rr., 90% e.e. for chain-walking . o . for chain-walking
‘or asymmetric coupling L
(alkyl iodide)

(remote alkene)

S.Zhu, et al J. Am. Chem. So2022 144, 47, 21448.
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(0]
Br (o) %C N HNJLRZ

: DG\M1),2\R1 : HZNJLRZ L™ Su LT =06 w

FIeXIbIe PhOtocatalySt Photoredox catalysis Asymmetric coupling
coordination  (axcited states)
Relay!
29 3d %4s! 0 T 9

/LX + B,Pin, 4@@—» Bp|n>=?—x

Cu Couplin Z B

Mu|t| -Va|ent p g Isomerizatior_r Hydroboration
63.546 Catalyst (photocatalysis)
©, 11, (ground

1) states) 1

| o F

Abundant & cheap ™ I\pn + L LPCu L }—

(Het) X Ar cl J R4 Aryl n
(US$ 0.636 mol-1) 4 eyl x

Photocatalysis Cyclization m

a)G. C. Fu, J. C. Peterst al Scienc012 338 647;

b) J. C. Peters;. C. Fu, et alScience016 351, 681;

¢) O. Reiser, et alScienc®019 364, aav9713;

d) X.-Y. Liu, et al Acc. Chem. Re202(Q 53, 170;

e)M.-Y. Ngai, et al Angew. Chem. Int. E@022 61, €202113841.
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Cu(CH3CN)4PFg (12 mol%)
L7 (5 mol%), L™ or L"5(15 mol%)
hv (blue LED)

Br (o]
DGN)\ *
12 R! HZNJLRZ

CsOPh-H,0 (1.5 eq.)
Cs,CO3 (1.5 €eq.)

DG

Photoinduced copper- catalyzed synthesis

——Asymmetric Amidation

for Photoredox catalysis for Asymmetric cross-coupling

; O F3C CF3
! MeO PAr, @ Q@

o

N

HN” “R?

12 R

MeO PAr, -,
O MeHN

& Fu

12 MeHN NHMe
(s, U4 Sk (i-Pr),0, -20 to -5 °C NHMe
rac-L’ L™ L*S
Selected Examples
w/o Cu: <1% vyield o
9 w/o hv: <1% vyield -
w/o L7: <1% yield (conversion* <2%) OFt ©
QEt wio L% 7% yield, 0% e.e. (conversion* >99%) Eto-b . Bu EtO—b .
Et0-P Et CF3 Rl - 86% yield, 92% e.e. 0 L il i L
o 0.1 mL air: 86% yield, 92% e.e. o
95% vyield, 93% e.e. 1 eq. H,O: 88% yield, 92% e.e. 98% yield, 90% e.e. 81% vyield, 89% e.e.
(o]
Et O
05‘\) o B A 9 9
| . oc HN” SAr!
| ’N U
= i N EtO gEt OEt HNJLAr1 Oi-Pr HNJLAr1
OEt = H
. ] []
n-Pentyl EtO—I'!’ = " EtO—ﬁ i-PrO—ﬁ/\/LEt
5 0 o]
TIPS
73% yield, 90% e.e. (R,R)-L™: 51% yield, 93:7 d.r. o o o o o 5
(Linoleic acid derivative) (S,S)-L™: 72% yield, 8:92 d.r. 63% yield, 88% e.e. 82% yield, 91% e.e. 96% vyield, 89% e.e.

0
N, i
{ HN™ Ar 590 an A
N
o TI/\/LE‘
SR

72% yield, 95% e.e. OAC

50% vyield, 91% e.e.

o

H

HN” SAr!

i-PrO.
Et

o

91% vyield, 87% e.e.

bi§

HN” SAr!

f-Bu\n/\/k.
i-Bu
(o]

62% vyield, 95% e.e.

o)
HNJLAr1
t-Bu( /\/‘\
>s Et
72\
0o

72% vyield, 97% e.e.

*: conversion of electrophile (C-Br); Ar (in L7) = (3,5-di-t-butyl)phenyl; Ar' = p-CF3-CgH,

G. C.Fu, et alNature2021, 596, 250.

23



%U }Eﬁ@aﬂg%‘%jj ;;m%{%{ ,L/’ )i M Photoinduced copper- catalyzed synthesis @ Fu

——Asymmetric Amidation

Mechanism study b) Stern-Volmer Study (C quenched byE?)

for Photoredox catalysis

y=0189% +1

o O s R? = 0.997 P
’ = o
Eto—P Et CF. |[wo L4 7% yield, 0% e.e. P MO O i 61 7

(conversion* >99%)

Ar = (3,5-di-t-butyl)phenyl

*: conversion of electrophile (C-Br), 5 mol% L7 is added in Std Cond.. for Asymmetric cross-coupling
R L
24 L
N NHMe -
L7[Cu]: Photo catalyst? = AGEIE, g
0 T T T T
a) Reductive potential (vs Ft/Fc) Rﬁj LR = CE, o 0 ® o e

C: photo- catalyst@

Br
OEt
Eto—F'/\)\Et Br A

u NNH /cu-oPh ) )

E' Iy . mechanism for photocatalysis

23V 2.4V '

S 4
RU: .33 10 -0.80 V Reduction potential: '@' . R-Br R
E [ [ Ruz=1.95 10 -0. -2.8 V (estimated) P = P j i Py
ered” | Ir: -2.20 to -1.23 V bl Lifetime: 4.6 s ( Scu-oPh ———> C Jcu'-0ph P'c""(oph)Br
P P
B c D

[1] J. Weaveret al Process Res. Def2016 20, 1156
G. C.Fu, et alNature2021, 596 250. 24



%U}Eﬁ@aﬂgﬁ%jj ;Ef)nu%1§1 ,L/’ )i M Photoinduced c_:oppe_r—cz_atalyzed synthesis @ Fu

——Asymmetric Amidation

Mechanism study ] ,
Proposed mechanism for radical process
c) Radical experiments

i R1 Br
HZNJ\Ar1
_N E i
i§ 50 St‘j;/C:IZ;PO it —) C ek C “Cu'(OPh)Br
N mol7o N
Tl/\)\Et TI/\)\Et .
o
20% yield 5
no C-N coupling product (<1%)
Jol\ 0 R1NJLR2

H,N” SAr! Jj\ o ]

9 Brl Std. Cond. 97‘/1’\55; - *CN ,,/ »— N 4, C cul-x

F G

(o] (o]
40% yield for Photoredox catalysis ~ for Asymmetric cross-coupling

3:1d.r. R
acyclic coupling product: <5% O
CP ~ MeO PA, N il
p  MeO PAr, * CN = }
‘ /@ NHMe
R

Ar = (3,5-di-t-butyl)phenyl R =HorCF3

G. C.Fu, et alNature2021, 596, 250. 25



%U}Eﬁ@aﬂgﬁ%jj ;;m%{%{ ,L/’ )i M Photoinduced copper- catalyzed synthesis @ Fu

——Asymmetric Amidation

Transformation between [Cu] species: e) EPR spectrum _
I I . 7 45 2 one-electron oxidant
SET (Cu'/Cu") or Ligand (L7/L*4/>) exchange * Magic Blue
for Photoredox catalysis A L7CUOPh L NaOPh M §
' 2-Me-THF
P N = O T 1 10 r.t, 2 min.
C Scu'(0Ph)x : CN:C“"X v C, o e o B. CuCl, LS NaOPh H i
P

P MeO PAr, 2-Me-THF —T T A
q . 5
) \\ () 1. 1 : 2 gocsmn LECUOP \/
|

G Ar = (3,5-di-t-butyl)phenyl C. cuwB - | |
Ligand exchange for Asymmetric cross-coupling : uerz L NaOPh 2-Me-THF 1:5| ro :
and/or SET R [ -5°C, 2 min. L: (::U(PFDE?r ;
N LlMe D. Sample from catalytic reaction ,4h '
P N, s C
C ,Cu'-OPh * C cu'x, NV SN
P ). R/@ L™ R=CF;
B E L5:R=H ‘ . . ‘ .
X =Br, OPh 2700 2900 3,100 3300 3,500
Magnetic field (G)
d) Viability of SET: Redox potentials of Cl/Cu" A A & B similar peaks rapidligand exchangeafter oxidation
P N . . a
C NculoPh)x . CN:Cuu_X A ESFMS confirmed the presence &u" in B, L*>Cu(OPH,
F . A D shows roughly 1:ixture of thespeciesn B&C
D
X = OPh: 1.3 V (calc.) X = OPh: -0.6 V (calc.) A B,C & D were compared witeimulated results
X =Br: 1.2V (calc.) X =Br:-0.6 V (calc.) ) .
Possible! Either or both of two pathways may be operative!

G. C.Fu, et alNature2021, 596, 250. 26



%Uﬁﬁgaﬂ_{%‘%jj g‘gf%%{é{ ,L/’ )i m Photoinduced copper- cz_atalyzed synthesis @ Fu

——Asymmetric Amidation

POSSlbIe Catalytlc CyCIe for Photoredox catalysis
i C
Activation of Enantioselective R1\ JL ) CP _ MeO PAr,
the C-Br bond C-N bond formation H R P Mg ‘ A
A

1
=N Ne gl x ‘cu'-X Ar = (3,5-di-t-butyl)phenyl
/ _Cu''(OPh)X ] ,
P N for Asymmetric cross-coupling
R'-Br 2 G !
R NHMe
R'. 0 C

* »_RZ NHMe
P, ; N NH
S Ligand exchange . N R =Hor CFy
C ,Cu'-OPh and/or SET Lu
P N x
h / \
é\ ( ,Cu-OPh . CU"X2 /
B X =Br, OPh, or amidate E HN R2

Photoredox catalyst

G. C.Fu, et alNature2021, 596, 250. 27
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B,Pin, . f P

0 Bpin H
R%{ —
X R X
(6]
X=0R'or NR' i
syn-Hydroboration
L9

alkynyl esters/amides

trans-Hydroboration

cuL?® CuL?®
A, L0

PPh, O
O‘ PPh, PPh,

L8 (BINAP) L® (XantPhos)

For Isomerization For Hydroboration

P.Mauled, R. G.Array&, et al J. Am. Chem. So2022 144, 13006.

[CuOTf],*Tol (5 mol%)
o L® (BINAP, 10 mol%) o

/J\ . B,pin, L (XantPhos, 10 mol%) Bpin>_?~x
= X —
= (15 eq,)

NaOt-Bu (15 mol%)
X=0R'or NR'

MeOH (2.0 eq.) R H
THF (0.05 M), 465 nm, 24 h

V*ﬁw

Selected Examples

Bpin Bpin O

o
J
0 N~ >OBn
A

Bpin
67% yield 66% yield 78% yield
OMe
Bpln (0]
O Bp|n
e
93% vyield 89% vyield
from Theophylline from Indometacin
Bpin
4 *@—@* o
Me
/N@F O Bpln
Me
65% yield 63% yield, from Febuxostat
*H Z >98/2

28
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Kinetic studies and Control experiments

Maul eAnr &)

b) Photocatalysis studies: from Z to E

a) CO2Me  [CuOTf],=Tol (5 mol%) B .
/ LE/L® (10 mol%) bin,_ FO:Me BRI,
n-Pr i NaOt-Bu (15 mol%)
B,Pin, MeOH (2.0 eq.) -PrH n-Pr COMe
(1.5eq.) blue light 465 nm, E-2a Z-2a
THF, 24 h, r.t.
Kinetic Profile for the anti-Hydroboration Reaction
0,01
0,01
A

0,01 //A
~ o7
= o, P 8
(_E) 0,01 Q_.\"r ,‘(/ —=— [alkyne] (M) L
= oo * —o—[z:22] (M) (]
S Ay —a— [E-2a] (M)
T 0.00 . ) .
S / Isomerization
=4 feo S
s / >\-\ i
O 0,00 / —e L9

0,00 l/‘/ . = - l

-0.007— 50 00 750 700 P2 .

time (min) Hydroboration

A Alkyne firstly transfer to Z-2a, thenisomerizedto E-2a.
A Hydroboration & photoisomerizationareindependentprocesses.

P.Mauled, R. G.Array&, et al J. Am. Chem. So2022 144, 13006.

Bpin  H Cu-catalyst (10 mol%) _ Bpin  CO,Me
rel ooe  Suelaesim el
entry variation E/Z
| L8[Cu]: the photocatalyst |
1 [CuOTf]yTol + L8 97/3
2 only L® (10 mol%) <2/98
3 [CuOTf],*Tol + L& wi/o blue light <2/98

¢) Ligand exchange studies

COzMe  Cu-complex (10 mol%)

/ Ligand (10 mol%) Bpin  CO,Me Bpin  H
= +
n-Pr v NaOt-Bu (15 mol%)
B,Pin, MeOH (2.0 eq.) nPr H n-Pr COMe
(1.5eq.) THF (0.05 M), E-2a Z-2a
465 nm, 24 h
entry Cu-complex Ligand Yield (%) E/Z
1 [CuL®Cl], 16 95/5
2 Cu(L%cClI 80 <2/98
3 [CuL®Cl], L® 62 80/20
4 Cu(L%cl L8 56 84:16
O o D L0
P\Cu/ \Cu/P o
PN ~P.

K

~
N Cl” Ph”1
piPh Ph Oe

[CuL®cl],

Ph,P—Cu—FPPh,
I
cl

Cu(LdCl

29
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Mechanistic Proposal

oW
ool

L8 (BINAP)

e

PPh, PPh,

L? (XantPhos)

P.Mauled, R. G.Arrays,

Maul eAnr &)

LcuoTf =—= LecuOTf

NaOt-Bu Relay! .pe :

i More specific mechanism

LoCuOt-Bu <~—= LSCUé)t-BU is under further

A .
_ LewidAcid St udvi n

B,Pin, \¥ Activattign of [Cu] y g
/\/’\ — OR
pinB—OR plnB

0 OR
L Cu Bpin 'ate’ species
pinB EWG
CuL?® B,Pin, e R H
p|nB -Q- 8. + anti-isomer
EWG L°Cu-OR' o L"Cu
p R E (including A) F
"TLecu] Energy
Npeesoeasesanassy i F* Transfer
' H T
R'OH  pinB__ | H &
; EWG: X
R'O = OMe, Ot-Bu, OTf : R : pinB~/
X =0OR" or NR" syn-isomer
------------------ R [Cu]*
c L°
et al J. Am. Chem. So2022 144, 13006. 30
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Photoinduced copper- catalyzed synthesis
——Heterocycles

| L'°Cul (10 mol%) Ar QN/_/\NQQ
0 L8 (10 mol%) PPh, N
RA Aryl In + )J\ 5 R Aryl In OO i-Pr i-Pr
(Het) X Ar” >ci DMA (0.1 M), 33°C (Het) X
m 100 W blue LED, 20 h m L8 (BINAP) L' (IPr)
For photocatalysis For cyclization

e | I
PPh,

Selected Examples

1N

58% yield 81% yield 91% yield
(6]
A B2 N
O 52 Me @[ | N\V
N N \ S
A\
N / N B2
O mé
o
71% yield 79% vyield 42% vyield

Thiobendazole derivate

B! B2 B2 Br MeO
A \Me O 0]
- SN ‘s SR
ST \ N N
o O Me

72% vyield 77% yield

Ph
b O
N
P
B2 (0] YMG
Me
56% yield, 1:1.2 d.r.

Dipeptide derivate

B1:2-trifluoromethylbenzoyl, 82:2,4,G-trichlorobenzoyl chloride.

M.-Y. Ngai, etal. Angew. Chem. Int. E@022 61, €202113841.

G- Ngai
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Mass spectrometry studies

Ar = p-bromophenyl

Std. Cond. Cl
A\
Ar
N

M BBV I SEIL S SR N

ph PN OO QNVNQ
Pr

SR

I-

| i-Pr

D G

m/z

m/z

i- Pr i-Pr
8
[Cu'(L%),]* [Cu'(L1%),]*
A \
= [Cu(BINAP),]* P [Cu'(IPr),]*
Y 9
> >
B simul B simul
g NN g f\
= v R £ 1
2| [\[\/\n 2 avvi
= -} Vv \ \/ \ - exp. = /" VAV, \‘V,\ exp.
1035 1037 1039 1041 1043 837 839 841 843 845

o)

[CU(L®),]* and [ CU(L9) ] * are potential catalysts
M.-Y. Ngai, etal. Angew. Chem. Int. E@022 61, €202113841.

Photoinduced copper- catalyzed synthesis

@~ Nagai
——Heterocycles v $

Control & radical trap experiments

Me Catalyst (10 mol%) (0]
0 Ligand (10 mol%) o
— + \ Ar
Nj Ar)J\CI DMA (0.1 M), 33 °C N e N, I
100 W blue LED, 20 h 0" “Ar
Ar = 0-CF3-phenyl A B
Entry Catalyst Ligand additive Yield of A (%) Yield of B (%)
1 Cu(L'%)| L8 74 0
2 Cu(L®),PF4 + Cu(L"%),PFq4 76
3 Cu(L8),PFg = - 61
4 Cu(L'%) L8 TEMPO (1 eq.) 0 89
5 Cu(L'% L8 <2* 0
* wlo light

Pk,
e

L8 (BINAP)
For photocatalysis

/\e
oD

i-Pr i-Pr

L' (IPr)
For cyclization

32



Photoinduced copper- catalyzed synthesis @ Ngai

I FEECIAMZ I SEIL CHE S M e

Plausible mechanism

in-situ generation of active catalysts

Cu'(L")X 172 [Cu'(L®),IX 10 0
. — + Relay! L\Cu"'X . ,
L8 1/2 Cul(L1%),X 0 . o o) 0 ;
-~ N . N/
N Ar N Ar . Ar g
~ -IPr
.Q— [Cu'(L3)2]X / Vi v v
/ Lo 1
“cull 8 Halogen Atom \)\(\?C/“" 2 Path C
fedlis Ti fe \\> k Ar (wlo L19)
I ransfer N v Cul(L19),x
(0] S\
L v - IPr I
Ar ) Cl -
[Cu™(L®),IX(CI) -Path B
|0 L CI\éL1|T| cl
A ® X +IPr 0 0
2' R N\
N Ar N Ar -HClI N Ar
3

OO . e vii viil
PPh; Nv“@ X =1, Cl, PFg
OO i-Pr i-Pr

L8 (BINAP) L' (1Pr)
For photocatalysis For cyclization

M.-Y. Ngai, etal. Angew. Chem. Int. E@022 61, €202113841.
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Multicomponent Reactions (MCR)

Br

: eatom-economy eeco-friendly stime-saving eselectivity : Ar
0 ' vl P P AryI
: - o : Hy Cl + @+ @ L"Pd L (Het)
| econvergenvy eproductivity ediversity I
R+ @+ ® 4@@_, %:<
R
— H o+ § + .—@:@—» RL‘

One ligand for one
process
then Ligand Relay!

J. A. Ellman, et alNat. Catal2018 1, 673.
35
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Traditional Method ] ) ; )
R. _R R. _R
i Ry R |
N
H [red]
Aryl > [Aryl e L Ay
(Hety —NO2 (Hety —NO2 (Hety —NH2
] 2. H' aq)
work-u,
This work R RZ( P)
cl N
| Ph.__Ph t n2 1PAL1+L2 Ay o
Aryl 2 , -
(ngt)_Br v + R‘N’R (Het) N:<
NH H Ph

P(t—BU)z PCy2 .
i-Pr i-Pr  i-Pro oipr L° (RuPhos)
prefer to react
with amine (A)

i-Pr [L'Pd(allyjoT]  C’
L' (t-BuXPhos) L2Pd(croty)ClI c?
prefer to react with imine R-BINAPPd(allyl)CI C3

T. J.Colacot, et alOrg. Lett.2018 20, 2301.

Synthesis of Amine Aniline

&

Ph.__Ph
\ﬂ/ 1. C'JL2? or C3(1.2-3.6 mol%)
R #BuONa (2.5 eq.)
'|3’ * THF, 22 °C 'l""z ,
o - RN 2R B
H 3. H(4q,) deprot R!

Selected Examples

5[E0 o

NH, Me
N/A (C'/L2) 76% (C'/L?) 74% (with C'/C3)

90% (C'/L?)

o

H N/©/N\) ”2N©\O szgN% HZNO\E:h

\

H,N

2

79% (C'/L?) 88% (C'/L?) 64% (C'/L?) 52% (C'/L?)

36
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ZHD RN

Selectivity & Activity studies
Ph Ph

NH
+

rooQ)

Pd-cat. (1.2 mol%) N~ "Ph N

Ph

A

N Ph N

Synthesis of Amine Aniline

&

: )
P(t-Bu), C THF, 22-80 °C
7 ’ /
i-Pr. O i-Pr cl Cl N)\Ph O O
! 4 5 6
, Pr single substitution di-imine(amine) substitution target
L' (t-BuXPhos)
prefer to react with imine
entry cat. t (°C) 1 (%) 2 (%) 3 (%) 4 (%) 5 (%) 6 (%)
O | L'[Pd] prefers imine, few 6 was formed with heatingl
PCy.

" o e 1 c! 22 1 89 10 0 0 0

O 2 o 22-80* 0 68 9 10 0 13
) | L2[Pd] well reacted with amine (when heating and w/o imine) |
L“ (RuPhos)
prefer to react with amine (4) 3 c? 22 92 4 4 0 0 0
2 _an*
[L'Pd(allyjoTf]  C' & c2 22*?0 Y 2 & v g L
L2Pd(croty)Cl c? 5 (o3 80 0 87 0 18 0
| Mixed system can show both advantages of L' & L2 when heating |

6 clic? 22 0 88 12 0 0 0
7 clic? 22-80* 0 0 0 14 10 76
8 clyL? 22-80* 0 0 0 9 8 83

c' = [L'Pd(ally)][OTf]. C2 = L2Pd(croty)ClI.
* Reacted for 1.5 h at 22 °C followed by 2 h at 80 °C; ** Imine was not added to the reaction mixture.

T. J.Colacot, et alOrg. Lett.2018 20, 2301.
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x~< 1+ ByPin,

_J
R
Bpin
R1 = RZ — LP Cu LN —
R' R?

Ligand Relay

[LPcul [LNcu"
BzPinz
LP = Phosphine <\:
LN = Phenanthroline -7

L"-cu' Bpin LN-c
>=< [Cu]
R'" R? R
b} b}
X J NI

Polar mechanism Ligand exchange Radical mechanism
cu’" ox: lower energy barriar

L®=PBuj — —

L* = P(p-OMe-Ph); \ 7 \ \ 7 7 \

L®=PPh, N  N= N N=
L L’

L LY

Borylcupration Radical coupling

u"  Bpin
1 R2

P.Mauled, R. G.Array&, et al Chem202], 7,2212.

Carbo Boration of Alkyne @6[]3 Maul eAnr &)

)
'd ‘z Bpin
R'] — R2 + N + BzPinz — =
X R'" R?
Selected Examples
BocN (o] [o]
Bpin Bpin Bpin Bpin
Et n-Bu = n-Bu
OTBS S o
MeO
79% yield 82% yield 65% yield 41% yield
(o]
Bpin f - .
_ Bpin Bpin Bpin
mEU n-Bu — n-Bu
\ OTBS
NI/
COyMe CF,
76% yield 74% yield 41% yield 66% yield

For electron-rich alkynes: X = Br, L = L/L* (1:1), L = L® (up line).
For electron-deficient alkynes:X = I, L = L*/L° (1:1), L = L7 (down line), TBAB (1.0 equiv).

38
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Optimization
CuCl (15 mol%) .
R2 > . Cy Bpin :
L™ (16 mol%) '3
// N — . L3=PBu,
. L™ (20 mol%) R2 VA
+ Cy—=X + ByPiny : L* = P(p-OMe-Ph);
NaOt¢-Bu (16 eq) ' L5 = PPh
R (1.5eq) (1.5€d)  THF rt, 18h ! ’
Rl = 1 R = '
1R =H R' 3&:R =H . Borylcupration Radical coupling
2:R'=CO,Me 4:R'=CO,Me !
entry Alkyne X Ik LN Additive (1 eq.) Product Yield (%)
1 Br L3 L® - 60
4 6
2 Et Br L L - Cy Bpin 55
3 V4 Br L3+ L4 (1:1) LS - - 84
4 Br L3+ L% (111) L’ = Et 51
5 Br L*+ L% (1:1) LS TEMPO 0
6 L Br L3 + L (1:1) - - 3 g
7 Br — L® = 17
8 . Br L3+ L% (1:1) L® - Cy  Bpin 17
9 Y | L3 + L4 (1:1) LS - — 36
10 | L3+ L% (111) 18 -- n-Bu 48
1 [ L3 + L5 (1:1) L7 -- 59
12 MeO,C 2 [ L3+ L5 (1:1) L’ TBAB 4 85
3 o (15 e 7 MeO,C
13 Br L3+ L5 (1:1) L TBAB 8

TBAB: Bu,NBr, used to counter the excess I, which is detrimental for Borylcupration.

P.Mauled, R. G.Array&, et al Chem202], 7,2212. 39
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Stoichiometric studies 2e: LP = L3+ L* (1:1)
T N/l L3 = PBu, _
X Y ; 4 D Bpin
L6 { | L*=P(p-OMe-Ph), >=<
Radical coupling i |  Borylcupration PH  Et
D,0

D E | MeOD 75%
N H/D 43:57

. _ B,Pin, BusP, .
N-[Cu] Bpin CuCl + L8 cucl + 1.2 [Cu] Bpin

e - —_— >

> ( NaOt-Bu NaOt¢-Bu > (
PH  Et e PH  Et
slow - fast
CyBr metalation ! metalation CyBr

+L3 +L8
CyBr CyBr
Cy Bpin , Cy Bpin
— vial : —
Ph Et D Ph Et
2,43% ! 2, 45%
Radical studies
_Cy 0 p—
H Bpin © Bpin
Ph—=——Et + TEMPO + CyBr [Cu] >=< + N . Ph———Ft + AQCU] o
PH  Et ; Br PH  Et
B,Pin; B,Pin,
48% 3% ! et
using 1.1 eq. Cu/L"/L8: 90% 10% :

P.Mauled, R. G.Array&, et al Chem202], 7,2212. 40
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MS studies of catalyst

monocoordinated complexes

[CuL’]* (243.0)
[CuL’]* (265.1)
[Cul’T" (325.0)

L®= PBus ¥ 72\
L5=PPh N/ =
3 N N
L7
Borylcupration Radical coupling
CuCl + L7 + |3 + S FAB-MS
heteroleptic complexes homoleptic complexes

[L°CuL’]* (445.2)
[L°CuL’* (505.0)
[CuL’L°1* (527.1)

\ /

Certified the existence of catalysts with
different ligand combinations

[CuL’,]* (423.1)
[Cul®,]* (467.2)

P.Mauled, R. G.Array&, et al Chem202], 7,2212. 41
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Proposed mechanism

B ML

Carbo Boration of Alkyne @6!]-] Maul eAnr &)

LP =314
3_ [B]-Cu species VIIl is more
Formation/equilibration of heteroleptic & '-4 =PBug N reactive than VII, as shown by: o -
homoleptic complexes L® = P(p-OMe-Ph); o-Bond N—Cu-Bpin -—--stoichiometric experiments ! |'nterath|on
P metathesis Vil with L™ not
L or
Borylcupration + B,Pin, . fast enough
L"-Cu-Bpi = R .
AR - LP-Cu-OtBu - pinBOt-Bu Cu-Bpin “ H  Bpin
N N + LP + cucl + NaOt-Bu vi Vil L2, )=
i Cu Bpin Ph R’
Ligand  Nax — \/4
association - -
. Polar mechanism
. y
|
—Cu- -+
N (E\lu N | x LP/CU\X v
Ligand Relay! é
v Radical mechanism ( N
Ligand
dissociation ﬂ N/Cu o Bpm
R 5.4
N
+LP N ! . X X
\ X+R- N-Cu Bpln _ Lp 3.5
N-Cu Bpin R-X = Xl
— Ph R'
— PH R' Halogen Atom 00
~ p /7 \ Xil Transfer Xl X AGin Kcalimol
NN =N \= R Bpin
LN ——inhibited by TEMPO ----LN facilitates Oxidation from Cu' to Cu"!
Radical i Ph R Xl ----triggers radical clock —LP di iat ired t ; c
adical coupling ——radical coupling faster than protonolysis issociation required to create vacancy on [Cu]

P.Mauled, R. G.Array&, et al Chem202], 7,2212.
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N>

L8-CoBr, (1 mol%) or L®-Col,
NaBHEt; (3 mol%) or LiBHEt3 (9 mol%)
L? (2 mol%) or L™° (6 mol%)

B

[E + PhySiH, +Ph)j\

CO,Et

PhSiH;3 (1.2 eq.), H,0 (3.0 eq.)
Et,0, EA or MeCN (0.25 M)
r.t. for 12 h or 0 °C for 24 h

Sequential Hydro-silylation

® -siHph,
CO,Et

H
® - "{N‘N/)\Ph

Selected Examples

R = 0-CF3, 45% yield 2 OMe
0-OMe, 67% yield S - [ OMe
N m-F, 57% yield N\N’H
RIL m-OMe, 87% yield
Z p-NH,, 54% yield Ph)\/.
p-CONEt,, 54% Yield ) )
78% yield 61% yield
Ph/‘ N
0 = 4
Y\/Y\/ ©/H O\ b ~-Si HzPh
o cl
73% yield 80% yield 55% vield®
eO S

44% vyield, 83% e.e.

51% yield, 84% e.e. 53% vyield, 82% e.e.

52% yield, 85% e.e.

Ph/:\/.

a8DPEphos+CoBr, was instead of

LCoBr,, PhSiH; was instead of Ph,SiH,.

Z. Lu, et al Nat. Commun2022 13, 650.

& Hydro- azidation &] Lu

Sprairard

t-Bu
(S)-L

LI

PPh, PPh,

*10 t- BU

L L®

Applications

/’K/SiFth
Ph

R =Bn, 84% yield

/.K/ Ph/.K/Si(OMe)PhZ
on Si(OH)Ph,

w R =Bn, 75% yield
<&
R = Et, 67% yield S
Ol
N
= €
98
O
i) Sml,
KF, KHCO3, H,0, ii) BzCl, EtsN il
OH ——= == & ———
Ph fromR=Bn Ph from R = Et Ph
R = Me, 88% yield 48% vyield
43
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R - - @® -siHrn, o
adical trapping . &\/N /)\2
|p|h i Ph)Nj\COZEt VSV:(:EC,\::Z Ph/.K/. Ph/‘\/.

N/A 9% vyield

DOhave a radical
process!

A 468 nm peak belongs to L®- [Co] with NaBHEt ..

A 468 nmpeak raised up 30 mins after
L® to L8-[Co] with NaBHEt ,

adding

Green, black to red ligand exchange took
place with the help of activator.

Z. Lu, et al Nat. Commun2022 13, 650.

Sequential Hydro-silylation

& Hydro- azidation iﬁl]] Lu

Absorption spectra of ligand

relay
L5{Co] Activagtor . Rela:}y - L%Co] 53\ J/lj
+L -L PPh2 o PP

S}

_ L%oBr ,

e LCOBr ,+NaBHEt,
L‘CoBr ,+NaBHEt;+L°
for 5 min

L‘CoBr ,+NaBHEt;+L°
for 30 min

. LCOBr ,+NaBHEt; for
5 min

k;ﬁi_ L

Absorbance
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B ML

Sequential Hydro-silylation

Proposed mechanism

Z. Lu, et al Nat. Commun2022 13, 650.

& Hydro- azidation @6.]3 Lu

PhH,Si—O oz
LSCOBrZ N//Z/ M L/‘
@ -siHpPn " N -
= SiHPh, NaBHEt,
y  COMEt _ [Si]
® - _n L ="
\{ N~ Ph
[Co]—O
. _ Ligand _ OEt
L [CO]'H - Relay L [CO] H PhSIH3 N
A 5/,(1' Ph
Si
R
PPh,  PPh, \%\CO—LS [Si] [Colo_OEt
R ~N
H B R/\/[SI] 7\ j /V\\
R Isi] NS"i ~Ph
MHAT
N L9[Co] E
_N o Ph,SiH, =
L9 ﬁ_/ N2
Ph™ “CO,Et
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Ligand Relay catalysis
‘—LG + —LG —@M@— *

Oxidative Each performs its own functions
Addition 0 A

A Ligand exchange to relay the M

o

Achieve efficient transformation

that MLsystem hard to:

e et bl ] S : 4 D
| Step Stepsthat L'M E 'Q' &
! undergoes | =

: @ Stepsthat L°M !
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Outlook

A Multi Chiral Center Construction

R* 55

R

LacM L” —) R1p)<R6
RZ R®

R4 R5

Lrac M Lrac — R%Re
R? R

R1

R2

R2 R4 L1 (S)

Ligand
Relay!
L2S)
R‘l 3 %
R ML'(R)
ML) L2(R
R'X
R3
R4
R'X R
ML) L3
R'" RS L1(S)
R ®—ML'S) \

L2(S)

Y Rj R3
)J\ R' R4
A B R? —B
HY A
3-chiral centers

R'" RS R' RS

‘— 25) _R'X | ot A on
R—;Q+gm_ (S) R—;Q—q -LQ
R R R

(R,S)

/1 3 =3¢ Rj \RS
R=@—ML2R) D2 s R GeR
R? R

RZ R*
(R:R)

R1 R3 1 R3
R"X S

R""@ < ML2(R) , R"'-b Q "
R2 R* R?2 R*

(S:R)

1 R3 w5 R'] R3
R"'-HMLZ(S) — R'...H..R"
RZ R* RZ R*

(S,S)

Multicomponent Reaction: Stereo- divergent Synthesis
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A Valence-induced Ligand Relay

L
MO
Different valence has different

L2 Valence ML properties

\ / Accordingto The HSAB (HardSoft - Acid- Base) Principle [ ;
! Metal Valence I Hard Acidity I

Tendency P N
CU (0 CUf — o

Soft Borderline Soft Hard

Design of M, L' and L? partners

[1] R. G. Pearson]. Am. Chem. Sot963 85(22), 3533
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A Discovery of New Reactions

SomeFundamental Reactions can be promoted by Ligand Relay to
innovative transformation

FG

FG wo e

Classic-type

OO

New type !

LG + —L

realize
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Outlook

A Further Mechanism

OR

Especially in systems with
monodentate ligand(s)

Studies

2. How to accelerate the
relay more efficient and
effective

3. Further study in the
tendency of ligands

4. How to avoid interference
between ligands?
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