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1.1 Three-component dialkylation of alkenes

----------- Bioactive molecular framework ----------
Me
0 0 Q i
S
MezNJ:©\ /\/M(/O\')S(@\ome (j"‘\/o
FsC OH
Cl (0]
Precursor of the liver X receptor beta agonists molecule Mepazine

oJ\I) N(PMB)
\ H J\ Bocl\|:><:/
Et ~N

_ o )\ General N-heterocycle core
Pramiracetam in pharmaceutlcal molecules

Precursor to antibacterial,

anti-cancer agent Antibiotic potentiator

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

pRS— General strategies - ‘.

Three-component dialkylation of alkenes with differential alkylation reagents

Photo

or Electro catalysis 1
or TM cat. Alkyl R

R
O/§/ + Alkyl'-LG" + AlkyI2-LG?2 >

1,2-Migrations of vinylboron ate complexes

Chemical
or Photo catalysis

! Bpin 1 or Ni cat Bpin
: \f + Alkyl'=[M] + Alkyl>-LG? >A|ky|2\)¢A|kyl1 E
1 R '

R

Jb

+ O\B,O Vi 0.-.0

M ~ 1 B\ 1
Alkyl B Alky!
)\R Alkyl \)\R

presynthesis of vinylboron ate complexes

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

Chu, L., et al. Chem. Soc. Rev. 2021, 50, 10836-10856; Giri, R., et al. Acc. Chem. Res. 2021, 54, 3415-3437; Duan, X., et al. Chem. Commun. 2022, 58, 730-746; Hajra, A., et al.
Chem. Rec. 2023, 23, €202300121; Qiu, X., et al. Chin. J. Org. Chem. 2024, 10.6023/cjoc202312020; Engle, K. M., et al. Chem. Sci. 2020, 11, 4287-4296; Diao, T. N., et al. ACS

Catal. 2020, 10, 8542-8556.



1.1 Three-component dialkylation of alkenes

--------------------------------------------------- Activated alkenes ------------eeeeeeeee
XX AT BR X i * High polarization

O/\/Alkyl . : L

O 0  Good reactivity and regioselectivity :

Phor é‘ o~ Conjugated-stabiized C-MI o Be not prone to -H elimination

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

e Unactivated alkenes ------------somommemmmmmmemeem e
5 Alky!’

: Cat. R

! QU R + Aky-LG'" + Alkyl2-LG? > O\/H/

' Alkyl?

: Alkyl?

; QLR [M] . Alkyl?=LG? g \[M]

5 Alkyl'=-LG" —3  Alkyl'—[M] > —_— R

: - A B 1

E Challenges: Alkyl C Ayl

: + Low polarization and even distribution of electrons o

: Alkyl?-L G2 B-H elimination B-H eliminatio

: + \Weak interaction with transition metals

5 o _ T ; Alky!’

: Be prone to f-H elimination R .

: _ . Alkyl'=Alkyl? |

+ + Hard to control chemo- and regio- selectivity Y Alkyl?

E Cross-coupling product Heck product Dialkylation product

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

Giri, R., et al. Chem. Rec. 2018, 18, 1314-1340; Chu, L., et al. Synthesis 2020, 52, 1346-1356; Chen, L., et al. ChemCatChem 2023, 15, €202300803.



1.2 Three-component dialkylation of unactivated alkenes

Li group (2019)

o~

The first example catalyzed by Ni

The development: Seminar content

2018
Ni catalysis

2019
Cu catalysis

CuBr (20 mol%)

L1 (30 mol%)
oo R
+ >
CF
$ NMP. 60 °C )\/ 3

Lee group (2019)

RX + TMSCF;

3"
BF,
CFs up to 75% yield
( )
| B
o) ZA_O
N
N N—/
Ph L1 Ph
. W,

Only one example

Fe(OTf), (20 mol%)
Esoin Y (10 mol%)

poRES e

% 2019
Fe catalysis

Li group (2019)

RX + TMSCF,

DTBP (2.0 equiv.)
blue LEDs, 30 °C

+ CI—CCI,CF;

>

0O
) OEt

Ph

45% vyield, 1.1:1 dr

Cu(OTH, (10 mol%)
L2 (20 mol%)

AgF
MeCN, rt
( )
MeQ OMe
=4
N N=—
L2
\_ J

CF;

CCI,CF,

R
up to 79% vyield

Engle, K. M., et al. Chem. Sci. 2018, 9, 5278-5283; Lee, H., et al. Adv. Synth. Catal. 2019, 361, 2136-2140; Li, C., et al. Chin. J. Chem. 2019, 37, 452-456; Li, C., et al. Chin. J.

Chem. 2019, 37, 630-631; L1, J., et al. Sci. Adv. 2019, 5, eaav9839.



Alky!’ Alky!

R R

Alkyl? Alkyl’

Ni cat. y y

QU R + Aky-LG" + AkylP-LG2 ——— Alkyl? Alkyl2
%/R %/R

Alky!' Alkyl?

Regio- and Chemo- selectivity

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

Competitive side reactions

Earth-abundant

: Alky!' Alkyl'—Alkyl iC' Alkyl'
i idati 0_NiIV ; y
Multiple oxidation states (Ni°-Ni'V) g Ayl O)\/
Excellent coordination ability O/§/Alkylz homocoupling LG?
' y
. . . R ' (R 2
Relatively slow g-H elimination process : A O)\/
{  B-H elimination cross-coupling ATRA pathway
Challenges:
Major difficulities are from: - _ .
» Low reactivity and poor catalytic efficiency
L OLALR  C(sp%)—LG — « Competitive side reactions via g-H elimination, atom
; Low reactivity : transfer radical addition and homocoupling
. Be prone to B-H elimination ;
""""""""""""""""" « Hard to control regio- and chemo- selectivity
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2. Nickel-Catalyzed Three-Component Dialkylation of Unactivated Alkenes

2.1 Redox-neutral dialkylation of unactivated alkenes



2.1 Redox-neutral dialkylation of unactivated alkenes

Engle group (2018) electronically
U~ E distinguishable o Al
: o NiBr, (15 mol%) y ,
5 NJL-‘M{\/R +  Alkyl'=X +  Zn(Alkyl2), or Alkyl2ZnBr - > N - Alkyl
: H og 56 allu] DMA, 60 °C, 12 h H
1 AN : (1°8 2° alkyl") (1°8 2° alkyl?) N R
""""""" X =Br, |
1.0 equiv. 8.0 equiv. 6.0 equiv up to 83% yield
Selected examples
n=1 Z
NJ\/K/Me N Me N Me NJ\/K/Et N
~-N H ~-N H ~-N H ~-N H ~-N H
83% vyield 57% yield 48% yield 71% vyield 66% vield
S T nternal alkenes e ¥
O M : n=2 :
/U\/(/\/ O Et ! O Et O Et 0 Me
N CO,Et N : Me Me © :
N | Ho & : N N Me N Me |
Z 2N Me P RN Me _N Me _N Et :
52% yield 52% yield : 67% yield 62% yield 62% yield ;
n=2
(e (@] Me (0] (0] Me Me
N N N N
_N H Et _N H Et N M ome Et _N H Et
65% yield 57% yield 53% vield, 1:1 dr 64% yield

Engle, K. M., et al. Chem. Sci. 2018, 9, 5278-5283.




2.1 Redox-neutral dialkylation of unactivated alkenes

Unsuccessful examples

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

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

The Mechanistic Experiments

Radical clock experiment

NiBr; (5 mol%) O Z

J]\/\ Br ZnMe, (2.0 equiv.) Me
{ ’ | N
DMA, 60 °C, 12 h N H

1.0 equiv. 2.0 equiv. 27% yield

Engle, K. M., et al. Chem. Sci. 2018, 9, 5278-5283.

Proposed Mechanism

L,Ni° e .
+ —_— L NIX ' 0 :

.|| (]
L,Ni"X, M O _ | N/ll:r,i 5
~-N H :

Aky™ Y . .

O\/K,Alkyl2 h Alkyl2-ZnX

NHw_
% Pt
M ZnX,

NH IIII H\’\ﬁ
N N/ ~Alkyl?
AIkyI1

Five-membered

DG-bound nickelacycle
OwAlkylz
i AIkyI2
/NI\
:\N) X NH\ ]

/
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2.1 Redox-neutral dialkylation of unactivated alkenes

Engle aroun (2020) electronically The Mechanistic Experiments
dlStmnghable ' Probing isomerization
T TTTTS Rlll
:@ : )\/\ NiBry-glyme (10 mol%) @ \/k)\(\
ety + v+ ZnMe
' N AcO Z "R 2 0 0
LY R 2-Me THF, -40to 0 °C Lo o 20 1o
1.0 equiv 2.0 equiv 2.0 equiv 24 h l‘\l + /\/ standard conditions l‘\l
e} ZnM62 o)
Selected examples 74% vyield, E/Z = 2:1
IO "O /O SI(I20 M SII’O M
s’:o S=0 Me s'=0 Me [ © standard conditions 1 ©
| ! 1 N N
N\)\/\/ N NW\ Ph Ph
Ph o
) Me (0} = 8 = 8
78% vyield 86% yield 91% yield Bz =81 Bz =81

Reactivity of stoichiometric n-allyl complex

19 1930 /9
s|,=0 Me Me $=° Me s‘,=0 Me o
N
o O Me 0 |4 X ZnMe, (2.0 equiv.)

, _ . . 0 ZnCl, (1.0 equiv.) 9
769 Id, 1.2:1 9 I 9 I 2 L
6% yield, dr 36% yield 36% yield glyme (2.0 eugiv.) =

S
. ¥ > N
o : 2-Me THF, -40 to 0 °C
Ne Me AP e : cl 24 h 0 e
N\)\/\%\ / ~ NM ' Me (—NI/ \Ni—> Me . . 64% vyield
Ph Ph N’ : \ /

Ph nickel m—allyl species

o : o] ) )
87% yield 78% yield, (THF) 32% yield, (DMF) : serves as the intermediate

1.0 equiv.

Engle, K. M., et al. Angew. Chem. Int. Ed. 2020, 59, 7029-7034. 11



2.1 Redox-neutral dialkylation of unactivated alkenes

Radical trap experiment Unsuccessful examples

O I(/) E 0]
é=o . PN standard conditions S|=O Me E &20 Me
\ > \W :
Ny A Ph — ) N P~pr, 5 N ZnEt, ZnPh, BnZnBr [>—2zn8r
o 4 2 BHT 86% yield : o
- e
Proposed Mechanism (el o~
R/_\< N . R
_ Mey 3\ n=0,1 SN .
Five-membered @‘N A @N Five-membered
DG-bound nickelacycle F DG-bound nickelacycle
D AcO R
Pathway A Pathway B
: R
Ni”+2—>§ = Ni”+2—>
~ X B ZnMe,
R
R A
_____ NI
Me—Ni”+2—) @N
c ZnMe, E
Het
ZnMeX C'\\l\/\

Engle, K. M., et al. Angew. Chem. Int. Ed. 2020, 59, 7029-7034. 12



2.1 Redox-neutral dialkylation of unactivated alkenes

perfect regioselectivity

electronic radical sortin steric radical sorting

FF - F
o)
)SHZ (@) NHBoc
two new C(sp®)-C(sp°)
bonds formed
MacMillan group (2024) _EIECtron_ICia”y and NHC-1 (2.0 equiv.) (" Ph ) ( Me )
sterically distinguishable  pyridine 2.1 equiv.), t: - Y, _
R Ni(acac), (15 mol%), KTP* (15 mol%) gt 1€ N\> HB—N. P~p1e
/\§/R3 + dMesSCF; + Me—OH - R2>\/CF3 o) \ T Me
R? CsOAc (2.5 equiv.), Ir-1 (1 mol%) RS ‘Bu BFy “ im0
. TBME/'AmOH, blue LEDs, rt , NHC-1 N~N*T N0
1.0 equiv. 2.0 equiv. 2.0 equiv. up to 85% yield | y MeMM Me
e
Selected examples . .
. FsC Me L Ni(acac)(Tp*) y
OH
MeO,C MeO ( )
NH M N M A M M
Boc” © Cbz” © N TR MeO © CbZ/N
71% yield 63% yield 70% yield 72% yield 64% yield .
O ST TSI TS E RS E S AT E AR AR IIIIEE Y 'Ir“\
< Me Me O’N E Internal alkene F3C : . \N z
(0] N/\% F \\ Me ' CF, Me, Me E ~ |
CF § NQL'\ : OMe ; ,N| By
. 43% yield, 79% yield, bz Me cbz” : 3
from paroxetine from ataluren ' 61% yield 57% yield b Ir-1 )
" 0 o tl

MacMillan, D. W. C., et al. Nature 2024, doi.org/10.1038/s41586-024-07165-x. ~ *==w==mssmsmsmsmsssssssseoseosoocoosooesiooeoes 13



2.1 Redox-neutral dialkylation of unactivated alkenes

_e'efltm;'c?‘”y ?‘”hd i QR : The Mechanistic Experiments
sterica Istinguishable : ' o\ X
R' y g Nl'(acac)z (25 mol%) Alkyl? : Radical clock experiment
R3 or Ni(TMHD), (25 mol%) 1 . o
Rz)%/ +  Akyl'=Cl +  Alkyl-OH > 2 Alkyl’s 0 NH
oo moo no CsOAc (2.5 equiv.), 4CzPN (1 mol%) : CI%L 2
1 ° 2 '
(F&2°& 3 allyl) - (17 alkyt™) TBME/MeCN R® NH, ES standard conditions ~ Me .
1.0 equiv. 2.0 equiv. 2.0 equiv. blue LEDs, rt up to 80% yield ! FF + NN > F
. N N : 37% yield N
Ar ¢z : MeOH |
/ s N ' e
Bu *N Cz Z :
|: :| D :
o> : , 3
By BF, Cz \\N ' radical addition
N Cz
NHC :
\_ Y, L 4CzPN ) :
E Ts R F
Selected examples E /\/'{‘MNW 5-exo-trig
Me Me Me E S
OEt OFt :
N _N N —N : )
Cbz” O Cbz F 0 Cbz” + Stern-Volmer quenching study
70% yield 61% yield 74% yield : Stern-Volmer Quenching Study
: v 3.6971x+1
P . ' y=3. X+
NHCbz 1 Internal alkene : 5 R = 0.0007
O ' CO,Et Voo —
CbzHN  EtO 0 5 b >,
CO,Et ' COE ' ; , y=0.0215x + 1
2 OEt ' O T, PR e @i w0
_N EtO,C OMe N b ; ‘ ‘
Cbz Me : (EbZ ! . 0 05 1 15 2 25
B N : . [Quencher] (mM)
53% yield 59% yield i 65%yield Boc

® dMesSCF3(0Tf) NHC Adduct

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

MacMillan, D. W. C., et al. Nature 2024, doi.org/10.1038/s41586-024-07165-X. 14



2.1 Redox-neutral dialkylation of unactivated alkenes

Kinetic Order (VTNA)

Alkyl Chloride VTNA 4CzPN VTNA
First Order First Order

0.040 0.040
- S 0030 The rate-determining step:
S 0.020 _ T 0.020 The reaction of alkyl chloride
B —e— 2 equiv (control) =) —0— 1 mol% (control) .
& 0.010 1 equiv. g 0.010 o with photocatalyst

0.000 0.000

0 5 10 15 20 0 0.1 0.2 0.3 04
S[AlkylChloride] At S[4CzPN]*At
Alkene VINA
ene MeOH-NHC adduct VTNA Ni(acac), VINA
Zero Order
ero Orde Zero Order Zero Order

0.06

005 0.040 0.040
S om 2 0.030 2 0.030
8 0.03 S 0.020 _ S 0.020
3 0.02 —e— 1 equiv (control) B 0.010 —@— 2 equiv (control) 3 0010 ®— 25 mol% (control)
g« 0.01 —@— 1.5 equiv. e —®— 1 equiv. o —@—12.5 mol%

0.000 0.000
0 0 100 200 300 400 0 100 200 300 400
0 200 400 600 800 . ‘ ‘ .
Time (minutes) Time (minutes)
Time (Mintues)

MacMillan, D. W. C., et al. Nature 2024, doi.org/10.1038/s41586-024-07165-X. 15



2.1 Redox-neutral dialkylation of unactivated alkenes

Proposed Mechanism

Ph Ph Alkyl'—\ Alkyl?
tB + / - tBu N/ H
u N Pyridine ><
N
—_—
T e oh

Y 15 min 5 S By N/ l}l
- u
Bu BF4 Alkyl " \@ go\ AIkyI2 . Cbz
Bu
+
B
Alkyl>—OH .
H8” N HB N
Ir' ) ( | < |
Photoredox Catalytic i, Nickel Catalytic —Nilll,
redul-cl:tant Cycle N/N'QIL Cycle N I \I'_L
F G Alkyl?
P
D Sy2 radical
substitution
Mes_+ M =13
es
_OTf\§’ or  Alkyl'—Cl Atk
CF;
1 =<:/\N—Cbz — E
e - h
! Cbz J

MacMillan, D. W. C., et al. Nature 2024, doi.org/10.1038/s41586-024-07165-X.
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2.2 Reductive dialkylation of unactivated alkenes

Koh group (2020)

P -~

Nil, or NiBry-diglyme (20 mol%)

: . O
: O .
' ' .O__Alkyl Mn (3.0 equiv.)
1 L} 2_
' N’u‘ﬁvn/\ + N \n/ +  Alkyl*—I - I
! H @) 1° alkyl?) DMSO or DMSO/MeCN, _N
NN ; o (17 alky 35°C, 16 h
(1°& 2°& 3° alkyl)
1.0 equiv. 1.7 equiv. 2.0 equiv.

O  Alkyl?

|
\ Alkyl
H

up to 73% yield

Selected examples

n= 15;\ SN 52\ N L j\/w
R H D
D )‘\/K/\©\t8u D JK/K/\@\BI. D \ S 3 N

69% yield 46% yield 60% yield

CO,Et
O Et (0]
(0] "Bu (@) 0] "By Ph
N N H N/u\/w
H
B N N
~-N H : Z Ph Z OMe N H

52% vyield 67% yield 63% vyield
Me (P‘,,o
Me S H
e} n=2
~-N o N
o N "
35% yield, 1:1 dr ~-N 35% yield, .
from dehydrocholic acid, from sulbactam, Bu
hydrocholeretic f-lactamase inhibitor

Koh, M. J., etal. J. Am. Chem. Soc. 2020, 142, 21410-21419.

55% yield

35% yield

OMe

"Bu

47% yield

18



2.2 Reductive dialkylation of unactivated alkenes

The Mechanistic Experiments

Radical clock experiments

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

0 ' 42% yield, 1:1 dr

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

standard conditions

61% yield
(no ring-opening)
Reaction with manganese(ll) complex

Et,0

AN+ »> 7 "MnBr-LiBr

MnBr,
10 °C, 30 min

"BuMnBr

"By
standard condltlons

): \ﬂ/\©\ with Mn or without Mn

Koh, M. J., etal. J. Am. Chem. Soc. 2020, 142, 21410-21419.

Not observed

Proposed Mechanism

O\/K/\(j\ome

L,Ni® < Ni''X, O

O Alkyl
O\/\ N y
A|ky|2 5 ©
Alkyl1 + 1/2 MnX,
Alky!'
o
O\/\ + 1/2 Mn =

0 @]
|
1 %’ ISET
Ikyl o

NIIII NH\ 7

N Ni'<
T /ley|2 %/ NPhth \
= CO,
B Alkyl"
AIkyI2
Five-membered 07\"\,
Alkyl’ i —
\}—\_/ Y DG-bound nickelacycle NHe 7
NH A Ni'
>NI @ ||\A|ky|1
NPhth
= c
F ISET 1,2-alkene
insertion
Alkyl2—] Ow/\@l* 5
]
NH Alkyl
A NHs
— /Ni{
= >§ N NPhth
1/2 Mn(NPhth), D

1/2 Mn

19



2.2 Reductive dialkylation of unactivated alkenes

DFT calculations

o TR %/N'\. """ w7
o} . AG” =13.1 = AG*=7.3
o N~ Ph 2 \
I Me \(f)]/\ ;___E int-6 o
0 Lo AG=-7.3
2 3 b 0
. COA NHw 7
------------------------------- > >N|“\I m
ts-11 \_ NHw #
. AG” =18.9 — Me NT Ni"\/Ph
0 0 ? : Q nt-7 =" \Phtn
Ni o 1 AG = -9.0 t
NM — NH\'\{O E N’O\n/\Ph int-2
| _N M %’ | 5 © Q AG = -67.7
— 3 h 3
1 A oseT A N ts-3
4G =0.0 Rttt N/N' """ es AG* =35
AG” =12.1 — )
AG"=11.3y
int-4 O
) ; AG=11.3 CO2 @ _pp
The calculated free energy barrier for the |3 ISET {
' /N'\NPhth *
ts-1
ISET process of 3 was 10.5 kcal/mol AG” = 10.5 /:( > AG#_ s int1
o int-q pp, 4G =616
lower than other processes con V\"\= P .O_<_
""" t86> NHa # O 0
- il "
AG” =20.7 N/ TI\O/U\/Ph 3
= NPhth
int-5
AG = -56.3

Koh, M. J., etal. J. Am. Chem. Soc. 2020, 142, 21410-21419.

The calculated free energy barrier for the
ISET process of 2 was 13.1 kcal/mol

lower than COA process of 2

0]

M\

NHw 7
Ni®
QN,/ |

Reacts faster with

(0]

pLe) !
\ \[rAIkyI
o)
o)

—>
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2.2 Reductive dialkylation of unactivated alkenes

DFT calculations

o
o)
1 Me NN Ph
o}
0
2 3

: «
---------------------------- » Ni|||
ts-15 ( EN/ k\'
AG” =16.2 = Me

O\},\— Q Ph o int-10
— 1) 1,2-alkene insertion | 0 AG =-17.5
NHw 7 - W NN P
N/ NI\/Ph 2) Mn N/ Ni' | o Ph
—_ | 0 (@) Ph O
NPhth = 3 W3 gn O
E A NH
c OSET N A
AG=0.0 [ N/'\i' ----- T
P AG* =122 — NG o113
g INt-13 oY

The calculated free energy barrier for the
OSET process of 3 was 12.2 kcal/mol
lower than ISET and COA process of 3

Koh, M. J., etal. J. Am. Chem. Soc. 2020, 142, 21410-21419.

AG =116 O Ph

s ser A W
ER bbbt > NHw

ts-16 7 Nil

AG= = 14.6 % “NPhth

COA W 4G = -26.9

............. >
NHs 0

ts-17 Nl

AG* =125 Cal}l/ | \OJ\/Ph
=" NPhth
int-14
AG = -59.0

The calculated free energy barrier for the

ISET process of 2 was 5.4 kcal/mol

lower than other processes

(0]

Alky!
-

N/Ni'

— &

Reacts faster with

|—Alkyl?
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2.2 Reductive dialkylation of unactivated alkenes

Synthetic applications

(

1) NaOH, EtOH
130 °C, 16 h
>

2) NHPI, DIC, DMAP
CH20|2, rt

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

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

Me 1) NaOH, EtOH

OMe 1307°C.16h  _  PnthNo,C

2) NHPI, DIC, DMAP

OBn CH20|2, rt

Koh, M. J., etal. J. Am. Chem. Soc. 2020, 142, 21410-21419.

®

PhthNO,C

83% yield

Me

75% yield

C

OMe

OBn

NiBrs-glyme (10 mol%)
dtbbpy (12 mol%)

('Pr)5Si
Mn (3.0 equiv.) \Br (Pr)Si
NMP, LiBr, rt, 18 h N

decarboxylative alkynylation
86% vyield

C

NiBry-diglyme (10 mol%) ()
dtbbpy (12 mol%)
Zn (3.0 equiv.)
DMA, rt, 18 h

L

decarboxylative arylation

- 0

C

85% yield
NiBry-glyme (10 mol%)
dtbbpy (40 mol%) Me” >Zn “Me Me
DMF/THF, rt, 18 h OMe
- Me
decarboxylative alkylation
OBn
81% vyield
NiBr,-diglyme (10 mol%) BnO BnO
dtbbpy (12 mol%) j@\ O Me
Zn (3.0 equiv.) OMe
DMA, rt, 18 h MeO ! MeO O
r
synthesis of bioactive compound OBn
y ! foactiv pou 72% yield

precursor to antibacterial,
anti-cancer agent
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2.2 Reductive dialkylation of unactivated alkenes

Koh group (2020) & Yang group (2024) sterically
/ o distinguishable i, or ni(acac), (10 mol%) 0 Aky?
; : Mn (2.5 equiv.) 1
- : - Alkyl
' NJL:‘Mn/\ + Alkyl'=I +  Alkyl?-X - - N - y
: H e DMF, 50 °C, 12 h H R
i~z : (2° alkyl’) (1° alkyl?)
X =0Ts, Br, |
1.0 equiv. 1.5 equiv. 2.0 equiv. up to 88% vyield

Selected examples

n=1 MeOZC
OH
L ] )OI\/HIQU/OBOC j\i/@ I ]
N | N N | H
~-N H ~-N H ~-N H ~-N
72% vyield 66% vyield 49% yield 53% yield

NBoc

z

52% yield O 70% yield 82% yield

nPr n=2
(0] o !
Y5 Nnpy O i
(0] \b
N © I H ~-N
| N ~-N "Bu (0]
~Z

73% yield 52% yield

Koh, M. J., et al. Chem 2020, 6, 738-751; Yang, T., et al. Org. Lett. 2024, 26, 1190-1195.

Iz

9 O "Bu O  "Bu Me O/>
(0] Bu
| H e
~-N

51% yield

Irz

45% yield OBn
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2.2 Reductive dialkylation of unactivated alkenes

Shu group (2022) NiCly glyme (5 mol%) : The Mechanistic Experiments
: Y 1 L3 (6 mol%) Alkyl’O :
: L+ Alkyl'=Br + Alkyl-Br > Alkyl ! Radi i X
NLNHR; Mn (4.0 equiv.), Nal (2.0 equiv.) \)\/U\NHR : Radical clock experiment 0
""""" (1°& 2° alky') (1° alky?) H,0 (15 mol%) : e NHPh
DMF, 60 °C, 18 h : :
2.0 equiv. 3.0 equiv. 1.0 equiv. up to 83% yield : 0 NC standard conditions 9% yield
N : |> \ °
. ( p-F-CgHy ! NJ\ ¥ \l ¥ Br >
electronically : NHPh Br
distinguishable : 1a 2a 5\/&
NC NHPh
+ Control experiment 45% yield

Selected examples

Br O standard conditions Phi)\)oj\
+ /\/\ >
NC/\)\/U\NHPh " o NC NHPh
0D e I O - :
85% yield

4a’ serves as the intermediate

51% yield 55% yield 50% yield, 1:1 dr 5
E Reaction of 1a with 2a Br O
0 E NC/\)\/U\NHPh
(@] : ‘ /\)O]\ NC\I standard conditions 3% vield
( “ ( . + - o yie
Q @ @ v 7 NHPh Br without 3a o
NC N NC N : 1a 2a A~~~
H H ; NC NHPh
60% yield, 1:1 dr 65% yield, 1:1 dr ; 4a"
from L-Menthol from (+)-Borneol ! 83% yield

Shu, W, et al. Org. Lett. 2022, 24, 3844-3849. 24



2.2 Reductive dialkylation of unactivated alkenes

Reaction profile of the reaction process i PrOpOSEd MEChan |Sm

Br O
NC

N NC NHPh | Alkyl'-Br
Br '

: 0 Br O
i 43’ . A_> 1
o) 2a standard conditions ; NLNHPh . Alkyl \)\/U\NHPh
PN Ph : My

0 '
1a PR Br Nc::)\)LNth 1/2MnBr,  LyNi° /\
3a : A
: : 4a : 1/2 Mn 1 NHPh
4a’ serves as the intermediate : Br‘N'[j

04— %—v9—v—Vv—Vv—9v—Vv—V¥ &
. . —— -

o-ep

1\J\/lok
NHPh

D

2 3 4 5
time (h)

................................................................................... B
LnNi'-Br 1
100 <m.__ = 1a 4o 42" : ; Alkyl
e Py ® 3a e 4a E 1/2 Mn
o 4 . : Alkyl? O
80 n B v ; 1
.« A : Alkyl NHPH

= 604 ' v : 1/2 MnBr;
B A A :
> Ni!
= p : 2 0
g o : Bry AlkYl
2 404 . : il o Alkyl!
5 g : c NHPh
: % A : Alkyl1\)\/lLNHPh

20 - : Alkyl? -

A = N ; E Br
- 4w ' \N'”
: ' Alkyl>—Br
: Alkyl

Shu, W,, et al. Org. Lett. 2022, 24, 3844-3849. 25



2.2 Reductive dialkylation of unactivated alkenes

Huang group (2023)

Ni(OAc),-H,0 (10 mol%)
DPPE (12 mol%)

5
R! MgBr,-Et,0 (1.0 equiv.), Nal (50 mol%) N
R3 NR® Mn (2.0 equiv.) Alkyl
R + Aky—Br + ( > R,
R* (1°8 2°8 3° alkyl)  OR® CH3CN, 40 °C, 8 h RR3R4
2.0 iv. 1.5 iv. 1.0 iv. up to 89% yield
Squv Squ Squ Selected examples P 2y
(PMB),N (PMB),N (PMB),N BnyN (PMB),N
F N R F ? RF H ? RF H
N NEt C4F N N
AV, 2 ; Bz0 AY B AV
Me 0] Me @) Me @) O
82% yield 83% yield 63% yield 68% yield 67% yield
(PMB),N ST Internal alkene 7 :
RF H ' '
+ (PMB).N :
o) N : F H (PMB),N (PMB),N :
Q ' N RF H RF H :
O O } Me AV, Me N \QH/N :
5 0 v, Swell ISV
74% yield, 1:1 dr : Me _ :
K from cholesterol derivative i 52% vyield, 1:1 dr 42% yield 68% yield, 4.4:1 dr '
Synthesis of bioactive compounds
Pd/C (10 mol%) M
H, (60 atm) Me . LiAIH, ,{je
NMeB ° N
s epn MeOH, 80 °C S THF s
EEE—
N : N _ N
CO,;Me debenzylation reduction
45% yield 80% yield 90% vyield (mepazine)

Huang, H., et al. Nat. Catal. 2023, 6, 847-857.




2.2 Reductive dialkylation of unactivated alkenes

The Mechanistic Experiments

Reaction with ATRA product

(PMB),N

Br N(PMB),

CF,CONHPh *
OMe

standard conditions

CeH13

Radical clock experiments
standard conditions

=
+ >
RF
>§WNHPh
Br
o)

radical-iminium addition process

NBn2 anN

OMe

CeH13

OEt
Br><n/

)

Huang, H., et al. Nat. Catal. 2023, 6, 847-857.

Bn. standard conditions
/\ + l\lj\ -
OMe Ph RS

3

Not observed

NHPh
FF

52% yield, E/Z = 10:1

F

CeH13 5

35% yield

/@/\Ao
Ph

15% vyield

CF,CONHPh
— - CeH J\/ 2 '

Reaction with iminium ion

+ standard conditions Me-N
C6H13/\ + NMe2 |- 2
I EF CF,CONHPh
CeH13
OEt
Br )
ol 63% yield

Iminium ion serves as the intermediate

Hammett studies

R

Me\ﬁ or standard conditions |\|/|e\/©/
e+ L - C

CF,CONHPh

C,H 2

9

0.04 4

-0.04

log(k,/k,)

-0.08 -

-0.12 A

-0.4
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2.2 Reductive dialkylation of unactivated alkenes

Isotopic-labeling experiments

b N(PMB),
N N(PMB), standard conditions
b + ( - CF,CONH°Pr

>95% D NHCPr >95% D

Br 71% yield

o)
N(PMB),
AN N(PMB), standard conditions
DD + r CcmONHCPr
OMe R F 5 b
92% D NHCPr 91% D
Br
0] 74% vyield

rule out the alkyl-nickel species

Reaction with nickel-iminum ion complex

+
: NR THF RN X
N|(PPh3)4 + ” 2X' —_— I/\NI\
PPhs
X=1,Cl
CeHiz™ X
RN, X standard conditions NR;
R + N > /L/
~ CF,CONHPh
Br><rrNHPh PPhs CoHys
O Not observed

Huang, H., et al. Nat. Catal. 2023, 6, 847-857.

Proposed Mechanism

NR,

Alky!
R1%<
R2

R3R*

+.
NR, Ni"
R1/);<A|ky|
R2

3R* N
R | NI Alkyl—Br
Ni
(S.po0
Electron-shuttle
Catalysis Alkyl -+ A
+- -l
NR2 Ni
R Alkyl R
2 R3
Ni' R
A~ Alkyl
R!
R7273(R4
R B
Ni“
NR2 +
_> NR2
OR' Il
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3. Summary and Outlook

Summary:

Redox-neutral dialkylation of unactivated alkenes Alkyl Reductive dialkylation of unactivated alkenes Alkyl!
Alkyl? Alkyl?
Alkyl2=ZnX Ni cat. Ni cat.
QUAUR + Alkyl=x + —_ or QU AR + Akyl'-LG" + Alky2-LG2 ——» or
Zn(Alkyl?), Mn
Alkyl? Alkyl?
Sensitive alkylmetallic reagents QA _ Ay’ Stoichiometric metal reductant Alky!!
Redox-neutral dialkylation of unactivated alkenes
Dual Alky!'
Photoredox/Ni QA _ Alky?
catalysis
Q_ R + AkyI'LG'" + Alky?-LG? > or
. e . 2
« Devoid of sensitive alkylmetallic reagents (i Ak
» Devoid of stoichiometric metal reductant
ST ;_'__'__'_i_'__'__'_f_'__'__'_f_'__'__'_i_'__'__'_f_'__'__'_f_'__'__'\' """""""" &x: R + ;\[k;ﬁ_'[(;f Ty A;ﬁz'_'LéE\\
l Alky!! Alky!’ { e _ ‘; \
: Ay Alkyl! i Identify differential i
; alkylation reagents i [Ni] !
E Al kyl 2 Al kyI 2 V 1 a ,:: :‘_‘_:‘_‘_:‘_‘_:‘_‘_:‘_‘_:‘_‘_:‘_‘_:‘_‘_:‘_‘_:‘_‘_:‘_‘_:‘_‘_:‘_‘_‘_‘_‘_‘_‘_‘_‘_‘_:\‘ :> - :
1 2 ' . - H 1
| Akt QU ANyl . Achelating-group-assisted | Alky 12 Alkyl" !
\ Regio- and Chemo- selectivity i‘ strategy E R or R '
et ' Alky!! Alkyl? /!

____________________________________________________________________________________________________________________
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3. Summary and Outlook

Outlook:
» The development of green and efficient photocatalysis/electrocatalysis
N Alky!"
QLR * Akyl'-LG" + AlkyP-LG? — > R

ﬁ Alkyl2

» The construction of an asymmetric dialkylation reaction

Alky!

Cat. R

QU R + Akyl'-LG" +  AkyP2-LG? > c
Chiral ngand Alky|2

» The construction of 1,n-dialkylation of unactivated alkenes

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

' 13
Ni cat. O NN
M+ Aky'-LG' *+  AkyP-LG? > Aky2
. 1,n-dialkylation ;
l AIkyIZ-LGZT
Ni 1
! chain-walkin O/\M/\,Alkyl
O/\P'n)\/Alkyl g - - :
Ni
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Thanks for your attention!
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