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reduction
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Classical TM Methods & XEC

180000”
Conventional Transition Metal Cross-Coupling 160000
140000” ’
[Ml X catalyst 120000"
100000”
u Het<Aryl”
Suzuki (M = BX5), Negishi (M = ZnX) #0000 i Aryl”
Kumada (M = MgX), Stille (M = SnR3), etc. 60000”
40000”
V Well-established 20000"
\ Robust, prolific
O” ===y

X Limited commercial availability
X Additional synthetic steps

BOM)2” Mg” BF3K” zn” . CI' B I’ OH’ NH2” NO2” CO2H”
N N /

v
Organometallic Electrophilic
coupling partners coupling partners

Traditional TM-catalyzed cross-coupling reactions account for ~11.5% of all C—C bond forming reactions
in medicinal chemistry

Cross-Electrophile Coupling

catalyst X Recently es?gblished (~10 years)
\ Robust, prolific (FG tolerant)
reductant O v Highly commercially available

X Others...?

’ Note: Reductive cross-coupling (RCC) and Cross electrophile coupling (XEC) are similar but non-equivalent nomenclature.

Goldfogel, M. J.; Huang, L.; Weix, D. J. Cross-Electrophile Coupling: Principles and New Reactions. In Nickel Catalysis in Organic 2
Synthesis: Methods and Reactions; Sensuki, O. Ed.; Wiley-VCH Verlag, 2020; pp 183-222.



What 1s XEC?

Catalytic method that couples two different carbon electrophiles under reductive conditions

Advantages include...
1) Bench stable coupling partners

Aryl (pseudo)halides Benzyl (pseudo)halides Vinyl/Alkynyl (pseudo)halides

2) Large substrate pools ©/ ©)\ J\,X

X =Br, I, OTf, OTs, X = Cl (most often)
CO,H, COY

3) Functional group compatibility
A. —OH, -NHPG, C=0, S*%*, 3-leaving groups all tolerated
B. —N3, —NO, and other reducible functional groups not tolerated

4) Facile synthesis of C(sp?®)-C(sp*) — complementary to traditional TM methods

C(sp3)-C(sp?) well-
suited for XEC

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

C(sp?)-C(sp?) well-suited
for traditional TM methods

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

P
Precccccccccccccnns
N o=

Goldfogel, M. J.; Huang, L.; Weix, D. J. Cross-Electrophile Coupling: Principles and New Reactions. In Nickel Catalysis in Organic 3
Synthesis: Methods and Reactions; Sensuki, O. Ed.; Wiley-VCH Verlag, 2020; pp 183-222.



Historical RCC

Wourtz - 1855 + Fittig - 1860s

Br Na Alkyl
‘ +  Alkyl—| —>‘

1. Radical and polar mechanisms operative
2. Common mode of off-reactivity in the modern synthetic chemistry

Ullman - 1901

& - O
NO2 02N ngh T
O,N

1. Modern developments include Ni or Pd rendering the process more mild
2. Requires electron-deficient arenes

NO,

Seminal reports of Ni-Mediated Reductive Homocoupling

Semmelhack - 1971

Br Oor 2+
Kende - 1975
DMF 50 °C

Kumada 1977

Wang, Z. Wurtz Synthesis. In Comprehensive Organic Name Reactions and Reagents; Wiley & Sons 2010; pp 3094-3099.
Ullmann, F.; Bielecki, J. Chem. Ber. 1901, 34, 2174-2185.



Why Has XEC Been Challenging to Develop?

Classical reactivity: v Co) unambiguous reactivi’ty> C(6')

O
| -
B§J§< Brd [Pd] Pd
5 O (js* e ©§[8+ ]‘Br —>» Biaryl product
Z

Nucleophilic Electrophile
transmetalation OA precursor

Issues with selectivity:

Me

X X Ni catalyst O
JORE®] -

Me reductant Me

Me
1 equiv 1 equiv
a a 1 _ 2 _ 1
substrates of similar reactivity Dimer ° Cross-coupling °  Dimer
Alternatively...

Me
X X Ni catalyst O
JO RN - J
Me reductant Me Me
1 equiv 1 equiv SLOW | Trace _ FAST

SLOW ) FAST . Dimer ° Cross-coupling Dimer
substrates of different reactivity

Goldfogel, M. J.; Huang, L.; Weix, D. J. Cross-Electrophile Coupling: Principles and New Reactions. In Nickel Catalysis in Organic 5
Synthesis: Methods and Reactions; Sensuki, O. Ed.; Wiley-VCH Verlag, 2020; pp 183-222.



Early Work with General Application

Weix - 2010
10.7 mol% Nil,exH,0
5 mol% dtbbpy )
o 5 mol% 1,2-di-PPh,-CgH, n-Oct Roleof... o
+ |—n-Oct 70 mol% pyridine o Pyridine: mitigate B-hydride elimination
R 200 mol% Mn°, DMPU., 80 °C R 2 ligands: modulate reactivity of nickel
R = BPin, CH,OH, CN, C(O)Me Best selectivity when one halide is an iodide
Weix - 2012
eix - 20 5 mol% NilyexH,0 - N
5 mol% ligand MeQ, OMe
» o 25 mol% Nal ey — or // \ —
(Het)Ar-Br + Br-R 5 mol% pyriding »  (Het)Ar-R /_\ » _ N
200 mol% Zn°, DMPU, 80 °C N N N N
L ligands )
/‘/\/\CO2Et /‘/\/\COZEt /’\/\/
HO MesSn Me CO,Et
bpy; 74% bpy; 74% phen; 26%

What potential

CO,Et .- Q mechanisms are at
2 n c
’/\A ‘/\/\ p Eto)‘\‘/\ro play? Are multiple
TfO 7

mechanisms operative?

phen; 74% unspecified; 48% phen; 60%

Everson, D. A.; Shrestha, R.; Weix, D. J.; J. Am. Chem. Soc. 2010, 132, 920-921. 6



Potential Mechanisms to Consider

Mechanism 1: Direct Insertion of Reducing Metal

Ri—Rz

Mechanism 3: Intermediate Reduction of Nickel

Zn'"X,
[Ni9] R.—X
—
1/2 Zn° 724,
X,[Ni']

]
R, —R
12 Red'k1/2 Zn®

Y
R1/R'2 Zn“XZ

8 R1/[Ni']

) R2_Y
[Ni] - Ry—l
R—l — R—Nil ——> R—R;

T
I
I
1
1
I
I
I
I
1
1
I
I
I
I
1
1
I
I
I
I
1
1
I
I
I
I
1
1
I
I
I
-
1
1
I
I
I
I
1
1
I
I
I
I
1
1
I
I
I
I
1
1
I
I
I
I
1
1
I
I
I
I
1

Mechanism 2: Disproportionation of Nickel Intermediates

il I
R1/ [N| ]\X Rz/ [N| ]\Y

R']_X/ \/ RZ_Y

[Nio] Disproportionation [Nio]
& "Metathesis"
) I

Ri—Ry | N\ il i > Znlxy

R1/ \Rz X’ -~Y

Ni R,—Nil
R—I L» R—Nil = R{—R;

Mechanism 4: Radical Chain

zZn''xy
[Ni°]
0
1/2 Zn 7 Red Ry—X
- INI'T~y
R1_R2 {
rIN'=x
ﬁﬁ/r' % R1/|[Q[\“|V]:Y<//
R>* or
2 X 2 X R,=Y
[Ni] °

Everson, D. A.; Jones, B. A.; Weix, D. J. J. Am. Chem. Soc. 2012, 134, 6146—6159. 7




Probing Potential Mechanisms: Direct Insertion

ﬁechanism 1: Direct Insertion of Reducing Metﬁ Direct Insertion of Reducing Metal

R1—Rz [Nio] R—X Br ZnBr 0%
DMPU 80 °C
Br TMSCI _ ZnBr o
BrCH,CH,Br 14%

DMPU, 60 °C

Zn°
DMPU, 60 °C

n-Oct—Br » N-Oct—ZnBr 7%
Zn°
TMSCI
BrCH,CHBr > M-Oct=ZnBr
DMPU, 60 °C

n-Oct—Br

GC yields after 24 h

Further insights... Conclusion: RCC much faster than Zn insertion
1. Induction period when air present but doesn’t

affect yield or selectivity Br - Ot—Br Standard conditions _ n-Oct54o/
2. Over-activation of zinc leads to hydro- TDAE instead of Zn o

dehalogenated products (rapid Zn insertion)

3. Heterogeneous Zn reduction likely RDS but
activated Zn did not lead to faster rate
indicating new turnover-limiting step

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

MezN NM62
TDAE (reducing agent)

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

Everson, D. A.; Jones, B. A.; Weix, D. J. J. Am. Chem. Soc. 2012, 134, 6146—6159. 8
Biswas, S.; Weix, D. J. J. Am. Chem. Soc. 2013, 135, 16192-16197.
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Probing Potential Mechanisms: Disproportionation

2.5-125 mM - R . . . .
. Ni(cod),, L. and py ﬁchanlsm 2: Disproportionation of Nickel Intermedmt}

» Ph-CgH;; + Ph-Ph + H;;,Cy-CgH , -
l‘CgH-]';.r [23) g7 17w~ wsM7 B /[Nlll]\x 5 /[Nl“]sY
1a Mn®, DMPU, 60 °C 3aa 4a 5a 1 2
200 — . T T T T . R1-X/ \/ R,=-Y
180! -
5 160 [ -
,g 140_'1 i [Ni] Disproportionation [Ni°]
3 ! "Metathesis"
S 120 i
S 100 .
< 80 . \ g
2 60 i Ri=Ra| [Ni'] J[Ni"] Zn° Ry
& 40 i - R —R, X '
20 - , .
_________ Ni] R5>=Nil
n ‘Q ————— = g TR, Eﬂ ————— —_ [ —_— . 2 —
% 20 40 60 80 100 120 140 K Ri=l > Rqi=Nil > R1=R; /
Catalyst Concentration (mM)

If mechanism follows disproportionation, a
molar ratio of product/dimer vs. [Ni] would
give a straight, horizontal line. Conclusions:

............................................... . 1. Preformed nickel complexes show little metathesis

_INi Me Me .

; To-2 N " DwE Et ,i 2. Biaryl formation (dimer) has 2" order dependence
: _[Ni] rt, 48 h E on [Ni]

,  Et ~Et :

: 1 . 36 _ _

; cross Dimer | 3. Cross coupling has ~1% order dependence on [Ni]

Biswas, S.; Weix, D. J. J. Am. Chem. Soc. 2013, 135, 16192-16197. 9



°robing Potential Mechanisms: Intermediate Reduction or

Radical Chain?

Intermediate Reduction Radical Chain
Ni Ro—I Ni R,*
R—I (N R—Nil — R—R, R—I L R—Nil —=— R—R,
| Ni®(cod)dtbbpy H* quench |

+ n-Oct—I » Mixture of Ni complexes —————— + n-Oct—I

Q

89% conv. 19% conv.

I-Pr i-Pr _
[Ni] | ~5x rate difference
' Ph-I (1 equiv) + Ph—Ph reversible OA
DMF, 60 °C
65% quant.
i-Pr N Py
=" p-Oct-1 (10 equi n-Oct : , :
‘/ nDI\(/iF-c(i 6%qé1(|:v)> quant.; 99% cross-selective Still can't b adnythmg
& about the 2"d step
i-Pr ;
[Nil—, n-Oct-1 (2 equiv) -Pr
=l oo | iodide (2 ' n-Oct
Cum%,\f,:dlgg S)Cequw)> 56% yield; >99% cross-selective
n_oct/[Ni]‘X IBhI\I/”(:1 gg%‘é) » n-Oct—n-Oct Ph—n-Oct
X = | 14 : 1 First step likely OA into Ar-X
X =n-Oct 270 : 1

Biswas, S.; Weix, D. J. J. Am. Chem. Soc. 2013, 135, 16192-16197. 10



°robing

Mechanism 3: Intermediate Reduction of Nickel

Zn'"X,
[Ni°]

R1_X
12 20° e \\
X/[NI] [NI”]
R X
R1_R2 4 !
Re%']/z Zn°

Mechanism 4: Radical Chain

zn''xy
[Ni°]
0
112 Zn" 7 Rea. Ri=X

R1/ ) Y anl)(2 — ﬁ\/f Y R /[[\“|V]‘~Y
Rz Ry* 1 or Ry X
W N Ry~Y
R1
RZ_Y
Br  Stoichiometric or Ar PN . _Both me_chanisms can have alkyl radical
[>_/ catalytic conditions * [>—/ A N intermediates
Unrearranged Rearranged « In mechanism 3 the radical would be
Stoich: (dtbbpy)Ni"(2-Tol)l  not detected 56% yield generated and consumed at the same
nickel center providing a net oxidative
Cat: standard conditions not detected 35% vyield addition.
5 B Bh * In mechanism 4, the radical is
r . r i
standard conditions generated and consumed at different
A _Co,Et » L _coet _K_ cokt Cickel conters.
98% ee 98% ee 10% yield . : :
° ° rage¥nic Only in mechanism 4 would the radical
lifetime depend on nickel concentration.

Biswas, S.; Weix, D. J. J. Am. Chem. Soc. 2013, 135, 16192-16197. 11



Probing Potential Mechanisms: Radical Intermediates

Ph-I 1a 12.5-50 mM (L)Ni'll, g T
+ 12.5-50 mM py o + U (3ad)
TMS-CI (0.04 equiv)
NS A
= I Mn powder (2 equiv) d\Ph
2d DMF, 60 °C, 6-25 min R (3ad’)

U/R

0 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60

Concentration of Catalyst (mM)

Note: 5-hexenyl radical rearranges more
slowly than cylopropylmethyl radical

Conclusion: Data supports mechanism 4:

1. Initial OA into Ar-X

2. Alkyl-I reacts stoichiometrically with Ar-Ni'-|
without reductant

3. Alkyl Ni'"intermediate does not react with
Aryl Ni'" intermediate

4. Alkyl radical generated with lifetime inversely
dependent on catalyst concentration

Biswas, S.; Weix, D. J. J. Am. Chem. Soc. 2013, 135, 16192-16197.

Initially proposed mechanism

Zn''xXy
. INi%]

112 Zn 7 Red. Ry—X

< IN1~y

R'I_RZ {

R INT=x

N SINTTY AN

2" Ri or 'Ry X
RZ_Y

Alkyl radicals more
stable than aryl radicals

12



Story Shut on the Mechanism of XEC/RCC?

Ph NiCl, (10 mol%) O Ph
Phenanthroline (10 mol%)
EtO + Ph-Br 73 (2 equiv), KsPO4 (1 equw)>
Me OTs THF, 65 °C, 24 h Me Ph
78% yield
+ TEMPO, 69-75% yield
Likely mechanism under
NiCly(dme) (10 mol%) O given reaction conditions
Ligand (22 mol%) Me I
Dimethylbenzoic acid (0.75 equiv) R Mn"X; 0
> . INFI—Ri—X
0 (3 equiv), 30% v/v DMA/THF 1/2 Mn - e \\
3A MS, 20 °C, 24 h x - INi |
r~NI=x
Ri—R;
Red. j~ 1/2 Mn°®
NiCly(dme) (10 mol%) Me 2V .
Ligand (11 mol%) N R/ Mn"X;
R > R/\ R2 |
0 (3 equiv), Nal (0.5 equiv) ‘\OA\ ro
DMA, 0°C,6 h Ro=Y
standard conditions Xx-Ph
R X-""ph
62% vyield
no radical cyclization detected
Gong, C.; Huo, C.; Wang, X.; Quan, Z. Chin. J. Chem. 2017, 35, 1366-1370. Cherney, A. H.; Kadunce, N. T.; Reisman, S. E. 13

J. Am. Chem. Soc. 2013, 135, 7442—7445. Cherney, A.; Reisman, S. E. J. Am. Chem. Soc. 2014, 136, 14365-14368.



Enantioconvergent XEC

OMe
R, ) 10 mol% NiCly(dme)
. TS 22mol% (R R)-BOX -
o Mn (3 equiv), DMBA
R o 30% v/v DMA/THF
c

S >>;
o
h_---I---

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

OMe
c i Ar ]
Fs
0 O NP2 @R NS L
C "Ni —« > (.
Br 4 N R, stereoconvergent ~ N R4
Me Me oxidative addition R2™ “Ar
64% yield, 82% ee 72% yield, 86% ee = -
Reisman - 2015 o :
i o, !
\(\ )\ — Ph/\/ 76% yield \J :
)\ 91%ee i PAr2N—/
o- chloronltrlles Ligand Bn

Sigman & Doyle - 2017
TsHN

! o O :

NTs | Cl E [ />_<\ :
‘/Q . \@/ _— Cl 67% yleld En_Pr\‘\‘“ N N n-PrE
90% ee ! i

Ts-aziridines e e 1

Cherney, A. H.; Kadunce, N. T.; Reisman, S. E. J. Am. Chem. Soc. 2013, 135, 7442—7445. Woods, B. P.; Orlandi, M.; Huang, C.-Y.; Sigman, 14
M. S.; Doyle, A. G. J. Am. Chem. Soc. 2017, 139, 5688—5691. Kadunce, N. T.; Reisman, S. E. J. Am. Chem. Soc. 2015, 137, 10480—10483.



Enantioselective XEC: Dicarbofunctionalization

Chu - 2020 HB%
XN AR e ——————
| N _CFj3: :
)OL " N\FN 10 mol% NiBr,(dme) )OL 2 G [O/> (\O ;
_ 12 mol% Ligand; DME, RT . N ' n- - -Pr:
indole O/W CF3 Mn (2.5 equiv), TMSCI (cat) > ndole O/j TP NTNe P
+ C4F9_| C.iF 76% yleld : n-Pr n-Pr E
unactivated" alkene 479 90% €€ e .
)OL NiCl,(dme) )0]\
i |
indole o/m +  C4Fg—| T%\'/Ig;gf’D'\ﬂA”E> indole o/j/ 44% yield
C,F racemic
4Fg
| NiCl,(dme) 0 Y
|ndoIe Ligand, Mn . )l\ RS
TMSCI DME > indole O/j
95% yield
CF3 C4Fg 95:5 er
Suggests 2° iodo-species as on-cycle intermediate
Ar, L

AN Standard /\)ﬁ /\)\
Ph ~ Zonditions > Ph ' o - ;
C4F9 C4Fg )I\ j/\ 4Fo |

14% yield 56% yield ¥ ;

68:32 er racemic
Directing group important for both reactivity and selectivity

Tu, H. Y.; Wang, F.; Hou, L.; Li, Y.; Zhu, S.; Zhao, X.; Li, H.; Qing, F. L.; Chu, L. J. Am. Chem. Soc. 2020, 142, 9604—9611. 15



Intramolecular XEC: Limited Examples

Br ethyl crotonate (0.9 equiv)
7 (Z NiCl, (30 mol%), Py/MeCN OMe
. ——
00 4-lodoanisole (1.6 equiv) “'H

@) ©)
Oé § T

P R L

I
Br
’ =z ethyl crotonate (3 equiv) -
| ) NiCl, (1 equiv), Py/MeCN
OO

T

o o 0 o L,Ni"Br
Bry H H H
1. Zn red.
Proposed mechanism by the authors. Is this reasonable? 2 Ar-l OA
O O
-
o Ar o L,Ni""Arl
H H H H

Yan, C.-S.; Peng, Y.; Xu, X.-B.; Wang, Y.-W. Chem. Eur. J. 2012, 18, 6039-6048.

16



ntramolecular tereospecitic Cyclopropane

5 mol% Ni(cod),
5 mol% rac- BINAP
MeMgl (2 equiv)
PhMe, 23 °C, 24 h
(x)-cis )-cis 98%
Me 10 mol% Ni(cod),
(Substrate controlled stereospecificity ) 0 10 mol% rac-BINAP Me (~OH
0 rac-BINAP ol (o= Np-2
(R)-BINAP —— >95% yield, >20:1 dr | Np-2 Cl ohMe. 23 °C. 24 h
Np-2 Cl  (S)-BINAP ’ ’ % Vi
p _ 99% ee 88% yield
(x)-cis
- 99% ee
(@) rac-BINAP
. (R)-BINAP —> >096% vyield, 1:20 dr O 5 mol% Ni(cod),
Np-2° Cl  (S)-BINAP c'Cl 5 mol% rac-BINAP :
- Np-2 s
L (+)-trans ) Np-2 Me  MeMgl (2 equiv) > NP —Me
(i) PhMe, 23 °C, 24 h  goo yield
9:1dr 8:1 dr
O "
cl Standard conditions
y
87%
(¥)-cis )-cis
OMe Standard conditions A
o
Cl w/ 15 mol% cat. -
71%
Tollefson, E. J.; Erickson, L. W.; Jarvo, E. R. J. Am. Chem. Soc. 2015, 137, 9760-9763. Chen, P.-P.; Lucas, E. L.; Greene, M. A,; 17

Zhang, S.-Q.; Tollefson, E. J.; Erickson, L. W.; Taylor, B. L. H.; Jarvo, E. R.; Hong, X. J. Am. Chem. Soc. 2019, 141, 5835-5855.



ntramolecular . Stereospecitic Cyclopropane

S nthesis
a
p..p O /\
,'\|“ R Invertlve OA @ @
N ~
@)
sou® @0 “ﬁ @ 0 S A"
/-\ Transmetallation
- P/-\P 4@ PeyirP
e=\ie + . - s N
Ni Me Cl Intramolecular Sy2 7\
* @ - PanicP @
Np-2 inversion of benzylic position .
\V/\/\O inversion of alkyl center Me \E/Y\O

I | OMGQ
Lewis Acid Grignard
PuyiP Reductive P<nirP @
Me’ o‘@ Elimination @@\l/\‘/\/o » Np-2 OH
~
2Rp Ph (1) (i Me Ph
Me Ph
If alkyl present instead of chloride, Kumada coupling predominates
Tollefson, E. J.; Erickson, L. W.; Jarvo, E. R. J. Am. Chem. Soc. 2015, 137, 9760-9763. Chen, P.-P.; Lucas, E. L.; Greene, M. A,; 18

Zhang, S.-Q.; Tollefson, E. J.; Erickson, L. W.; Taylor, B. L. H.; Jarvo, E. R.; Hong, X. J. Am. Chem. Soc. 2019, 141, 5835-5855.



Epoxides as Electrophiles in XEC

conditions

/<|—> )\/Ar

terminal

Ar
)\,OH R/\or o
H

internal rearranged

Coupling of simple aryl groups less precedented than one might imagine

O NiCly(dme) (0.1 equiv)
Me” N ~Bpy (0.7 equiv), Zn
Ph-Br, EtsNsHCI

Ph
.\
Me)\,OH

9% vyield (rr ND)

Ph
)\/Ph " e NOH

81% yield (>95:5 rr)
Standard conditions

Ph
(No Nal) - O/ 66% 0

__ 110 mol% Cp,TiCl, OH R

Standard conditions> Ph
(No Nal) ,
10 mol% Cp,TiCl, “OH

+ 4 mol% Cp,TiCl,

Nil,exH50 (0.1 equw)
bpy (0.1 equiv),
py (0.2 equiv)
Ph-Br, EtsNeHCI (1 equw)

Nal (0.25 equiv), DMPU
(P

+

75%
>99:1 trans:cis

Ph-Br

86% 65%
99% es

50%

Ph
Ph)\/OH

55%

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

NiCl,(dme) (0.1 equw)
bpy (0.1 equiv),

Ar-Br, EtzNeHCI 1eqU|v

)\/Ar

10 + 4 mol% Cp,TiCl,

}
o
T

-----------

Between 3.3:1 and 99:1 selectivity for linear product

How does this process become regiodivergent depending on co-catalyst?

Zhao, Y.; Weix, D. J. J. Am. Chem. Soc. 2014, 136, 48-51.
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Regiodivergency & Parallel Kinetic Resolution

OH

Me)\'

regioselectivity governed by
site of nucleophilic attack by I’

OH
O Standard conditions [Ni]
Me” N w/Nal (cat) Me)\/' ’

regioselectivity governed

/<(,J Standard conditions 5
Me by radical stability

Wl Cp,TiCl, (cat) - [ve”~~C

a 1 e LT o Cp,TiCl TiCl, .
10 mol% NiCl,(dme) - o, TiCl,
10 mol% bpy, Mn : @2
EtsNHCI, DMPU, 23 °C N

88% yield 10% yield  19% yield 88% yield
0% ee  32% ee 64% ee 80% ee
X 10 mol% [Ti] HO,,
T, OCY 10 mol% NiCly(dme) Yy Parallel kinetic resolution
> 10 mol% bpy, Mn _ O Standard conditi
R EtzNHCI, DMPU, 23 °C  Vinyl/Ar e = /*}rﬂ*f‘(’é‘at' )'0”3 >
e .

o, 0 HO.. HO.. HO., on o
) NBn Y
d Ve J_Ph Ve OH
TfO 16% yield 45% vyield

90% 7%
82%, 91% ee  59%, 82% ee  91%,94% ee 99%, 86% ee 0 °° 0 °°

Zhao, Y.; Weix, D. J. J. Am. Chem. Soc. 2015, 137, 3237-3240. 20
Vedejs, E.; Chen, X. J. Am. Chem. Soc. 1997, 119, 2584-2585.



Photocatalytic Reductions

1 Br 1 mol% [Ir] photocatalyst Z :
S TN 0.5 mol% NiCl,(dtbbpy) | 5
s+ Ry (Me3SNaSiH (1 equiv) > ¢ ™ v XN 5

> . Na,COjzorLiOH (2 equiv) | ! R E

alkyl bromide aryl bromide  5yane Blue LEDs o :
F o

TIPN

NG
,N it—Bu lN\
\E MeO,C MeO,C Fe” N F

Similar conditions have been developed

- Br
¢ with concomitant decarboxylation
L Alk
@) |
L N=h
’ CN :C
Ni

. sp3-sp2 product

or XEC PC N N
Br
%»"n E,NI Eloc o Cs:C0s, DMF_ Boc \R,

;I red. N [)-’( 40 W blue LED I
N U NN /[~ OoH
po I CN Rz

Zhang, P.; Le, C.; MacMillan, D. W. C. J. Am. Chem. Soc. 2016, 138, 8084-8087. 21
Dumas, A.; Garsi, J.-B.; Poissonnet, G.; Hanessian, S. ACS Omega 2020, 5, 27591-27606.




XEC In Total Synthesis

OMe

Nil, (0.1 equiv), DiMeOBPY (0.1 equiv)
Pyridine (0.2 equiv), Nal (0.25 equiv) -
Zn (2 equiv), EtsNHCI (1 equiv), DMPU, 30 h
o 7
HO o O OH
Z — <N~Ni|||-‘BI'
N’

72% over
2 steps
40% yield
77% brsm
e A

MeO
MeO
OC """"""""""""""""""" Nil,(bpy) 25 mol%) — —
Me ' 0
A R B G e R AL
i o oTMS 2Me
unstable above 40 °C
traditional methods failed . . 66% yield
7
Hgécg@;/j/\‘/\% \ 32% over
2~ 5H CO2H 2 steps
_ (-)-6,7-dideoxysqualestatin )
Ahmad, A.; Burtoloso, A. C. B. Org. Lett. 2019, 21, 6079-6083. 22

Fegheh-Hassanpour, Y.; Arif, T.; Sintim, H. O.; Al Mamari, H. H.; Hodgson, D. M. Org. Lett. 2017, 19, 3540-3543.



Unique Ligand Design for Challenging Couplings

Br Nil, (10 mol%)
/©/ + OBz _Reductant (2 eqouw)> m Screened with 45 commercial
Et0,C Br TMSCI (20 mol%) Et0,C OBz amines, phosphines, and carbenes

Ligand (10 mol%) under standard conditions
dmbpy = 82% vyield

all screened ligands <52%

Q NHBoc P)h
OEt
@:Ph (/ﬁ/a ’ dmbpy does not provide
7 . ‘g -
3 NCbz ” N significant product formation
39% 1% 20%

Screen refinement initially parametrized by 2-pyridyl-C(X)
« Strem has 25 commercial ligands with this motif
« Pfizer has >1,500 compounds (>2 grams)

Prioritized low MW, non-proprietary compounds with . ey
different steric and electronic properties (82 compounds) . ~

NH NI'R2
N N
NH Y ONH, Y NHz N N= N
N R | | / \ / N 1,000s
SN 2 z \ 7 ¢ YT
| H R1 —_— —_— N Sell:t’ecttior:. ‘Jlffcorgj'l_pt;gnds
= R, R = S R H otential for binding

« Availability >2 g 100s

M Pmaymsen
A

NH NH NH NH
N N N R NW)L
N 7" “NH, HoN 7 NH 7 NH
(D Xy ey e
= = ~ ~N
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What About Metals Beside Nickel?

Cu-catalyzed sp3-sp® coupling

Br 10 mol% Cul
20 mol% dppm Alk _ _
Aryl/\/\OTS ' Alk)\AIk LiOMe (1 equiv) - Aryl/\/\( Evidence suggestive of
Mg (2 equiv), THF Alk Grignard intermediates

Features uncommon reducing agent (Mg), ligand (phosphine), and solvent (THF)

Fe-catalyzed sp?-sp® coupling

X Br 5 mol% FeCly X MK Evidence suggestive of
| + _pr IMEDA (1.2 equiv) Grignard intermediates
/G Alk Mg (2 equiv), THF G

R
Pd-catalyzed sp?-sp? coupling

Br Alk
+ Br 2mol% PdCIy[P(t-Bu 2(Ar lo via Alkyl-Zn intermediates
Alk” ZneTMEDA (1-5 equiv) - Zn powder gives no insertion

R 2% PTS/H,0, rt

Co-catalyzed sp3-sp? allylation

-Br " Mn (3.8 equiv only other “irue
or T Ak 6101 ﬁ/IeCNC/IPy/)TFA> é\/Alk reductive cross coupling
/\/OCOZMe

| only encountered Co and Ni to undergo truly XEC/RCC process. Nickel is uniquely suitable for XEC.

Liu, J.-H., Yang, C.-T., Lu, X.-Y.; Zhang, Z.-Q.; Xu, L.; Cui, M.; Lu, X.; Xiao, B.; Fu, Y.; Liu, L. Chem. Eur. J. 2014, 20, 15334-15338.

Czaplik, W. M.; Mayer, M.; von Wangelin, A. J. Angew. Chem. Int. Ed. 2009, 48, 607—610. Krasovskiy, A.; Duplais, C.; Lipshutz, B. H.; J.
Am. Chem. Soc. 2009, 131, 15592-15593. Qian, X.; Auffrant, A.; Felouat, A.; Gosmini, C. Angew. Chem. Int. Ed. 2011, 50, 10402—-10405.
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Experimental Considerations

“l want to perform XEC to access a target, what conditions are most suitable?”

Nickel sources: NiX, (not worthwhile to try (3-diketonate precats.)

N N= NH NH
78R\

) N
Ligands: =( \ { HN | ] NH
(LAY Z

Enantioselective?:
t Bu

BOX- type BiOX—type PHOX- type PyOX-type
Reductants: Zn, Mn, hv [Ir] and 3" amines, electrochemical (sacrificial anode), TDAE

Solvents: Amides (DMF, DMA), or urea (DMPU), ethereal (THF, DME, dioxane)
15t Electrophile: Aromatic/Vinylic (pseudo)halides

2nd Electrophile: Alkyl (pseudo)halides

Additives: Acids (DMBA, Et;NHCI) reduce dimerization; Nal facilitates ligand exchange
and metal reduction.
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XEC and its Future in the Synthetic Toolbox

Advantages of Cross-Electrophile Coupling

Challenges of Cross-Electrophile Coupling

Electrophile is...

* Abundant, stable, & commercially available

» Avoids preparation of organometallic
reagents

Reaction conditions are...
» Functional group tolerant
* Reducible functionality is a notable
exception
» Generally low temperature (<60°C)

» Stereoselective/Stereospecific reactions are
broad and diversifiable

« C(sp3)—-C(sp*) are highly viable

« Use of air-stable Ni'" precatalysts

v

.« General mechanisms are established, and

new methods often cite them, but detailed
studies are rare.

» Heterocycles are underexplored and access

to nitrogen (nitriles, nitro, amines)
electrophiles is limited

.+ Stoichiometric (often heterogeneous)

reductant

'+ Limited examples of intramolecular and

tandem cross-electrophile couplings

_« Disincentivized ligand developments

.+ Nearly all catalysts formed in situ
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Relevant + Helpful Citations

For synthetic applications see:
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Organic Synthesis: Methods and Reactions; Sensuki, O. Ed.; Wiley-VCH Verlag, 2020; pp 183-222.
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For mechanistic insights see:

Biswas, S.; Weix, D. J. J. Am. Chem. Soc. 2013, 135, 16192-16197.

Weix, D. J. Acc. Chem. Res. 2015, 48, 1767-1775.
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