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Today’s topics in nickel cross-coupling:

Nickel Catalysis

Directions in Precatalyst

Synthesis
O
Me Me
(cod)Ni—— |
Me Me
]

“Inert”’/“Nonclassical”
C(sp?)-X Electrophiles
Ni(0)/Ni(ll)

Benzylic C(sp%)-X
Electrophiles
Ni(0)/Ni(ll)

“Unactivated” C(sp®)-X
Electrophiles
Ni(I)/Ni(1ll)

R X

T

Cross-Electrophile Coupling
Ni(0)/Ni(I)/Ni(ll)/Ni(li)

R(sp®)—X Ni
+ —> R(sp®)—RI(sp?)
reductant
R(sp?)—X

Conjunctive Cross-Coupling
(Short)




Nickel Catalysis

Things not covered:
1. Ancient history (Kochi, etc.)
2. Multimetallic chemistry

3. Metallophotoredox (“lazy nickel”)



Nickel Catalysis

Properties of nickel vs. palladium (Diao):

(i) Access to many oxidation states
Ni(0) === Ni(l) === Ni(ll) === Ni(lll) === Ni(IV)

Pd(0) ———— Pd(ll) =———= Pd(IV)

(i) One- and two-electron pathways are accessible
- x~@
R-X +
R-X + o RX

Diccianni, J. B.; Diao, T. Trends Chem. 2019, 9, 830-844.

(iii) Low reduction potential E%V (SHE)
@ + e —» -0.257

M
+ 2o —> 0.951

(iv) Smaller and less electronegative

®

Van der Waals radius: 1.92 A 2.05A
Electronegativity: 1.91 2.20
HSAB: hard soft

(v) Slow B-hydride elimination

+ AG¥=14 keal/mol \\

@] < @,
[ + AG¥ = 7.6 kcal/mol 1
~ =@
5 = H H |
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Nickel Catalysis

Jamison: Early report of air-stable Ni(ll) precatalysts (2014)

Scheme 1. Synthesis of Precatalysts®

Monodentate Phosphines

' 2 PR3 ArMgX X,

N|X2 . nHzo - (PR3)2N|X2 RBP/NI<PR3
EtOH, 80 °C THF, 0 °C Ar
30 min 15 min

Bidentate Phosphines
R.P™ PR, R\P/R ArMgX R\P/R
EtOH, 80 OC R/ \ ‘X THF,O OC s\ \Ar
30 min R 15 min R

“X = Cl, Br. R = alkyl, aryl.

(a) Standley, E. A.; Smith, S. J.; Mdller, P.; Jamison, T. F. Organometallics 2014, 33, 2012-2018; (b) Chatt, J.;
Shaw, B. L. J. Chem. Soc. 1960, 1718-1729.



Nickel Catalysis

Jamison: Early report of air-stable Ni(ll) precatalysts (2014)

Table 1. Nickel Phosphine Complexes Synthesized”

isolated yield (%)

compd ligand geometry R X L,NiX, LNi(R)X overall

Monodentate Ligands

1 PPh, trans o-tolyl Cl 91 89 81
2 PCyPh, trans o-tolyl Cl 92 81 75
3 PCy,Ph trans o-tolyl Cl 95 88 84
4 PCy, trans o-tolyl cl 97 87 84
S PCyp, trans o-tolyl Cl 99 90 89
6 PBn; trans o-tolyl Cl 96 90 86
7 PPh,Me trans o-tolyl Cl 99 81 80
8 PMe,Ph trans 2,4,6-triisopropylphenyl Cl 95 83 79
9 PMe,Ph trans 2,6-dimethoxyphenyl Br 95 87 83
10 PEt;, trans 2-mesityl Br 95 88 84
11 P(n-Bu), trans 2-mesityl Br 89 90 80

Bidentate Ligands

12 dppe cis o-tolyl Cl 98 84 82
13 dppp cis 2-mesityl Br 89 85 76
14 dppb trans 2-mesityl Br 96 86 83
15 (S)-BINAP cis o-tolyl Cl 94 97 91
16 dppf cis o-tolyl Cl 97 95 92
17 dcpf trans o-tolyl Cl 98 83 81
18 Xantphos trans o-tolyl Cl 86 92 79
19 pyphos cis o-tolyl Cl 90 82 74

“Abbreviations: dppe, 1,2-bis(diphenylphosphino)ethane; dppp, 1,3-bis(diphenylphosphino)propane; dppb, 1,4-bis(diphenylphosphino)butane;
BINAP, 2,2'-bis(diphenylphosphino)-1,1"-binaphthyl; dppf, 1,1’-bis(diphenylphosphino)ferrocene; dcpf, 1,1'-bis(dicyclohexylphosphino )ferrocene;
Xantphos, 9,9-dimethyl-4,5-bis(diphenylphosphino)xanthene; pyphos, 2-[2-(diphenylphosphino)ethyl]pyridine.

(a) Standley, E. A.; Smith, S. J.; Mdller, P.; Jamison, T. F. Organometallics 2014, 33, 2012-2018; (b) Chatt, J.;
Shaw, B. L. J. Chem. Soc. 1960, 1718-1729.



Nickel Catalysis

Jamison: Early report of air-stable Ni(ll) precatalysts (2014)

PMe:Ph (9) (S)-BINAP (15)

depf (17) Xantphos (18) pyphos (19)

Figure 1. Complexes analyzed by single-crystal X-ray diffraction. Thermal ellipsoids are drawn at the 50% probability level, and hydrogen atoms are
not included. Disorder of the o-tolyl ligand (6, 15, 18, 19) and solvent molecules of crystallization (6, 15, 17, 18) are not shown.

Useful for entry into Ni(0)/Ni(ll) chemistry
Not modular: Need to know ideal ligand

(a) Standley, E. A.; Smith, S. J.; Mdller, P.; Jamison, T. F. Organometallics 2014, 33, 2012-2018; (b) Chatt, J.;
Shaw, B. L. J. Chem. Soc. 1960, 1718-1729.



Nickel Catalysis

Doyle: Air-stable, modular precatalyst (2015)

Scheme 1. Synthesis of Nickel Precatalyst 1

TMEDA Me, Me Me_ Me
Al(OEt)Me, N_ Me 60 °C N
Ni(acac)y ————————] [ Ni —> “Ni N2
Cl N Me N’ Cl Me
:@ Me” Me Me’ Me
Me - - )
1: 88% yield
= one-pot synthesis w/o purification (gram scale)
s commercial starting materials d O

s ajr-stable, crystalline solid
Y S Figure 2. X-ray crystal structure of complex 1. Ellipsoids are set to 30%

probability. Hydrogen atoms on the TMEDA ligand have been removed
for clarity.

Scheme 2. Mechanisms for Precatalyst Activation

’ ®
PhB(OH), Me

LoNi(o-tolyl)Cl ———— 3 LyNi(o-tolyl)Ph —3= + LoNi(0)
Ni-B RE
transmetalation O
®
precatalyst 1 LoNi(o-tolyl)o
L,Ni(o-toly)Cl —————— + Me L LNi(©)

—
Ni-Ni LNiCl, RE Me
transmetalation Q

Shields, J. D.; Gray, E. E.; Doyle, A. G. Org. Lett. 2015, 17, 2166-2169. 9



Nickel Catalysis

Garg: Ni(cod), paraffin capsules (2016)

» Most commonly used Ni(0) precatalyst
Ni(cod),
- Employed in >800 transformations
"I over the last three decades

- Glove box handling limits general usage

I 7
=N l
. Present Study: @
1 First Benchtop

Delivery of Ni(cod), Paraffin Capsules

open capsule

2. Cool and 3. Cut and

A\ 4 remove paraffin bore hole (&)
= ) — '
e,

1. Pour paraffin
into mold

4. Charge with reagents
in glove box

6. Use in
benchtop 5. Seal and remove
reaction from glove box

!

Ni(cod), released
upon heating

sealed capsule

Dander, J. E.; Weires, N. A.; Garg, N. K. Org. Lett. 2016, 18, 3934-3936. 10



Nickel Catalysis
Cornella: “Kinetic” air stability—Ni(stb); (2020)

a Synthesis of complexes 1 and 2

CF3
F3C

3.30 equiv. ‘ﬂ 3.15 equiv. 3

\J

THF, -5°C Et,0,-5°C
46% Ni(CDT) 70%
[1 gram scale] [2 gram scale]

CF3
AIEt; (2.1 equiv.)
Nifacac); * 20°Cto-5°C
Et,0
FaC 3.15 equiv. [>20 gram]
3

Nattmann, L.; Saeb, R.; N6thling, N.; Cornella, J. Nat. Catal. 2020, 3, 6-13. 11



Nickel Catalysis

Cornella: “Kinetic” air stability—Ni(stb); (2020)

Complex 1

Complex 2 Complex 2 (top view) Complex 2 (space-filled)

space-filling: Ni(0) atom inaccessible to O, in solid-state (kinetic stability)

Nattmann, L.; Saeb, R.; N6thling, N.; Cornella, J. Nat. Catal. 2020, 3, 6-13.

12



Nickel Catalysis

Cornella: “Kinetic” air stability—Ni(stb); (2020)

Fig. 3 | Ligand exchange of complex 2 with different ligands. a, Complex 2 (1equiv.) and dppf (Tequiv.) in dg-THF at 25 °C. One molecule of PhMe was
present in the solid state and is omitted for clarity. b, Complex 2 (1equiv.) and bipy (Tequiv.) in dg-THF at 25°C. One molecule of 3 crystallizes in the unit
cell and is omitted for clarity. ¢, Complex 2 (1equiv.) and PPh, (2 equiv.) in d,-THF at 25°C. d, Slow crystallization of 2 in THF from =20 °C to =78 °C. Ar,
p-CF5-C¢H,; green, Ni; black, C; yellow, F; orange, P; deep orange, Fe; red, O; hydrogen atoms omitted for clarity (see the Supplementary Information for
procedures).

solution-state substitution viable for a number of ligands (even bpy, THF, MeCN!)

Nattmann, L.; Saeb, R.; N6thling, N.; Cornella, J. Nat. Catal. 2020, 3, 6-13. 13



Cornella follow-up: Ni(*Bustb),

Ni(acac), +
£

3.15 equiv.
Ar,
T\
N ! OAr
!
/\_’/A_'_,ﬁi
\ ,I \
Ar
F3C F
Ar= 4-CF3-06H4 Ar = 4-F-05H4
2, 95% (Ni(*CF3stb),) 3, 67% (Ni(*Fstb),)
air-stable: air-stable:
at-18 °C: > 3 months at -18 °C: > 3 months
at 25 °C: (<1 week) at 25 °C: (<1 week)

Nickel Catalysis

AlEt; (2.1 equiv.)

-20°Cto-5°C
Et,0
[0.5 - 5 grams]

Ar = 4—Me—CsH4 Ar= 3,5-Me-CsH4 Ar = 4-tBU—CGH4
4, 74% (Ni(*Mestb)s) 5, 77% (Ni(>5Mestb),) 6, 95%, (Ni(*tBYstb),)
air-stable: air-stable: air-stable:
at-18 °C: > 3 months at-18 °C: 1 month at-18 °C: > 3 months
at 25 °C: (<1 week) at 25 °C: (<1 week) at 25 °C: 1 month

Nattmann, L.; Cornella, J. Organometallics 2020, 39, 3295-3300. 14



Cornella follow-up: Ni(*Bustb),

F,C
Ar = 4-CF3'CGH4
2, 95% (Ni(*CF3stb),)
air-stable:
at-18 °C: > 3 months
at 25 °C: (<1 week)

Ar = 4-F-CgH,4

3, 67% (Ni(*stb);)

air-stable:

at -18 °C: > 3 months
at 25 °C: (<1 week)

Nickel Catalysis

Ar = 4-Me-CgHy Ar = 3,5-Me-CgH4
4, 74% (Ni(*Mestb),) 5, 77% (Ni(>%Mesth),)
air-stable: air-stable:

at-18 °C: > 3 months
at 25 °C: (<1 week)

at-18 °C: 1 month

A. Ni(0)-catalyzed amination of aryl chlorides: a kinetic analysis

concentration amine [mmol/L]

Me H
ClHN 2 mol% [Ni] H
\©\ 4 mol% dppf \©\
_—
.
OMe NaOtBu M
PhMe, 100 °C OMe

Me

8 9

300

N
wv
o

200 -

150 +

100 A

e N COD)2

50

1 2 3 4 5 6 7
time [h]

Nattmann, L.; Cornella, J. Organometallics 2020, 39, 3295-3300.

Ar = 4~tBU-CG H4
6, 95%, (Ni(*tBYstb),)

at-18 °C: > 3 months

at 25 °C: (<1 week) at 25 °C: 1 month

15



Nickel Catalysis

Cornella follow-up: Ni(*Bustb),

Ar
F,C
Ar = 4-CF3-CgHy Ar = 4-F-CgH,4 Ar = 4-Me-CgHy Ar = 3,5-Me-CgH,4
2, 95% (Ni(*CF3stb),) 3, 67% (Ni(*stb),) 4, 74% (Ni(*Mestb),) 5, 77% (Ni(>5Mestb),)
air-stable: air-stable: air-stable: air-stable:
at-18 °C: > 3 months at-18 °C: > 3 months at-18 °C: > 3 months at-18 °C: 1 month
at 25 °C: (<1 week) at 25 °C: (<1 week) at 25 °C: (<1 week) at 25 °C: (<1 week)
organic transformations
A.
3 mol% [Ni]
Me Me Me
Me Me — /—Q Ni(COD), = 92%
C/\/\ + ’ / A 2=<5%
D
10 1 rt 12
B. OoTf Me I Me
K . . Ni(COD), = 70%
") o, o k 2
Me T 10 mol% [Ni] Me 2 = <59
Me PhMe, 25 °C Me 6=70%
13
C. HO
Ph O 10 mol% [Ni] Ni(COD), = 85%
0, 2= °
K/U\N*B" . A 10 mol% terpy 2 39%
\ N PhMe =75%
Boc H 100 °C
15 16

Nattmann, L.; Cornella, J. Organometallics 2020, 39, 3295-3300.

tBu

Ar = 4~tBU~CGH4
6, 95%, (Ni(*tBUstb)s)
air-stable:
at-18 °C: > 3 months
at 25 °C: 1 month

16



Nickel Catalysis

Engle: Ni(cod)(DQ) (2020)—“thermodynamic” stability

air-
stability
(solid-state)

SOl

Ni(cdt) Ni(COD),
(16-e~ complex) (18-e~ complex)
0
j\Ar By A Me Me
0
A NI A
Ar. // Ar Me e
\/F\Ar (0]
Ni("stb); Ni(COD)(DQ
(16-e” complex) (1 8-(e- coZ\(aneZo
Ar = 4-CF5(CgHy) this work

—— thermal / solution-state stability ———3»

Tran, V. T.; Li, Z.-Q.; Apolinar, O.; Derosa, J.; Joannou, M. V.; Wisniewski, S. R.; Eastgate, M. D.; Engle, K. M.

Angew. Chem. Int. Ed. 2020, 59, 7409-7413.

17



Nickel Catalysis

Engle: Ni(cod)(DQ) (2020)—“thermodynamic” stability

A. 0
Me Me
1 equiv
Me Me
_ O (DQ)
Ni(COD),
DCM, 45°C, 17 h
[79% yield]
1. 3 equiv DIBAL-H 0
5 equiv COD
. THF, 7810 0 °C, 2.5 h N, Ve : Ve
Ni(acac), el Nio=L|
2.0.85 equiv DQ \\¢ Me' Me
DCM, 32°C, 18 h le)
[60% yield]
Ni(COD)(DQ)
3 equiv COD, 2 equiv DQ m— v
equw2 : e?,“"’ / MilliporeSigma
o equiv Na
NiCly(pyridine), #912794
THF,RT, 16 h
[28% yield]

Tran, V. T.; Li, Z.-Q.; Apolinar, O.; Derosa, J.; Joannou, M. V.; Wisniewski, S. R.; Eastgate, M. D.; Engle, K. M.
Angew. Chem. Int. Ed. 2020, 59, 7409-7413.

18



Nickel Catalysis

Engle: Ni(cod)(DQ) (2020)—"“thermodynamic” stability

A 5 mol% [Ni]
(5 mol% dppp)
Me 3 equiv NEt3

O/ 2 equw TBAB
M dloxane
9 100 °C, 24 h

Ni(COD)(DQ): 75%@.b]
NiCl(dppp): 81%

Me Me

o

B0’ “Me

F3C

10 mol% [Ni]
pr 40 mol% PPhy

B 0
n
N NN+ Z —_—
©)kH/\NO npr/ PhMe
Z 170 °C, 20 h

Ni(COD)(DQ): 88%!]
Ni(COD),: 86%
Ni(Fstb),: 94%

nPr

c 5 mol% [Ni]
o) 10 mol% PPh3
1.5 equiv CsOPiv
Ph—B(OH), *+ £ N xy —mM8M8M —
H M t-AmylOH
(AQ) 70°C,24h

Ni(COD),: 78%

5 mol% [Ni]
5 mol% XantPhos

Ni(COD)(DQ): 79%I]

2-MeTHF, 60 °C, 16 h

Ni(COD)(DQ): 67%!l
Ni(COD),: 98%

Tran, V. T.; Li, Z.-Q.; Apolinar, O.; Derosa, J.; Joannou, M. V.; Wisniewski, S. R.; Eastgate, M. D.; Engle, K. M.

Angew. Chem. Int. Ed. 2020, 59, 7409-7413.

Yoes

Table 2: Photographs of a representative stress test (Table 1, Entry 4).

Start (0 h) After 5 h After 5 h
in MeOH/H,O in MeOH/H,0 dried

note: viable transformations require in situ
catalyst to be more thermodynamically
stable

19



Topics in nickel cross-coupling:

Nickel Catalysis

“Inert”’/“Nonclassical”
C(sp?)-X Electrophiles
Ni(0)/Ni(ll)

20



Nickel Catalysis

C—CN oxidative addition to nickel(0), 1983:

- - N
N 4
N | /C
P—Ni—||l — P—Ni:-C ———— P —Ni (1)
C Ne —2
X— G2 =
x‘.(': , x/ \Y
/ Nz
Y e =

Compounds confirmed by IR, though slowly decompose

Favero, G.; Morvillo, A.; Turco, A. J. Organomet. Chem. 1983, 241, 251-257.

Tolman, C. A.; Seidel, W. C.; Druliner, J. D.; Domaille, P. J. Organometallics 1984, 3, 33-38.
Miller, J. A. Tetrahedron Lett. 2001, 42, 6991-6993.

Miller, J. A.; Dankwardt, J. W.; Penney, J. M. Synthesis 2003, 1643—1648.

21



Nickel Catalysis

Oxidative addition of benzonitriles (Jones, 2002):

X
Pr Keq Pr,
ArylcN R N ki P
[Ni(dippe)H}, —> N—l| —= i 2
/ Cc k_1 Ni
P |:,/ AN
Pr . oN
2 PP,
X=H, 8a X=H. 8b
X

Figure 8. ORTEP drawing of (dippe)Ni(Ph)(CN), 8b. Ellipsoids are shown
Figure 7. ORTEP drawing of (dippe)Ni(#2-benzonitrile), 8a. Ellipsoids at the 30% probability level. Selected distances (A) and angles (deg): Ni-
are shown at the 30% probability level. Selected distances (A) and angles (D—C(2), 1.935(2); Ni(1)—C(1), 1.877(3); C(1)—N(1), 1.148(3), P(1)—
(deg): Ni(1)—N(1), 1.908(3); Ni(1)—C(1), 1.867(4), C(1)—N(1), 1.225- Ni(1)—P(2), 88.56(3).

(6); N(1)—C(1)—C(2), 136.1(4); P(1)—Ni(1)—P(2), 91.54(5).

Garcia, J. J.; Brunkan, N. M.; Jones, W. D. J. Am. Chem. Soc. 2002, 124, 9547-9555. 22



Nickel Catalysis

Oxidative addition of benzonitriles (Jones, 2002):

Scheme 3

P2
NC- Niidippe)Hl,
—_— \ N
Ni— (1!
CN / C

P.
A P,
9a
CN
CN 1 INi(dippe)H],
Pr, O .
R /. e
\P/N'\ E \Ni—m
. CN p’
Pr .
29b Pr, Figure 13. ORTEP drawing of [(dippe)Ni]x(%?72-1 4-dicyanobenzene), 9c.
_ Ellipsoids are shown at the 30% probability level. Ni(1)—N(1), 1.918(3);
. Pry Ni(1)—C(1), 1.853(3), C(1)—N(1), 1.225(4); N(2)—C(8), 1.148(3); N(1)—
¢ ¢ N_,Pj C(1)—C(2), 136.4(3); P(1)—Ni(1)—P(2), 91.70(4).
i1 —Ni
P
Pr,

Garcia, J. J.; Brunkan, N. M.; Jones, W. D. J. Am. Chem. Soc. 2002, 124, 9547-9555. 23



Nickel Catalysis

Kumada coupling using nitriles (Miller, 2001):

CN N 5 mol% NiCly,(PMe)3 | \—R
N LiZR additive =
R N | —R > A
K P Z THF, 60°C, 1h I
X CIMg RE
o 7
LiZR = LiOt-Bu, X
LiSPh, LIOBHT 16 examples

69-97% vyield

Role of bulky base additive: form modified ArMgZR (prevents nitrile addition)

For amination, see Miller et al., 2003.

Favero, G.; Morvillo, A.; Turco, A. J. Organomet. Chem. 1983, 241, 251-257.

Tolman, C. A.; Seidel, W. C.; Druliner, J. D.; Domaille, P. J. Organometallics 1984, 3, 33-38.
Miller, J. A. Tetrahedron Lett. 2001, 42, 6991-6993.

Miller, J. A.; Dankwardt, J. W.; Penney, J. M. Synthesis 2003, 1643—1648.

24



Nickel Catalysis

Cross-coupling using aryl ethers (Wenkert and Dankwardt)

Wenkert, 1979: Dankwardt, 2004
OMe PhMgBr (2—4 equiv) Ph
N NiCI(PPhg), (10 mol%) o i
! > ! Table 3: Ni-catalyzed cross-coupling of 1: Optimization of the phos-
Z THF, reflux, 72 h Z phane
[NiClpl] (7
Table II. The Reactions of Aryl Ethers with Phenylmagnesium —_—
Bromide? ] OMe  P-TolMgBr : p-Tol
Siles products % yield Entry L Recovd. 1 [%)] Conv. 2 [%]
1-methoxynaphthalene 1-phenylnaphthalene 70 - PMe 33 33
2-methoxynaphthalene 2-phenylnaphthalene 770 2 PEL ’ 76 7
2,3-dimethoxynaphthalene 2,3-diphenylnaphthalene¢ 45 3 P'83 32 2
m-dimethoxybenzene m-methoxybiphenyl 23 (79) 1BU;
p-dimethoxybenzene p-methoxybiphenyl, 33(37) 4 PiPrs <1 82
p-terphenyl 24 (27) 5 PCy; 0 93
p-methoxybiphenyl p-terphenyl 30 (55) 6 PhPCy, <1 92
m-cresyl methyl ether m-methylbiphenyl 16 (74) 7 Ph,PCy 7 81
p-cresyl methyl ether p-methylbiphenyl 20 (60) 8 PhsP 74 15
@ A benzene solution of 2-4 mol of Grignard reagent and 0.1 mol [a] Reactions were carried out at 60°C in iPr,O for 15 h with 5 mol%
of bis(triphenylphosphine)nickel dichloride/mol of aryl ether was nickel catalyst. Conversions were determined by GC analysis with
refluxed for 72 h. Isolated product yields are based on the initial ether tridecane as an internal standard.

quantity, whereas those listed in parentheses take into account re-
covered ether.  Reaction time 24 h. ¢ H. M. Crawford, J. Am. Chem.
Soc., 61, 608 (1939).

(a) Wenkert, E.; Michelotti, E. L.; Swindell, C. S. J. Am. Chem. Soc. 1979, 101, 2246-2247; (b) Dankwardt, J. W.
Angew. Chem. Int. Ed. 2004, 43, 2428—2432. 25



Nickel Catalysis

Evidence for C-O oxidative addition: Tobisu and Chatani, 2015

Scheme 20. Experimental Implication of Oxidative Addition
of a C(aryl)~OMe Bond to Ni(0)

Ni(cod), (20 mol%)

\_OCDj3 D
\\ I(2-Ad)-HCI (20 mol%)
NaO'Bu, toluene

160 °C >99% vyield, 96% D
\ Ni(O)L, T
L L
|n |n D D
0CD, i
D
H |

(a) Tobisu, M.; Morioka, T.; Ohtsuki, A.; Chatani, N. Chem. Sci. 2015, 6, 3410-3414; (b) Tobisu, M.; Chatani, N.
Acc. Chem. Res. 2015, 48, 1717-1726.



Nickel Catalysis

Shi: Iterative cross-coupling of ethers and nitriles (2009)

Scheme 2. Sequential Cross-Coupling to Construct
Polysubstituted Benzene

0
/A
Bu“*@—B(OH)Z MG—QB\O:><

MeO 2f (4.0 equiv)

CN .
6 (1.1 equiv) .
Pd,(dba); (1.5 mol %) NiCl,(PCys3), (10 TOI %)
PtBu (36 mol 0/0) O O Bu" PCY3 (20 mol A)) N
Cl OMe . - KOBu' (4.0 equiv)
5

Cs,CO3 (1.2 equiv) (0 [
. A NG uF, (1.5 equiv)
dioxane, 80 °C, 8 h 7 dioxane, 120 °C

86% 61%
Me
— @—MgBr
/4 \

= 9 (5.0 equiv)
NiCl,(PCy3), (10 mol %)
Q O PCys (20 mol %)
toluene/ "Bu,0 = 1:1 e

8 OMe 100 °C, 15 h
68%

Yu, D.-G.; Yu, M,; Guan, B.-T; Li, B.-J.; Zheng, Y.; Wu, Z.-H.; Shi, Z.-J. Org. Lett. 2009, 11, 3374-3377.
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Nickel Catalysis

Table 1 Nickel-catalyzed Suzuki-Miyaura type cross-coupling of aryl esters, carbamates and carbonates

<

J—

o)
R
N

.
/

()
.

catalyst

nickel

Year Author Phenolic substrate ~ Boron source Catalyst system Reference
2008  Garg Ar-E—OCO'Bu Ar'B(OH), NiCly(PCys3), 42
K3POy4
2008  Shi Ar-f-OCOR (Ar'BO);3 NiCl,(PCys3), 43
(R = Me, Bu, Ph) +0.88 H,0 K3PO,4
2009 Garg Ar-E—OCONEtz Ar'B(OH), NiCly(PCys), 44
i K3PO
Ar--0CO,'Bu e
2009  Snieckus Ar-E—OCONEtz Ar'B(OH), NiCly(PCy3), 46
+0.1 (ArBO);  PCy3"HBF,4
K5PO,
2010  Shi Ar-E—OCONMe2 (Ar'BO)3 NiCly(PCys3), 45
+1.0 Hzo PCy3
K,CO3
2010  Molander  Ar--OCO'Bu ArBF 3K Ni(cod),? 49
Ar-i~OCONEt, +H0 PCy;"HBF,
K3PO,4
2011 Kuwano  Ar--OCO,Me Ar'B(OH), Ni(cod), 51
DCyPF®
K,CO4
: " &—FC
cod = 1,5-cyclooctadiene %
Fe
&—rcy,

Tobisu, M.; Chatani, N. Top. Curr. Chem. 2016, 374, 41.
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Nickel Catalysis

Activation of alternate aryl C—O electrophiles

. Ve %P
~. S Ar _S._ 2\
0 CF3 o (CF)3CF3 o)
Triflate Nonaflate S
c
>
b A O\\ //O Ar O\\S//O O\\ //O -g
r\O/S\Me \O/ \p-TO| Ar\O/S\NRZ g
Mesylate Tosylate Sulphamate g
©
2
C (0] @) (0] =
©
Ar Ar Ar J\ R
\o)k R \OJ\OR ~07 TNR, 3
Ester Carbonate Carbamate bS]
(]
Ar Me Ar TMS @
\O/ \O/ wl
Ether Silyl ether L

Figure 3 | Halogen alternatives used in cross-coupling reactions. a, Aryl
triflates have long been used as replacements for halogens in cross-coupling
reactions. Aryl nonaflates were developed later to address some of the issues
encountered when working with aryl triflates, but their use is less widespread.
b, The use of aryl mesylates, tosylates and sulphamates presents many
advantages over triflates and related fluorinated sulphonates owing to their
increased stability. ¢, Like sulphonate derivatives, the use of carboxylic esters,
carbonates, carbamates, ethers and silyl ethers can be advantageous in many
situations. p-Tol, para-tolyl (4-methylphenyl); TMS, trimethylsilyl.

Tasker, S. Z.; Standley, E. A.; Jamison, T. F. Nature 2014, 509, 299-309.



Nickel Catalysis

Iterative cross-coupling of "unreactive” electrophiles (Reuping):
Scheme 2. Programmed Selective C—O Bond Activation

PhB(OH), (2.0 equiv) O
Pd(OAGC), (2 mol%)
/@\ XPhos (5 mol%)
PivO

KzPO4 (3.0 equiv) O
tBuOH, 90 °C, 12 h PivO OMe

6, 88%
SO >
1.6 equiv)
Ni(COD); (8 mol%)
IPr HCI (16 mol%) O O

Cs,CO3 (1.5 equiv) Qhle

iPr20, 120 °C, 40 h 7. 56%

LiCH,SiMe; (1.3 equiv)
Ni(COD), (5 mol%) Me

Toluene, 80 °C, 5h O

SiMe3

8, 86%

Guo, L.; Hsiao, C.-C.; Yue, H.; Liu, X.; Rueping, M. ACS Catal. 2016, 6, 4438—4442. 30



Nickel Catalysis

Neufeldt: Cl vs. OTs iterative cross-couping (2020)

Table 1. Ligand Effect on Selectivity of Oxidative Addition

Ni(cod), (1 equiv) PRy PRg
: , 6 PR3 (2 equiv) CI—Ni O TsO-Ni O
PR 1 RsP PR | * : PR = PR
RPw - 3 | AP (1 equiv each) 1,4-dioxane 2 O 2 O
3Pl Ni
Ni. I rt.,2h A B

cid “OTs entry ligand A:B entry ligand A:B

reaction at chloride reaction at tosylate 1 PPhg >99:1 7 PCys 1.5:1
R AGH* (kcal mol™) AG* (kcal mol™) MG ors—cl P(n-Bu), 1959
99 : 1
Me 16.1 131 -3.0 & F OMe . " 9 P(i-Bu)g 2.9:1
Ph 12.6 14.6 2.0
102 &=y PCy, >99:1
Cy 10.2 9.0 1.2 s p @F) sl ~
3
Figure 2. Calculated free energies of activation (in kcal mol™) for é)
: : 4 PPhMe  J5R 59 ¢ PC
oxidative addition with PMe;, PPh;, and PCy; measured from the - oy,
preceding 7 complex. 5 PPhEt, 22:1 11 PEt, 1.8:1
6 PPh,Me 1:1 12 PMej 1:6.3

aWith 1 equiv of bisphosphine relative to nickel.

Entz, E. D.; Russel, J. E. A.; Hooker, L. V.; Neufeldt, S. R. J. Am. Chem. Soc. 2020, 142, 15454—15463. 31



Nickel Catalysis

Cl vs. OTs iterative cross-couping (Neufeldt):

Scheme 2. Chemoselective Oxidative Addition with PMe,

0TS Ni(cod), (1 equiv) MegR ‘
PMej (2 equiv) Ni’OTS I‘;ﬂ
(D o™ o L e %
1,4-dioxane (g O ¢
13 () rt., 2-18 h 14 !

(1 equiv) (NMR crude 80%
selectivity =90 : 1) isolated yield

Entz, E. D.; Russel, J. E. A.; Hooker, L. V.; Neufeldt, S. R. J. Am. Chem. Soc. 2020, 142, 15454—-15463.
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Nickel Catalysis

Cl vs. OTs iterative cross-couping (Neufeldt):

SR

OTs

+

9
Ar—B ><
o)

(1.2-1.5 equiv)

(PMeg),Ni(X)(Ar’) (5 mol %)

K3PO, (6 equiv), H,O (50 mol %)
1,4-dioxane, 80 °C, 24-36 h

Gt Bt B % GCyield isolated it T % GC yield isolated
'y substrate iR produRe (selectivity)? yield (%) Y substrate ad s (selectivity)® yield (%)
PMP
(>50:1) (44:1)
23 cl 1 cl 18
13
Cl O O Me 0S0O,NMe,
80 2 55
i N eson) ° /©/ ? (8:1) %
24 cl 29
cl O PMP oTf
95 5 49
8 13 (>50:1) 78 9 /©/ L (>50:1) 45
25 ci 30
cl O O 0 86 OTs PMPH,
4 13 ] (>5011) 75 10 ©: @i 48 35
' %6 O 31 cl a2 PMP
OTs PMP
O 27 (>50:1) cl 33 cl 34 (>50:1)
CFs CFs
oo
I F3 87 89
c 1
6 8 O ” (>50:1) 64 12 ©/35 36 (30:1) 67
cl o]
Entz, E. D.; Russel, J. E. A.; Hooker, L. V.; Neufeldt, S. R. J. Am. Chem. Soc. 2020, 142, 15454—15463. 33



Nickel Catalysis

Cl vs. OTs iterative cross-couping (Neufeldt):

Reaction at C—OTs: Reaction at C—Cl:

/ 5-centered: / dissociation:

MegP
3\ PMey

PMe;:
o
Lo

ptol N

g --"0 A : ‘ oo
Vg — N
< ) ‘0>
%5 o
4a-TS 4b-TS
AGt (AEY): | 13.1 (14.6) 15.9 (16.8)

PCy,:

Ci

\AGt (AE*):

9.8 (10.8)

Figure 7. Oxidative addition transition structures using Ni(PMe), and Ni(PCy;),. Most of the carbons and hydrogens of tosylate, as well as the
hydrogens on PCy;, are hidden for clarity (see SI for complete structures).

Steric feature: More stabilizing Ni-O=S interaction in TS using PMe;

Entz, E. D.; Russel, J. E. A.; Hooker, L. V.; Neufeldt, S. R. J. Am. Chem. Soc. 2020, 142, 15454—-15463. 34



Topics in nickel cross-coupling:

Nickel Catalysis

Benzylic C(sp%)-X
Electrophiles
Ni(0)/Ni(ll)

X

“)

SO
2 R
1

[
Lz -
~

X = OR, NR3X
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Nickel Catalysis

Methylation of benzylic C—OMe electrophiles (Shi, 2008)

Table 3. Benzylic Methylation with Different Substractes via
Ni-Catalyzation?

OMe NiCl,(dppf) (2.0 mol%)
a—/ 4+ MeMgBr dppf (2.0 mol%) . d}"s
toluene, 80°C, 10 h :
1 2
entry Ar 1 2 (%)°

¢ 1a 2a (80)
2° 1k 2g (75)

3 ph—©— 11 2h (99)

Ph

4 G 1m 2i (91)
Ph

5 @ n 2j (86)
6° X=F 1o 2k (92)
7 X=0Me 1p 21 (89)
8 X O Q X=Me 1q 2k (95)
g X=0H 1r 2m (70)

10’ ©/ 1s 2n (> 99)

Guan, B.-T.; Xiang, S.-K.; Wang, B.-Q.; Sun, Z.-P.; Wang, Y.; Zhao, K.-Q.; Shi, Z.-J. J. Am. Chem. Soc. 2008, 130,
3268-32609.
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Nickel Catalysis

Methylation of benzylic C—OMe electrophiles (Shi, 2008)

Scheme 1. High Chemoselective C—O Activation of Both sp® and
sp?2 C—OMe
1. NICL(dppf) (2.0 mol%)

Xy 7 dppf (2.0Amol%) OMe
MeO., 22 MeMgX (1.5 equiv) M
3 toluene, it, 12 h - A

99%
NiCly(PCys)s (5.0 mol%)
R =Me, 42 99%  PCy, (5.0 mol%)
R = Ph, 4b 74% RMgX (1.5 equiv)

Ni(acac); (7.0 mol%) toluene, 70°C, 10 h
dppf (2.0 mol%), PCy4 (10.0 mol%)

R
MeMgX 2.5 equiv) i
toluene, 70°C, 10 h Me

= Me, 93% s R= Me, Ph

Guan, B.-T.; Xiang, S.-K.; Wang, B.-Q.; Sun, Z.-P.; Wang, Y.; Zhao, K.-Q.; Shi, Z.-J. J. Am. Chem. Soc. 2008, 130,

3268-3269. 37



Nickel Catalysis

Jarvo (2011): Enantiospecific methylation of a-aryl ethers

Table 2. Stereospecific Cross-Coupling Reactions

Ni(cod), (5 mol %)
i rac-BINAP (10 mol %) Me
Me + MeMgl > A_Me
Ar (2 equiv) PhMe, rt, 24 h Ar
entry substrate, product yield ee
(ee (%))? (%)° (%)
OR Me
1 1R = Me (96) 2 72 94
2¢ 4R =Bn (95) 2 72 96
OMe Me
- Me 70 85
6

i

MeO 5(89) MeO
OMe Me

Me “__Me
% O“ 7(90) O 7 80
OMe M
Me : Me
59 = = 82 87
O 9(86) 010
OMe I\__Ae
6d Qj/l\/Me ~ Me 87 95
| |
S— 11(95) S— 12

“%ee determined by SFC. “Isolated yield after column
chromatography. © Reaction run at 35 °C instead of rt. ¢ DPEphos used
instead of rac-BINAP.

Taylor, B. L.; Swift, E. C.; Waetzig, J. D.; Jarvo, E. R. J. Am. Chem. Soc. 2011, 133, 389-391.



Nickel Catalysis

Jarvo (2012): Enantiospecific arylation of a-aryl ethers

Table 1: Effect of chelating leaving groups.

. [Ni(cod);] (10 mol %) i
o ligand (20 mol %)
PhMe, RT, 48 h Nap Ph
Ph > +
sop X
/©/ Nap” “Ph Nap” “Ph
1 MeQ (2 equiv) 2 3
Entry  Ether R Ligand Yield2 es2  Yield3
[%]lal [%]lbl [%][al
L L - i
14 (5)-1a DPEphos 56l 33 18 [ Mg?* [ L "Mg? L= {-OMe
21 (£)-1a i rac-BINAP <2 - 26 5 i S & inc:treatsed §—NMe,
va

g (#)-1a dppf 3 = 10 /k )\ — foa:‘co;id;(t)iCe | b
44 (9)1a dppb 14 93 =2 Ar” A A AP addition WS\

N ; . 5 :

N2 -
5 (&)1b | DPEphos 5 _ <2 Scheme 2. De.5|gn of.a. chelating leaving group to activate C—O bonds
X toward oxidative addition

6l H-1c  ~~NMe:  ppEphos 67 - 16
7 (5)-1d DPEphos 69! 46 1711
8 (5)-1d dppb 67 93 3
9l (5)-1d dpppent 73 >99 <2
100 (5)1d  w~OMe gpph >95  >99 <2
ne - (s)-1d dppo 84 >99 <2
1201 (£)1d MePh,P 12 - <2
1301 (5)-1d Ph,P 90 94 5

Taylor, B. L. H.; Harris, M. R.; Jarvo, E. R. Angew. Chem. Int. Ed. 2012, 51, 7790-7793. 39



Nickel Catalysis

Watson (2013): Enantiospecific Suzuki—Miyaura arylation of a-aryl pivalates

Scheme 2. Scope of Boroxines®

e (A1BO), Ve

H 5 mol % Ni(cod),
OPiv > Ar
NaOMe (2.0 equiv)
PhMe (0.4 M), 70 °C, 3 h

1a, >99% ee

Me Me Me Me
Np*@ Np/‘\©\ Np)\©\ Np/'\@\
NMe, OMe Me
2 3 4 5

89%, 98% ee 63%, 86% ee? 95%, 96% ee 86%, 97% ee
Me Me Me Me Me
Me F Cl CF3
6 7 8 9
94%, 96% ee 87%, 95% ee 63%, 94% eeC 99%, 97% ee
Me Me Me
0 OMe F
N p/'\@[ > Np Np)\©/
(0]
10 " 12
87%, 97% ee 96%, 98% ee 90%, 94% ee

“Conditions: pivalate la (0.20 mmol, 1.0 equiv), boroxine (0.83
equiv), Ni(cod), (5 mol %), and NaOMe (2.0 equiv) in PhMe (0.4
M) at 70 °C for 3 h, unless otherwise noted. Average isolated yields of
duplicate experiments (+0—2%) and average ee’s of duplicate
experiments (+0—1%) as determined by chiral HPLC are reported.
10 mol % Ni(cod),, 90 °C, 12 h. “40 °C, 24 h.

Zhou, Q.; Srinivas, H.; Dasgupta, S.; Watson, M. P. J. Am. Chem. Soc. 2013, 135, 3307-3310.
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Nickel Catalysis

Watson (2013): Enantiospecific Suzuki- bty 1(% ee)? Prodiact %’121;} (f/e) , (;:)e
Miyaura arylation of a-aryl pivalates i
Me l\:Ae
7+ i T " 87 93 »93
MeQO ‘ 1e (>99) MeO 19
Me l\:/le
; P
MeO,C O 1f (98) MeO,C O 20
Table 2. Scope of Pivalates®
Me f\:ﬂe
(AI'ZBO) i ;
)R\ 5 mol % Ni(:od)z JR\ 9 O ORI O - 45 89 94
Ar'’” “OPiv > Ar'” SAr2 ’
1 NaOMe (2.0 equiv) NC 1g (95) NC 21
PhMe (0.4 M), 70 °C, 3 h
l\:/(e Me
10 opiv ph 73 73 85
1h (86) 22
!\:/le Me
11 il e T 94 58 71
11 (82) 23
Note: all electrophiles are 1T-extended or conjugated 1T Et Et
12%* Sy oPiv NP 49 72 88
(0] 0}
1j (82) 24
Me Me
ph 33 84 90

L.30mn OPiv /@A
Ph 1k (93) Ph 25

Zhou, Q.; Srinivas, H.; Dasgupta, S.; Watson, M. P. J. Am. Chem. Soc. 2013, 135, 3307-3310. 41



Nickel Catalysis

Watson (2016): Application to quaternary acetates

Scheme 3. Scope of Tertiary Acetates”

- i 5 mol % NiCl,"DME A PCy,
C 9, I
J.\uRz T :><Me 5 mol % CyJothho.; " R2 CyJohnPhos
AR SR ‘o—/ Me  NaOMe, 2-Me-THF  pp1” SRt
40°C,22h Ph
1 3a
Ar2 = 3-(OMe)CgH,4
Ar2 O Ar2 A2 Again: all electrophiles are t-extended or conjugated 1t
«Me
O Et 5 Et
MeO Me \N . .

16, 96% 17, 67% 18, 79% Scheme 4. Putative Catalytic Cycle

90% ee 88% ee 97% ee

98% es 98% e 98% es Af OAc

(92% ee of 1) (90% ee of 1)"0‘7 (99% ee of 1)&f )\‘R2 L R2
A2 Ar2 a2 Me Np™ g Ni(CyJohnPhos) PRI
W Me r y
OSiMe,'Bu & Me
/LM Np/k/\ Ph Np X HSP\Ni.Ar

19, 89% 20, 92% 21, 78% ' A cH, F

99% ee 94% ee 95% ee R O

>99% es >99% es 99% es (RaP)Ni, Ne)

(99% ee of 1) (94% ee of 1)9 (96% ee of 1)¢ ;

e, - ok ...Rz
Ar2

Ar2 Ar2
e OMe MeO-BX, _OA
Ph Ar-BX

22, 70% 23 73% 24, 62% NaOMe

87% ee 94% ee 1% ee

99% es 98% es >99% es 25
(88% ee of 1)¢ (96% ee of 1)" (91% ee of 1)

Zhou, Q.; Cobb, K. M.; Tan, T.; Watson, M. P. J. Am. Chem. Soc. 2016, 138, 12057-12060. 42



Nickel Catalysis

Carmona (1989): Isolation of benzylic Ni(ll) compounds

[Ni(cod),]+ C¢HCH,Cl+2PMe; —>
[Ni(n'-CH,C(H)CI(PMe,;),]+2cod (1) 60%

[Ni(cod),]+ C¢H CH,Cl+ PMe, —
[Ni(7*-CH,CH,)CI(PMe,)]+2cod. (2)  50%

Me3p\ CH2
- \\\ Benzylic CH, ("H NMR):

Ni }
n' (eq. 1): 1.71 (s, 2H) ppm
Cl/ /<O > n? (eq. 2): 1.00 (br s, 2H) ppm

Carmona, E.; Paneque, M.; Poveda, M. L. Polyhedron 1989, 8, 285—291. 43



Nickel Catalysis

Martin (2013): Isolation of benzylic Ni(ll) compounds

1.64 mmol Ni(cod),
Cl 1.64 mmol PCyps ©f _PCyps
Et,O

coldtort.,, 3h

1.96 mmol

0.50 g, 72%

Ledn, T.; Correa, A.; Martin, R. J. Am. Chem. Soc. 2013, 135, 1221-1224.

See also: Matsubara, R.; Gutierrez, A. C.; Jamison, T. F. J. Am. Chem. Soc. 2011, 133, 19020-19023.
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Nickel Catalysis

Watson (2016): Application to quaternary acetates

Scheme 3. Scope of Tertiary Acetates”

- i 5 mol % NiCl,"DME A PCy,
C 9, I
J.\uRz T :><Me 5 mol % CyJothho.; " R2 CyJohnPhos
AR SR ‘o—/ Me  NaOMe, 2-Me-THF  pp1” SRt
40°C,22h Ph
1 3a
Ar2 = 3-(OMe)CgH,4
Ar2 O Ar2 A2 Again: all electrophiles are t-extended or conjugated 1t
«Me
O Et 5 Et
MeO Me \N . .

16, 96% 17, 67% 18, 79% Scheme 4. Putative Catalytic Cycle

90% ee 88% ee 97% ee

98% es 98% e 98% es Af OAc

(92% ee of 1) (90% ee of 1)"0‘7 (99% ee of 1)&f )\‘R2 L R2
A2 Ar2 a2 Me Np™ g Ni(CyJohnPhos) PRI
W Me r y
OSiMe,'Bu & Me
/LM Np/k/\ Ph Np X HSP\Ni.Ar

19, 89% 20, 92% 21, 78% ' A cH, F

99% ee 94% ee 95% ee R O

>99% es >99% es 99% es (RaP)Ni, Ne)

(99% ee of 1) (94% ee of 1)9 (96% ee of 1)¢ ;

e, - ok ...Rz
Ar2

Ar2 Ar2
e OMe MeO-BX, _OA
Ph Ar-BX

22, 70% 23 73% 24, 62% NaOMe

87% ee 94% ee 1% ee

99% es 98% es >99% es 25
(88% ee of 1)¢ (96% ee of 1)" (91% ee of 1)

Zhou, Q.: Cobb, K. M.; Tan, T.: Watson, M. P. J. Am. Chem. Soc. 2016, 138, 12057—12060. 45



Nickel Catalysis

Jarvo (2013): Enantiospecific Suzuki—Miyaura arylation of a-aryl pivalates (retention or inversion)

Table 1. Optimization of the Reaction Conditions

OR
Ph
Ni(cod), (10 mol %)
Ligand

=]

OMe

OMe

+ _—
Me_Me t-BuOK (2 equiv) OO h @
additive (3 equiv) or -
0.5-0 rt,20h (R)-2 o
L (2 equiv) OO
p-MeOCgH, (S)-2
Entry R ligand®  solvent additive % yield® es® ;:::?:g:/
1 O PCys PhMe none 46 7  retention
2 '}{Lo By PCy; THF none 53 43  retention
3 (S)-3 PCy3 THF H,0 74 10 retention
4 PCy; THF n-BuOH 76 87 retention
5 PCy; THF i-PrOH 46 78 retention
6 PCy; THF t-BuOH 55 43 retention
7 PCy; THF Fa3CCH,OH <5 na  retention
8 i PCys THF  nBuOH 53 76 retention
LT
9 (5)4  SiMes THF  nBuOH 60 77 inversion
_______ g~ e S e e s s e e e
10 E‘J\ PCy; THF n-BuOH 57 91 retention
2 Ph
1 (S)-5 SiMes THF n-BuOH 83 >99 inversion
12 o PCys THF n-BuOH 62 95  retention
18 . U PCys; THF/PhMe none 67 35  retention
14 ’D SIMes THF/PhMe  none 82 92 inversion
15 O PCy,; THF/PhMe n-BuOH 88 99 retention
16 SIMes THF/PhMe n-BuOH 84 99  inversion

“PCy; (20 mol %); SIMes (11 mol %). “Isolated yields after column
chromatography. “Enantiospecificity (es) = (€€product/ €starting material) X

100%.

Harris, M. R.; Hanna, L. E.; Greene, M. A.; Moore, C. E.; Jarvo, E. R. J. Am. Chem. Soc. 2013, 135, 3303—3306.
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Nickel Catalysis

Jarvo, Houk, Hong (2017): Computational study of retention/inversion mechanism

Retention Pathway Inversion Pathway
Ar Ar
Nap/LPh Nap”~ “Ph
2 ent-2
Ln\ .’AI' AI’\ ‘/Ln
Ni reductive reductive  Ni
elimination elimination -
h Nap” “Ph
Ly D
|
Oxidative Ni Oxidative
Addition Addition
(retention) / \ (inversion)
OCOR ROCO
Ni/ \ i/

Zhang, S.-Q.; Taylor, B. L. H.; Ji, C.-L.; Gao, Y.; Harris, M. R.; Hanna, L. E.; Jarvo, E. R.; Houk, K. N.; Hong, X. J.

Am. Chem. Soc. 2017, 139, 12994—13005. 4l



Nickel Catalysis

Jarvo, Houk, Hong (2017): Computational study of retention/inversion mechanism

Ligand = PCy;,

A AG(kcal/mol), M06/6-311+G(d,p)-SDD-CPCM(THF)//B3LYP/6-31G(d)-LANL2DZ
Inversion Retention

- PC 1 {
Y3 +
| \_

Ni  ph CysP, tBu

~/ X H Ni’ 1.99A { )
w 0 | 5.0 N .

6 I-_
PCy, \(O /Nl O&!Bu PCy,
| L 5 tBu {H | /8
Ni-O — Ni-O
T~ {Bu ! tBu
8

Nap 30 H 9

PCys;: Curtin~-Hammett scenario operational

Zhang, S.-Q.; Taylor, B. L. H.; Ji, C.-L.; Gao, Y.; Harris, M. R.; Hanna, L. E.; Jarvo, E. R.; Houk, K. N.; Hong, X. J.

Am. Chem. Soc. 2017, 139, 12994—13005. 48



Nickel Catalysis

Jarvo, Houk, Hong (2017): Computational study of retention/inversion mechanism

Ligand = SIMes

A AG(kcal/mol), M06/6-311+G(d,p)-SDD-CPCM(THF)/B3LYP/6-31G(d)-LANL2DZ

Inversion

~

S

T
Ni pp
{3

- Ts1g  (BuU-

Retention

(SIMes)

SIMes: Curtin-Hammett scenario not operational

Zhang, S.-Q.; Taylor, B. L. H.; Ji, C.-L.; Gao, Y.; Harris, M. R.; Hanna, L. E.; Jarvo, E. R.; Houk, K. N.; Hong, X. J.

Am. Chem. Soc. 2017, 139, 12994—-13005.
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Nickel Catalysis

Jarvo, Houk, Hong (2017): Computational study of retention/inversion mechanism

*Ground-state analysis*™—but early TS in both cases

PCys: Retention occurs SIMes: Inversion occurs
Ligand = PCy; Ligand = SIMes
Pre-inversion intermediate Pre-retention intermediate Pre-inversion intermediate Pre-retention intermediate
T

,f,f_ L\ ) o

. ¢ \ ..
L 4 / \
\ / )
AAG =0.0 kcal/mol AAG = 1.6 kcal/mol AAG = 0.0 kecal/mol AAG = 3.8 kcal/mol
AAE = 0.0 kcal/mol AAE = -0.6 kcal/mol AAE = 0.0 kcal/mol AAE = 1.8 kcal/mol

Retention pathway:
Key distortion of (n°~Ni—L angle)

Zhang, S.-Q.; Taylor, B. L. H.; Ji, C.-L.; Gao, Y.; Harris, M. R.; Hanna, L. E.; Jarvo, E. R.; Houk, K. N.; Hong, X. J.
Am. Chem. Soc. 2017, 139, 12994-13005.
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Nickel Catalysis

Jarvo, Houk, Hong (2017): Computational study of retention/inversion mechanism

PCy;: Retention occurs
SIMes: Inversion occurs

Ligand = PCy,

Pre-inversion intermediate Pre-retention intermediate

'
NS

AAG = 1.6 kcal/mol
AAE = -0.6 kcal/mol

Ligand = SIMes

Pre-inversion intermediate Pre-retention intermediate

At Xt

1.89A {
146.7°— 1 _
( 7 119.2° <

AAG = 0.0 keal/mol
AAE = 0.0 kcal/mol

— 2‘0<1A;~ 4 2.01 /,_‘,_
> & =3 ,_.}), \_
{ [ ; \_
L~
L T S 31

AAG = 3.8 kcal/mol
AAE = 1.8 kcal/mol

AAG = 0.0 keal/mol
AAE = 0.0 keal/mol

Zhang, S.-Q.; Taylor, B. L. H.; Ji, C.-L.; Gao, Y.; Harris, M. R.; Hanna, L. E.; Jarvo, E. R.; Houk, K. N.; Hong, X. J.

Am. Chem. Soc. 2017, 139, 12994—-13005.

AE / (kcal/mol)
30 ;¢
optimized position °
bent position
L
-4
25 T \NI
20
#- SIMes
1.5 v
& ¢ PCy,
-
~N_N~
1.0 o PMe,
o o
0.5 ‘
: -
@ L
00 - —. = I ' 9/°
0 5 +10 15 20 25
-0.5

Figure 8. Relative gas phase electronic energies of [LNi(naphthalene)]
complexes with different substrate—nickel—ligand angles. € is the
bending angle of ligand from the optimized position to the bent

position.
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Nickel Catalysis

Jarvo, Houk, Hong (2017): Computational study of retention/inversion mechanism

PCy;: Retention occurs
SIMes: Inversion occurs

45 cato)

Pre-inversion intermediate Pre-retention intermediate FR T ’ppnrg]zed position
- -\5L o
/ <
'\ / 40 + Ni =
— |
I NH3

(ﬁl}nu f
210A
. ' 3.0

S ;
116.8°— ( i . I
p7 Ig- o SlMes
2,01} n',—-
;:;5_ 7~ 'S ” . e PCy,
/ I\
6 ° +- PMe,
AAG = 0.0 keal/mol AAG = 1.6 kcal/mol
AAE = 0.0 kcal/mol AAE = -0.6 kcal/mol
1 0 o -
Ligand = SIMes Py .
Pre-inversion intermediate Pre-retention intermediate . : 2
00 é - - — 1 1 1 3 e / o

146.7°—

*( i \ AQ0A .- s 5 10 15 20 25
Tl

Fa e { Figure 9. Relative gas phase electronic energies of [LNi(NHj;)]
L/’ a [\ complexes with different substrate—nickel—ligand angles. 6 is the
f \ bending angle, defined in Figure 8.

AR 31
AAG = 0.0 kcal/mol AAG = 3.8 kcal/mol
AAE = 0.0 keal/mol AAE = 1.8 kcal/mol

Zhang, S.-Q.; Taylor, B. L. H.; Ji, C.-L.; Gao, Y.; Harris, M. R.; Hanna, L. E.; Jarvo, E. R.; Houk, K. N.; Hong, X. J.
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Jarvo, Houk, Hong (2017): Computational study of retention/inversion mechanism

PCy;: Retention occurs
SIMes: Inversion occurs

Ligand = PCy,

Pre-inversion intermediate Pre-retention intermediate

116.8 —( rl
TT<AN \,f’ B. Steric effects of ligand
- i i 1 I
L3 Subtrate AAG AAGE  AAGE AAG
\ (PCys) (PrBus)  (SIMes)  (SIPr)

AAG=0.0 kcal/r}}bi' : AAG = 1.6 kcal/mol 3 1.1 —3.8 —1.6 —6.2
AAE = 0.0 kcal/mol AAE = -0.6 kcal/mol

“The computed stereoselectivities are listed as AAGF =
AG*(inversion) — AG¥(retention) in kcal/mol.

Pre-inversion intermediate Pre-retention intermediate

et Wy
bt §

3 201A 4 s 201}/)_"_
: [ \ !
j\, ’
L T S 31
AAG = 0.0 kcal/mol AAG = 3.8 kcal/mol
AAE = 0.0 keal/mol AAE = 1.8 kcal/mol

Zhang, S.-Q.; Taylor, B. L. H.; Ji, C.-L.; Gao, Y.; Harris, M. R.; Hanna, L. E.; Jarvo, E. R.; Houk, K. N.; Hong, X. J.

Am. Chem. Soc. 2017, 139, 12994—13005. 53
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Watson (2013): Coupling of benzylic ammonium compounds

Table 2. Optimization of Branched Ammonium Salt®

Me 10 mol % Ni(cod), Me
: :

Np”“NMes . (40),B—pTo e e

oTf KsPO, (1.3 equiv)

33, 99.6% ee dioxane, temp, 4 h 34
entry ligand (mol %) temp (°C) yield (%)b ee (%)°
1 PPh,Cy (22) 100 84 81
2 PPhCy, (22) 100 97 79
3 PPh, (22) 100 83 81
4 t-Bu-XantPhos (12) 100 (91) 98
5 XantPhos (12) 100 15 40
6 P(o-Tol); (22) 100 71 98
7 P(o-Tol), (22) 70 94 98
84 P(o-Tol), (22) 70 95 98
9¢ none 70 0 nd/
10° none 100 0 nd/

“Conditions: ammonium triflate 33 (0.10 mmol, 1.0 equiv), boronic
acid (1.2 equiv), Ni(cod), (10 mol %), ligand, K;PO4 (1.3 equiv),
dioxane (0.4 M), 4 h, unless noted otherwise. *Determined by 'H
NMR analysis using 1,3 S-tnmethoxybenzene as internal standard.
“Determined by chiral HPLC. “PhMe replaced dioxane as solvent. “No
Ni(cod), used. /n.d. = not determined.

Maity, P.; Shacklady-McAtrr, D. M.; Yap, G. P. A.; Sirianni, E. R.; Watson, M. P. J. Am. Chem. Soc. 2013, 135,
280-285.



Watson (2013): Coupling of benzylic ammonium compounds

Nickel Catalysis

Table 3. Formation of Enantioenriched Diarylethanes®

Me Ni(cod),
o P(o-Tol); or t-Bu-XantPhos Me
SNme, *+ (HOB-R >
-OTf K3PO, (1.3 equiv) Ar” "R
dioxane, 70 °C, 6 h
mol . ; prod
ligand yield
ent roduct % ce
c Ni mol%) e e
1 )M\e 3 P(o-Tol)s (7) 60 99
24 Np“gq P-Tol 10 P(o-Tol)s (22) 72 97 12/
Iy OMe 13‘“
3 W 3 P(o-Tol)s (7) 82 99
OMe
35 OMe 14(/.:‘.&
Me
4 Np/'\[:[we 3 P(o-Tol)s(7) 51 95
36 OMe 15¢
Me
5 Np 3 P(o-Tol)s (7) 68 98
37 Z
6 Me 10 P(o-Tol); (22) (15) n.d/
d - /kO\ i
79 i 10 P(o-Tol)s (22) 94 98
e 17¢
8¢ Np/'\@ 10 P(o-Tol)s(22) 71 98
39 CO,Me
9dh 1 P(o0-Tol); (3) 76 95

Me
Np/'\©\
40 CN

AT
*&
o
o

(R)-38

Me
l6¢ Q)\/\Ph

OMe 45

Me
She

OMe 46

10

10

10

10

15

P(o-Tol); (7)

P(o-Tol)s (22)

P(o-Tol)s (5)
P(o-Tol)s (22)
t-Bu-
XantPhos
(12)
t-Bu-

XantPhos
(12)

P(o-Tol)s (32)

P(o-Tol)s (32)

94

53

96
(91)

46

37

56

54

Maity, P.; Shacklady-McAtrr, D. M.; Yap, G. P. A; Sirianni, E. R.; Watson, M. P. J. Am. Chem. Soc. 2013, 135,

280-285.

97

52

99

98

95

98

91

95



Nickel Catalysis

Watson (2013): Coupling of benzylic ammonium compounds

Scheme 4. Synthesis and Crystal Structure of Oxidative
Addition Complex 48

+ OTf  Ni(cod), (1.0 equiv) PPh,Cy
NMeg PPh,Cy (1.0 equiv) Ni-oTf
0 - 5 (')
CgHeg, 40°C, 3.5 h
tBu (51%) #Bu
47 48

“Molecular diagram of 48 with ellipsoids at 30% probability. H-atoms
omitted for clarity.

PPh,Cy
Ni-oTs

-0

t-Bu

48

NMe,OTf
(o)

t-Bu
47

(HO),B—p-Tol (1.2 equiv)

K3PO, (1.3 equiv)
CgHg, 40 °C, 24 h
(95%, NMR)

(HO),B—p-Tol (1.2 equiv)
10 mol % 48
11 mol % PPh,Cy

K3POy4 (1.3 equiv)
dioxane, 40 °C, 24 h
(93%, NMR)

p-Tol
O (1)

t-Bu

p-Tol
0 &
-Bu
29

Maity, P.; Shacklady-McAtrr, D. M.; Yap, G. P. A.; Sirianni, E. R.; Watson, M. P. J. Am. Chem. Soc. 2013, 135,

280-285.
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Watson (2018): Loss of aromaticity according to sterically accessible positions

NMe,OTf

o™
OMe

52, >95% ee

2)
~—

OMe NMe,OTf

SO

49, >95% ee

B,pin,
10 mol % Ni(cod),
22 mol % PPh,

NiL,OTf

NaOMe, THF, rt

B,pin,
10 mol % Ni(cod),
22 mol % PPh,

Me e
OMe

53
partial loss of aromaticity

OMe

NaOMe, THF, rt

~~ "Me

“NiL,OTf

50
complete loss of aromaticity

Pound, S. M.; Watson, M. P. Chem. Commun. 2018, 54, 12286—12301.

Bpin

SO
OMe
54, 49% yield
95% ee

OMe Bpin

oo™

51, 0% yield (NMR)

Y



Nickel Catalysis

Nambo and Crudden (2018): Coupling of benzylic sulfones

10 mol % Ni(cod),,
o) I
Me Me 12 mol % ligand Me Me

Ar?B(OH), or (Ar?B0); (3a)
-
NaOEt
PhMe OMe
2aa

1a 85°C,16 h
(Ar = 4-MeOCGH4)

entry  arylboron (equiv) ligand NaOEt (equiv) yield”
1 ArB(OH), (2.0) RuPhos (L1) 1.5 40%
2 (ArBO), (3a) (1.0) L1 2.25 86%
3 3a (0.7) BrettPhos (L2) 22 91%
4° 3a (0.7) Doyle (L3) 2.2 98%

Pr
OMe O
oL o WA
P(Cy), MeO P(Cy)2

iPro OiPr  iPr iPr O Pr
O O (Cy)P O
iPr Pr iPr
RuPhos BrettPhos Doyle
L1 L2 L3

Ariki, Z. T.; Maekawa, Y.; Nambo, M.; Crudden, C. M. J. Am. Chem. Soc. 2018, 140, 78-81.
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Fu: Halide exchange for benzylic substrates (2013)

Table 1. Influence of Reaction Parameters on the Catalytic
Asymmetric Synthesis of a 1,1-Diarylalkane®

OH 1) MsCl, NEt, p-anisyl
Ph Et 2)1.7 p-anisyl—Znl Ph Et
racemic 9% NiBr,* diglyme
13% (S,S)-L
4 Lil

CH,CI,/THF, —45 °C
"standard" conditions

entry variation from the “standard" conditions ee (%) yield (%)?

1 none 94 93

MeOJi : :\ OMe

(S,5)-L

Do, H.-Q.; Chandrashekar, E. R. R.; Fu, G. C. J. Am. Chem. Soc. 2013, 135, 16288—-16291.



Topics in nickel cross-coupling:

“Unactivated” C(sp3)-X
Electrophiles
Ni(I)/Ni(lll)

R X

T

R

Nickel Catalysis
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Nickel Catalysis

Knochel (1995): One of the first nickel-catalyzed C(sp?)-X cross-coupling reactions

R
/\/,\/ Lil ( 20 mol %), THF . /\J\/
Br / + EtQZn - Et)\ /

[Ni(acac),}(7.5 mol %)

-35 'C 4- h
1a: R =Ph 35°C 4-18 2a :R=Ph; 81 %

1ib : R = Bu 2b:R=Bu; 82 %

discovery: nickel-catalyzed cross-coupling in presence of alkene

R
Lil ( 20 mol %), THF . \j\/
B/\/k/ Me . Et,Zn > @\ Me

[Ni(acac),] (7.5 mol %)

3a:R=Ph 35C1025°C,18h 4a - R = Ph: > 85 %
3b :R=Bu 4b :R=Bu; > 85 %

In absence of alkene: only Br—Zn exchange observed

Devasagayaraj, A.; Studemann, T.; Knochel, P. Angew. Chem. Int. Ed. Engl. 1995, 34, 2723-2725.
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Nickel Catalysis

Knochel (1995): One of the first nickel-catalyzed C(sp?)-X cross-coupling reactions

R
/\/,\/ Lil ( 20 mol %), THF . /\J\/
Br / + EtQZn - Et)\ /

[Ni(acac),}(7.5 mol %)

-35°'C 4- 18 h
1a: R =Ph 2a :R=Ph; 81 %
1ib : R = Bu 2b: R =Bu; 82 %
1 1 R?
Proposal: R i
. R3Zn . reductive .
|/ . |/ s e >
/N'r-X NirR2  elimination R2
8
6 7

red.
T[Nisz -«—— [Ni{acac),]
RI

5:X=Br, |

Devasagayaraj, A.; Studemann, T.; Knochel, P. Angew. Chem. Int. Ed. Engl. 1995, 34, 2723-2725.
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Knochel (1995): One of the first nickel-catalyzed C(sp?)-X cross-coupling reactions

R
/\/,\/ Lil ( 20 mol %), THF . /\J\/
Br / + EtQZn - Et)\ /

[Ni(acac),}(7.5 mol %)

-35 'C 4- h
1a: R =Ph 35°C 4-18 2a :R=Ph; 81 %

1ib : R = Bu 2b:R=Bu; 82 %

THF : NMP (2 : 1)

™. X X
(FG-R),Zn + HCHYy X7 > FG—R-(CHz)n/\/
[Ni{acac),] (7 mol % )
.35 °C, 0.5-18
11 12:n=23/4 % °C. 0518 N 13:64-90%
X = H, CO,R

Scheme 3. FG-R = functionalized alkyl group, NMP = N-methyipyrrolidinone.

Devasagayaraj, A.; Studemann, T.; Knochel, P. Angew. Chem. Int. Ed. Engl. 1995, 34, 2723-2725.
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Nickel Catalysis

Knochel (1998): Use of exogenous alkene as ligand

[Ni(acac)2](10 mol %)
FG'RCHl + (FGZRCH, ) Zn ANF/ Ne » FG'RCH,CHoRFG?

Fa N
2 3 C\(D/(E2—1 .0 equiv) 4

1a

Scheme 1. Cross-coupling between sp? carbon centers in the presence of
cocatalysts 1a. FG = functional group; NMP = N-methylpyrrolidone.

0 o) o] o)
©)L J@A O g
= S
F3C Fs/ Fs

CF3 CF3
1C: 300 min 1d: 100 min 1€: 100 min 1f : 300 min
CF3 CF;
o oL, O
FsC CFs
CF3
1a:60 min 1g : 100 min 1h: 100 min 1i : > 1000 min

Scheme 5. Different cocatalysts and their influence of the cross-coupling
of 2d with 3a.

Giovannini, R.; Stidemann, T.; Dussin, G.; Knochel, P. Angew. Chem. Int. Ed. 1998, 110, 2449-2502.
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Yamamoto (1997): Reductive elimination promoted by electron-deficient substrate

o

z ] -

o NO D R
\Ni/ Et-Et
/

N Et

A

L

NiEt,(bpy) is stable in various non-aromatic solvents
(e.g. acetone, THF, DMF, CH,CN, and n-C¢F,,) and
aromatic solvents without an electron-withdrawing
group (e.g. benzene and toluene) at room temperature
under N,. On the other hand, addition of an aromatic
compound with the electron-withdrawing group (e.g.
C,H,CN and C(F,CF,) into a solution (e.g. THF solu-
tion) of NiEt,(bpy) leads to the reductive elimination of
Et—Et, butane (0.71-0.96 mol /mol NiEt,(bpy) as deter-
mined by gas chromatography). These results suggest

e e w4

Yamamoto, T.; Abla, M. J. Organomet. Chem. 1997, 535, 209-211.
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Yamamoto (1997): Reductive elimination promoted by electron-deficient substrate

Et-Et

-2

234
k4
g

44 @ ™CeHy(CN)y

@ 1-(CF)CgH CN
| 0-(CF3)CgH4CN
CgH5CN
-5 - r
0.5 1.5 2.5

Io

Fig. 3. Plot of logk (k in M~'s™!) against 30 at 25°C; o =
Hammett’s o. p-(CF;)C¢H,CN and o-(CF;)C(H,CN give almost
the same k value.

Yamamoto, T.; Abla, M. J. Organomet. Chem. 1997, 535, 209-211.
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Fu (2003): Alkyl-alkyl cross-coupling using pybox ligands

4% Ni(cod)

Me 8% s-Bu-Pybox Me
M>—Br BrZn—r-nonyl DMA y r-nonyl
€ 1.6 equiv rt,20h e
"standard" conditions 91%
® ®
| NG | Q H O I ~ 0]
S/N N\) N
R’ R’ H H
R'-Pybox Indanyl-Pybox

Zhou, J.; Fu, G. C. J. Am. Chem. Soc. 2003, 125, 14726-14727.
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Nickel-catalyzed C(sp3)—X cross-coupling (Fu)

chiral
Y transition-metal H
) catalyst
Nu /\I—X : - ‘\}F—Nu
R R enantioconvergent R R
racemic high ee,
(readily available) high yield
R™°" R

Fu, G. C. ACS Cent. Sci. 2017, 3, 692-700.
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Examples of nickel-catalyzed C(sp3)—X cross-coupling

Organozinc nucleophiles:

4% Ni(cod), e
Br /\/MLe 8% (S)-(s-Bu)-pybox Me
TSNO/ 1Zn Me DMA, r.t. TsN 66%
A
0 5 o Organosilicon nucleophiles: M
N . i - e
(S)-(s-Bu)-pybox: | | 6.5% NiBr,'diglyme
y N N\_‘) Q Be Meji) 7.5% bathophenanthroline
s-Bu s-Bu ; CsF (3.8 equiv)
- Fesl DMSO, 60 °C o 82%
Organoboron nucleophiles:
I\Nlle
Me 4% Ni(cod), . o
O/Br /©/\N> 8% bathophenanthroline / Organofin nucieophiles:
/ : -
KOt-Bu (1.6 equiv)
(HO)B s-BuOH, 60 °C 67%
.......................................................................... 10% NiCl,
15% 2,2"-bipyridine
WH 6% NiBrydiglyme KOt-Bu (7 equiv)
Ph Ph t-BuOH/i-BuOH, 60 °C
8%
MeHN' NHMe
KOt-Bu/i-BuOH
Ph

4 A molec. sieves
iPry0, r.t.

9-BBN = —%—Bi@

Fu, G. C. ACS Cent. Sci. 2017, 3, 692-700. 69
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Examples of enantioconvergent nickel-catalyzed C(sp3)-X cross-coupling

a-Halocarbonyls:

o)

Bn. B
NN r

I
Ph Et

BrZn—n-Hex

10% NiCly glyme
13% (R)-(i-Pr)-pybox

DMITHF, 0°C

0
5 -H
Bn r;‘Jk{n ex
Ph Et
96% ee, 90% yield

Benzylic halides:
OMe

Br

Me

IZn/Q

10% NiBry glyme
13% ligand

Csl (1.2 equiv) -
CH,Cl,/dioxane
-30°C

OMe

Me
95% ee, 86% vyield

Propargylic electrophiles:

™S
X__OCO,Ar

BocN
\

1Zn— p-tol

10% NIC|2(PCY3)2
13% ligand

DME/THF, 10 °C

Ar = 2,4 6-trimethoxyphenyl

™S
Y
R tol
BocN y

90% ee, 72% yield

Allylic halides:

Me \/YCI

Me

0
Ban/\/k }

5.0% NiCly glyme

5.5% (S)-(CH2Bn)-pybox

NaCl (4 equiv)
DMA/DMF, =10 °C

(0]
e\/\(\/k’—>
A 0
Me
90% ee, 93% yield

Fu, G. C. ACS Cent. Sci. 2017, 3, 692-700.

a-Halonitriles:

NC Br

N
S0,(CH,)4Cl
PhZn—Ph

10% NiCly glyme
13% ligand

TMEDA (0.2 equiv)
THF, -78°C

T

i-Pr i-Pr

NC.__Ph

N
S0,(CH,),Cl
90% ee, 94% yield
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Vicic, (terpy)Ni—-Me (JACS, 2004):

21220 223841 (UTC),
 kegitimately sare pabhished snices,

Daunlcaded vis PRINCETON UNIV on Aged

Anderson, T. J.; Jones, G. D.; Vicic, D. A. J. Am. Chem. Soc. 2004,

for

JIAICIS

CEMMUNICATIONS

Pusiaen on Wan DRIVEPO0E

Evidence for a Ni' Active Species in the Catalytic Cross-Coupling of Alkyl
Electrophiles

Thomas J. Anderson, Gavin D. Jones, and David A. Vicic*

o of Chemistry and

v, University of Arkansas, Fayetteville, Arkansas 72701

Fecorved March 21, 2004 E-mai: dvcic®uark.odu

The cross-coupling reaction betwesn an crgunometallic reagent
und an organic halide is one of the most versatile metbads for
forming 4 new curbon - carban bond. The mujority of catalytic cross-
couplings involve some typs o & C(sp”)-functonalized partaer, and
there are moch fewer reports on methods o couple two Cisp?)
partnens to farm 2 new alkyl—alkyl band. However, in recent years,
advances in nickel und palladium chemistry have made passible
the catalytic cross-coupling of simple slkyl electrophiles with simple
alkyl nuelcophiles, even using subsirates that possess normally
tesctive F-bydrogens.” '" To expand the scope of these current
catalysts to inclide more sophisticated uanﬂmu\wum with xlhl
more is needed
the nalure of the catalytically sctive species so thst rutional
modfications 1o the citalysts can be made % suit a particolar oced.
We have been actively trying to develop synthetic methods to
peepare nxckel dialkyl complexes i ocder to detennine what factors
favor reductive eliminarion of saturated alkanes aver the competing
£-byéride ehiminatioe pathways. While wocking with polypyridine-
based ligands. & imterosting organometaliic transformation was
uecovered that sheds new light on the mechanism of a centain class
of alkyl cross-coupling reactions. Reaction of bipyridine with
(TMEDAINICH.); (1, TMEDA = N NN N -tetramethykethylene-
iamine) is well-known to provide the nickel dimethyl complex 2
(eq 13" Tt wass found, however, that reaction of 1 with terpyridine
did pot peovide the relateé dimethy] complex, but instead led 1o
Ibe high-yichd formation of the monomethyl comples 3 (g 2). This
parumagnetic metal camplex is a mre example of an isolshle Nit
oceganometallic species that is stable ul room temperature. Magnetic
susceptibility (s = 1.64 uy in THF) determination by the Evans
NMR methed >/ canfirms 2 peoduct having coe unpaired d-
electron. 1t was also found that 3 exhibits two quasi-revensible waves
In the cyclie voltamniogram at —1 47 and —0.92 V v Ag/Ag” in
THF solation.

N/
“\ ;

Ny

Complax 3 was foand 1o crystallize as extremely small violes
phies thit only weskly diffracted X-rays and nffonded 2n ill-refined
data set {see Supporting Informatioe). A connectivity structure could
ke obtained, howsver. and a structural diagram of 3 is sbown in
Figure 1. Of particular note 15 the “head-to-head” packing™ beawoen
8100 » J. AM. CHEM. SOC. 2004, 126 8100-8701

Figure 1. Ba2 and sick clagram of stacked 3. Hydroges atoms as the 1py
ligand are amitted for clarity.

the two nickel complexes and the ligand-induced fatiening of the
Nifl) centers.'* The nickel—carbon bond lengths averaged to 1 95.
(13) A. 20d & shont nickel - nickel contact of 3.18(12) A was also
observed.

Presumably the formation of 3 arises from o Ni—=C bond
bomaolysis reaction'®"” resulting from distortion of a Ni® dialkyl
spacies. from square planarity, In the cootext of alkane cross-
coupling reactions, the failure of the dimethyl nickel complex ta
eliminate a full equivaient of ethane upon addition of terpyridine
ligand suggests that Ni¥ dialkyl intermediates may not be viable
in the cawalyr wpling of swurated oy ophlles using
similar tigands. Ta probe this possibility, 2 number of reactions
were performed using alkyl halides as clecirophilic substrates in
both and catalytic spling reactions.

Reaction of complex 3 wilks 1 equiv of eyclohexyl iodide t rovm
temperature for 24 b i Coby solution indeed showed that transfer
of the metal-hound metayl group t alkyl halides could oceur (eq
). The reaction wis monitored by NMR spectroscopy (referenced
to an intcrmal séndard), and the yield of methyleyclobexime
produced was found 1w be 79%. Analysis of the velamiles by /I
NMR spectroscopy also confirmed that the mayor peoduct of the
reaction was miethylcyclobexane, with oo significant amount of
olefinic products resulting fram f-hydride elimination reactions.
The inccgamic product of Ihe reaction was charscterized by
elemental analysis, which was consistent with the mouo-iodo Ni!
complex 4a, The stoichiometric reaction described in oq 3 is thus
further evidence ageinst a Ni%Ni redox cycle, as no dispropor-
tiowstion produces were peoduced during alkyl transfer

The results described in eq 4 suggest that Ni¥ alkyl halide
complexes derived from: the terpyridy] ligind were unstable, similir
to the dimethy] counteeparts. Reaction of NI(COD); with | equiv
of tpy-hased Ligand and | equiv of alky] iodide did not kead to any
stable oxidative ndditicn products, bat rather led to isalable Ni!
iodidle complexes. Tae more soluble 4b has even been stucturally

ired (ace 2 B

Experimerts were also performed to see if & Ni' alkyl comples,

sach as 3 could be & viable precursor in cooss-coupling catalysis.

COMMUNICATIONS

Table 1. Calalytic Aky! cmcouung Reactons

(5 mol %)
RX ¢ npantytonc bromde. RACHO
THF. 230
oo

oy iyl Vb predst S

1 hexglBr undzcene 15

2 PhCIH ) Be PRCH)CH 0

3 PHCH ) PHCHCH. &

4 lodocyciabexane perrykyclabexane &

e lodocyciobexane pereykyciobexine o8

* Yiekds basad on GO relaive o & calibeatnd ietenmal sundaed. * Catalyst
conploped was NitOOD): i tpy (hoth 5 mol %),

O —a— Ok
»sC

"=H
R a7

The results of this study are provided in Table 1, and show that, in
the presence of a transmetallating agent soch s alkylziee halides,
modersse yield farmation of cross-coupled alkate coald be achieved
without uny overwhelming formation of #.hydride elimination
products. OF note is the grester elliciency of the cross-coupling
reaction using alkyl sodades over alkyl bromides. High yiekds of &
product containing & relstively bulky sertiary CXsp?) center could
even be achieved using secondary ulky! halides such 2 iodocy

clohexane as the elsctrophile. Use of the commercinlly available
starting materiuls Ni(COD),; and tpy yielded results {entry 4 vs 5)
similar to those seea with 3. The miner products in the catalysis of
alkyl iodides suggest tse prescnce of a radical pathway, as Ph-
(CHouPh andd dicyclohexyl were detected for entries 3 and 4,
respectively. Additianally, reaction of 3 with the radical clock indo-
methyleyclopropane afforded substantial formation of olefinic
products us desected by 'H NMR spectroscopy.

In light of the fact that both the Ni' alkyl halide and dialkyl
complexes were found to be unstable with respect to their Ni*
decompasition products, and the fact that 3 can hoth transfer its
mathyl group 1o alkyl halides to form: a Nil halide complex and to
serve 4 an initiator for catalytic alky] cross-coupling, we speculste
(bt a radical mechanism of the type shown in Scheme 1 may be
operative under catalytic conditions, There are two poleworthy
features of the proposed mechanksm which we find astractive. First,
the 17-electran nickel alkyl complex s thermodynamically capble
of reducing alkyl iodides in THF solution. In fact, the reduction
potential of 3 is close o that of samarium diiodide, Which it &
well-kiown catalyst for alky! iodide reductions. ' Second, formution
of da after the cross-coupling event allows foc the eyele 1o begin
anew in the preserce of alkylzine halide reagents, as transmetalation
wall pravide u new (1pyINiR complex. A related electron. transfer
mechunism bas been proposed by Eisenberg and co-warkers far

126, 8100-8101.

Possitis Mechanam to 1 Gross-Couping of
Seniaied sy wm Mediated by 3

. — . ]
MrIN—CHy G 4w0\°_" O

Wzlm, —— Nt - Oy

. H_Ch
Q& —0Q
the reduction of alkyl halides hy odd-electron rhodinm complexes. 1
To our knawledge, this is the first time o Ni' species has been
peoposed as the catalyrically sctive specics i the cross-coupling
of satursted alkyl groups, and these resalts build upon the seminal
wark by Espenson and Kochi, wha also observed electron-transfer
reactions between argunic halides and nickel complexes. The
results presented here may 3lso be relovars 10 the cross-coupling
chemistry imvolving other ligands such us those derived from
pybox.® which are also tricoordinating in nature. A susvey of pew
ligands which may be able to support 4 similar odd-elaction redox

shuttle and provide higher vields far catalytic cross-coupling of
alkanes is currently being undertaken.

Acknowledgment. DAV thanks the University of Arkansas,
the Arkansus Biasciences Institute, and NIH (R 15569) for suppart
of this woek.

Supporting Information Available: General methods and X-ray
data for sll relevant compounds (PDF, CIF). This matecial is available
free of churge via the Interct ot hitp/ipebs.acs.ors.
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Nickel Catalysis

Vicic, (terpy)Ni—Me (2004)

\ / N\ 7N\
i
N/ “CHs - TMEDA

/\ 4

terpyridine

1 —_—

- TMEDA
- "9H3"

Anderson, T. J.; Jones, G. D.; Vicic, D. A. J. Am. Chem. Soc. 2004, 126, 8100-8101.
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Nickel Catalysis

Vicic, (terpy)Ni—Me (2004) 200

Chart 1. Representations of 2a as a Ni(l)—Methyl Complex (left) 4500~ 3150 3200 3250 3300
and the Charge-Transfer State Comprising a Ni(ll)—Alkyl Cation j

4000 J
(right) g,=2.021

3500 - l

T T T T T T 1
3150 3200 3250 3300
Magnetic Field / Gauss

Figure 1. X-band EPR spectra of 2a in THF (a) in fluid solution at room
temperature, (b) in frozen glass at 77 K. Parameters: microwave frequency
9.095 GHz; microwave power 5 mW; modulation amplitude 1 G; gain
2 x 10%.

Radical in extended 1r-system: g = 2.003-2.005
4-coordinate Ni(l): g =2.18

Jones, G. D.; Martin, J. L.; McFarland, C.; Allen, O. R.; Hall, R. E.; Haley, A. D.; Brandon, R. J.; Konovalova, T.;
Desrochers, P. J.; Pulay, P.; Vicic, D. A. J. Am. Chem. Soc. 2006, 128, 13175-13183. /3



Nickel Catalysis

Vicic, (terpy)Ni—Me (2004)

Table 1. Catalytic Alkyl Cross-Coupling Reactions

3 (5 mol %)
R-X + n-pentylzinc bromide » R-(CH,)4-CH3
THF, 23 h
room temperature
entry alkyl halide product yield (%)?

1 hexyl-Br undecane 15

2 Ph(CH2)3Bl' Ph(CH2)7CH3 13

3 Ph(CH,)s1 Ph(CH,);CHj3 60

4 iodocyclohexane pentylcyclohexane 64

5b iodocyclohexane pentylcyclohexane 65

CXe
> +
CeDe CHs

25°C
79%

major inorganic
product (R’ = H)

Anderson, T. J.; Jones, G. D.; Vicic, D. A. J. Am. Chem. Soc. 2004, 126, 8100-8101; Jones, G. D.; McFarland, C.;
Anderson, T. J.; Vicic, D. A. Chem. Commun. 2005, 4211-4213.
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Nickel Catalysis

Fu: Mechanistic study of C(sp3)-Br Negishi cross-coupling

Br Ph
/l\ catalyst /I\
P n-Bu PhyZn i Z n-Bu (3)
TMS &= i DME, -20°C TMS -
racemic 1.6 equiv 17 h
catalyst
3.0% NiBr,* DME/3.9% (-)-indanyl-pybox  76% yield, 85% ee
3.0% NiBr,* DME/3.9% (-)-i-Pr-pybox 77% yield, 82% ee
3.0% ((-)-i-Pr-pybox)NiBr, 72% yield, 81% ee
| A
© N/ (@)

SR

i-Pr (=)-i-Pr-pybox I-Pr

Schley, N. D.; Fu, G. C. J. Am. Chem. Soc. 2014, 136, 16588—16593.



Nickel Catalysis

Fu: Mechanistic study of C(sp3)-Br Negishi cross-coupling

o/w\‘.i-Pr BArf,
1) Ph,Zn (0.50 equiv) =N

2) NaBArF, (1.1 equiv)

Cp*,Co (0.84 equiv)

—)-i-Pr-pybox)Ni"'Br I!I"—Ph 4 o
((=)-i-Pr-pybox)Ni"Br, S—— II 4) Et,0, —40°C
=N
o\)\i-Pr
TM with Ni(ll)Br is facile 1 1
70% yield

One of the first Ni(l)-aryl compounds!!

Schley, N. D.; Fu, G. C. J. Am. Chem. Soc. 2014, 136, 16588—16593. 76



Nickel Catalysis

Fu: Mechanistic study of C(sp3)-Br Negishi cross-coupling

o/w\\,i-Pr BArf,
=N

Ni'—Ph (4)

1) PhyZn (0.50 equiv)
2) NaBArF, (1.1 equiv)

THF, -45°C

Cp*,Co (0.84 equiv)
Et,0, -40°C

((-)-i-Pr-pybox)Ni"Br,

g value
2.10 2.07 2.04 2.01 1.98 1.95 1.92

PO TR URTIOr VI P W L7ty M |

— Experimental
=Fit

vvvvv

320 325 330 335 340 345 350
Field (mT)

vvvvv

Figure 3. EPR spectrum of ((—)-i-Pr-pybox)Ni'Ph (2; black) and
corresponding fit (red). Fit parameters: g; = 2.0067, g, = 2.0075, g3 =
1.9889, "N coupling (MHz) = 0.0205, 0.0124, 47.2047, line width =
0.9929. X-band EPR spectra were collected at 77 K in a toluene glass at v
=9.411 GHz at 2 mW power and a modulation amplitude of 2 G.

One of the first Ni(l)-aryl compounds!!

Schley, N. D.; Fu, G. C. J. Am. Chem. Soc. 2014, 136, 16588—16593.

44% vyield
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Nickel Catalysis

Fu: Mechanistic study of C(sp3)-Br Negishi cross-coupling

Br Ph
/\H'BU m é n-Bu (6)
TMS 't TMS
racemic 4h 35% yield
1.05 equiv 59% ee
2
Br Ph
/\ nBu —» Z n-Bu (7)
72 7
racemic 4h 77% yield
1.05 equiv 82% ee

(pybox)Ni(l)-Ph seems less relevant to productive C—C bond formation

Schley, N. D.; Fu, G. C. J. Am. Chem. Soc. 2014, 136, 16588—16593.
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Nickel Catalysis

Hazari: Synthesis, stability of Ni(l)—aryl compounds

G — " —
Ni'—2Br
/
P
MgBr toluene \ M
2 * 90 °C < N—C D ~_/\/\/___'
<1 min.
Br
5 ©/ loluene ( Q
2m|n
Br
2 @i toluene ( Q
2m|n
Br /
P /@( toluene < D
2m|n
d \ ; et 1
5 /C( toluene <
'Pr 2m|n
YV

240 260 280 300 320 340 360 380
Field (mT)
Ni'(2,4,6-mesityl) (6). As the size of the aryl group decreases,
the stability of the Ni(I) aryl species decreases significantly,
with 4 decomposing completely in approximately 6 h at room
temperature. The instability of these species prevented

Aiquioyy

Mohadjer Beromi, M.; Bannerjee, G.; Brudvig, G. W.; Hazari, N.; Mercado, B. Q. ACS Catal. 2018, 8, 2526-2533. 79



Nickel Catalysis

Fu: Mechanistic study of C(sp3)-Br Negishi cross-coupling

.i-Pr | BArF,
O/w“ 1 4
—N

| Br Ph
Ni''—Ph /\H-BU — 4 n-Bu (7)
| TMS . DME, r.t. ™S
=N racemic 4h 77% yield
, %
O\)\/-p,— 1.05 equiv 82% ee

reaction takes 4 h
Compare with (pybox)NiBr:

Treatment of a solution of (i-Pr-pybox)Ni'Br (3) with the
propargylic bromide (1.0 equiv) leads to immediate bleaching
(violet — colorless) and the formation of (i-Pr-pybox)Ni'"Br,
(identified by UV—vis spectroscopy) and a mixture of racemic

yield, 82% ee; eq 9). §hnilarly, in the absence of TEMPO, the
addition of (i-Pr-pybox)Ni'Br to a solution of phenylnickel(II)
complex (1) and the propargylic bromide leads to an enhanced

rate of carbon—carbon bond formation.>?

established that (i-Pr-pybox)Ni'Br reacts much more rapidly
with a propargylic bromide than with Ph,Zn). The mechanism

1. (pybox)NiBr likely activates Alk—Br (faster activation)
2. (pybox)Ni(ll)Ph[X] captures radical (consistent with Alk—Br activation by Ni(l)Br)

Schley, N. D.; Fu, G. C. J. Am. Chem. Soc. 2014, 136, 16588—16593.
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Nickel Catalysis

Fu: Mechanistic study of C(sp3)-Br Negishi cross-coupling

Proposal:
1. (pybox)NiBr likely activates Alk—Br
2. (pybox)Ni(ll)Ph[X] captures radical

Cyclic Voltammagram of [(i-Pr-pybox)Ni"Ph]BAr", overlaid with (i-Pr-pybox)Ni'Br in THF
(100 mV /s, 0.10 M TBAPE,, arbitrary y scale).

—— (i-Pr-pybox)Ni'Br
— [(i-Pr-pybox)Ni"Ph]BArF,

0.0 -0.5 -1.0 -1.5 -2.0 -2.5 -3.0
Potential (vs Fc/Fc™)

Kinetics of substrate activation are distinct from thermodynamics of electron transfer (likely not ET mechanism)

Schley, N. D.; Fu, G. C. J. Am. Chem. Soc. 2014, 136, 16588—16593. 81
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Fu: Mechanistic study of C(sp3)-Br Negishi cross-coupling

Br 3.0% Ar

/ (()-i-Pr-pybox)NiBr /\
g n-Bu AryZn > = n-Bu
7 —20° 7
T™MS DME, <2076 TMS
racemic 1.6 equiv

%W

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

—o—[(i-Pr-pybox)Ni"Ar]*

—e—Cross-coupling product

0 10 20 30 40 50 60 70 80
Time (min)

Figure 9. Analysis via '’F NMR spectroscopy of a catalyzed Negishi
reaction in progress: (O) [(i-Pr-pybox)Ni"Ar]" as a percentage of all
nickel that is present; (@) yield of cross-coupling product.

4-FPh by "°F NMR (DME):
(pybox)Ni"Ar*: -62.33 ppm
Product: -=116.97 ppm

Br 3.0% Ph
/L ((-)-i-Pr-pybox)NiBr,
Z n-Bu PhyZn > = n-Bu
= o ° =
THIS . . DME, -20°C ™S
racemic 1.6 equiv
7000
6000 —[(i-Pr-pybox)Ni"Ph]BAr,
5000 —— (-Pr-pybox)Ni"Br,
- ——Reaction at 30 s
£ 4000
o
< 3000
2000
1000
0
300 400 500 600 700

Wavelength (nm)

Figure 10. Analysis via UV—vis spectroscopy of a catalyzed Negishi
reaction in progress: blue: (i-Pr-pybox)Ni'Br,; red: cross-coupling
reaction in progress; purple: [ (i-Pr-pybox)Ni"Ph]BAr*,.

Resting state established as Ni(ll)-Ar by "°F NMR and UV-vis spectroscopy

Schley, N. D.; Fu, G. C. J. Am. Chem. Soc. 2014, 136, 16588—16593. 82
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Ar

\\>

Fu: Mechanistic study of C(sp3)-Br Negishi cross-coupling
LNil' —Br

LNi! — \(
LNill—Ar | Br
P

Br
/\
\{ ArZnAr
predominant

resting state [LNi"-Ar]Br
of nickel BrZnAr

Figure 6. A possible catalytic cycle for the nickel/pybox-catalyzed
Negishi arylation of a propargylic bromide. For the sake of simplicity, all
elementary steps are illustrated as being irreversible.

Very small amount of nickel “activates” (i.e., turns to Ni(l))
Essentially a radical initiation/propagation mechanism

For related Kumada cross-coupling study: Yin, H.; Fu, G. C. J. Am. Chem. Soc. 2019, 141, 15433-15440.

Schley, N. D.; Fu, G. C. J. Am. Chem. Soc. 2014, 136, 16588—16593.



Nickel Catalysis

Beyond halides: Baran and Weix—Ni-catalyzed reactions of redox-active esters
Baran (2016): Weix (2016):

B. Key Finding: Barton esters react with aryl-Ni complexes in the absence of light

DMF, 300W lamp Previous studies - visible-light photocatalysis

di- tBublpy 51% Ir(F-ppy) o(dtbbpy)
Et j)L PhaP . visible light (dtbbpy)Ni
1 (oxidation) Ar-Br
Ph’ PPhs E4% )J\ [R- - R.Ar Doyle&

R o CO; MacMillan
hypothesis L aNi] DMF, rt, no light e
u(bpy)stla
o) visible light H-
E Et [NI] j)]\ Y (reduction) [ i or R-H Okada
'\/U\ j)l\o * Ny CO r” o N -CO, radical  R-Alkyl Overman
Bu A Bu g [_ 2l o) -phthalimide acceptor

C. Invention: Ni-catalyzed cross-coupling of redox active esters with Ar-ZnCl@

This study - non-photocatalytic cross-coupling with aryl iodides
o 9 PhZnCI-LiCl (5, 3 equiv.) FICE Y el b
Et 20 mol% NiClyglyme O .
j)l\oiN 40 mol% di-Bubipy = 0 (dinbpy) NIt Ph
Bu > N +  Phl s -
: : :2), 25 ° e 2
1g(1equiv) 0 X THF:DMF (3:2), 25°C  3g% isoiated)e a -€0;
— - 1a 2a -phthalimide 3a
entry deviation from above yield (%)?| [redox-active] N X
1 X = 2-pyridothione, 1a 43 o. % D
2 1a (1&)3(0WCLIamp) 43 i‘; D NNz entry change from standard conditions  1a (%) 3a(%)"
3 — <i¢ (o]
4 X =0OMe <1c S 1b (Z =N, OAY) 1 none® 0 60
5 X = OAt, 1b 420 1 e 2 =0, OB
6 X =0Bt, 1¢ 519 |m~ o i [redox- inacﬂve} 2 reaction run in the dark 0 62
7 1d <i¢ o, R :
8 X = N“S, 1e <ic N : 3 Ni(diglyme)Br; as catalyst 0 0
9 46 :
o R, . :
10 1g (w/o Ni catalyst) <1¢ o : 4 no nickel or ligand 84 0
11 1g (150W lamp) 82 R a -
12 1g (rigorously dark) 89 ' o F 1d S no zinc 85 0
13 1g (w/ NiCl,'6H,0) 93e R=C) .
20.1 mmol. ®Yield determined by 'H NMR using CHBr, TgR=H) 1 N' 6 NHS ester in place of NHP ester* 81 0
as an internal standard. .°No product was observed by |~~~ ~"========*% 4 1
GC/MS. ¢ Preparedin situ from HATU or HBTU, | RCOCI, RCO,Me [0} 2
respectively (see Sl for details). € 0.25 mmol scale, isolated

(a) Cornella, J.; Edwards, J. T.; Qin, T.; Kawamura, S.; Wang, J.; Pan, C.-M.; Gianatassio, R.; Schmidt, M.; Eastgate, M. D.;
Baran, P. S. J. Am. Chem. Soc. 2016, 138, 2174-2177.

(b) Huihui, K. M. M.; Caputo, J. A.; Melchor, Z.; Olivares, A. M.; Spiewak, A. M.; Johnson, K. A.; DiBenedetto, T. A.; Kim, S_; 84
Ackerman, L. K. G.; Weix, D. J. J. Am. Chem. Soc. 2016, 138, 5016-5019.



Nickel Catalysis

Baran: Ni-catalyzed reactions of redox-active esters

Table 1. Initial Scope of the Nickel-Catalyzed Cross-
Coupling of Redox-Active N-Hydroxyphthalimide Esters
with Aryl Zinc Reagents

Ar—2ZnCI-LiCl (3 equiv.)
20 mol% [Ni] 3 Rj;
W/U\o -N 40 mol% di- tBub|py R

THF:DMF (3:2), 25 °C

Rl3_32

+ 28 examples « cyclic and acyclic substrates - Lewis-basic heteroatoms
+ unactivated (non-heteroatom stabilized) acids - simple setup, room temp

O O OO

3 R—H, 92%3, 93%b 12: R=4-Ph, 65%7 14: R=H, 81%7% 77%?

15: R=4-Ph, 66%?2
: R=3- 048 o.b : R=3- ; %3, 64 b ’
6: R=3-MeO, 66%2, 64%? 13: R=3-OMe, 62%3%, 64% 16: R=d-F, 78%3

7: R=3-CF3 66%%, 69%"

8: R=4-Cl, 71%32, 77%"

9: R=2-MeO, 52%¢d

10: R=4-MeO, 68%3, 81%° Ph

11: R=4-CN, 54%°¢ 17: 78%32 18; 50%2
19: 73%2 20: 67%*2 21: 52%°2
OMe Me Me
_ >0
z
Me Me™ Me

24: Z = NBoc, 56%2¢, 58%b€
22: 51%2 23: 35%2¢, 31%P¢  25: Z= O, 55%42, 25%P

26: 56%3., 46%P.c.f 27: 51%3, 64%"

Bu — W,
- =N 28: 7 = F>( 73%2, 31%b
\ 7 e/ N4 F
Et 29: Z = NBoc, 54%%#°¢
31: 54%ae 32: 42%ac OMe  30: 7 = O, 65%8, 30%®

Cornella, J.; Edwards, J. T.; Qin, T.; Kawamura, S.; Wang, J.; Pan, C.-M.; Gianatassio, R.; Schmidt, M.; Eastgate,

M. D.; Baran, P. S. J. Am. Chem. Soc. 2016, 138, 2174-2177.
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Nickel Catalysis

Baran: Ni-catalyzed reactions of redox-active esters

Std. conditions:

o o PhZnCI-LiCl (5, 3 equiv.) o

Et 20 mol% NiClyglyme
\HJ\O§N 40 mol% di-tBubipy G
Bu >

THF:DMF (3:2), 25 °C

1g (1 equiv) 0 X 3 (92% isolated)®

B. Erosion of the enantiopurity
PPh3 d| tBublpy

DMFrt2h o

(1 equw 25: 60% yield
>99% ee <2% ee

C. Radical ring-opening experiment

as for Table 1 Ph
/4

NHPI—
35: 74%

ring opening [Nil-Ph N
A% L& L&/ Nl-ph

Cornella, J.; Edwards, J. T.; Qin, T.; Kawamura, S.; Wang, J.; Pan, C.-M.; Gianatassio, R.; Schmidt, M.; Eastgate,
M. D.; Baran, P. S. J. Am. Chem. Soc. 2016, 138, 2174-2177. 86
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Baran: Ni-catalyzed reactions of redox-active esters

A. Proposed mechanism

tBu
~
Et ' =N PhZnClI
>—Ph SNi-X
~
Bu 3 =N
tBu = |
redu_ctive ZnCIX
elimination transmetalation

tBu

Et Bu
tBu R \( 0 gy !
—=N. N
'Ni""’Nw - N,r;lll'-Ph
\ .

— N >
Z N Pho
tBu \'}

Et NHPI
tBu +
addition/ T 1g
recombination =N_ j SET Bu o
Ni' Ph -0
o )y v
. tBu—~ Et. . OSN
> P R - — €0, )
B fragmentation | 4
v g /Y% & W

(o)

Cornella, J.; Edwards, J. T.; Qin, T.; Kawamura, S.; Wang, J.; Pan, C.-M.; Gianatassio, R.; Schmidt, M.; Eastgate,
M. D.; Baran, P. S. J. Am. Chem. Soc. 2016, 138, 2174-2177. 87
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Baran: Ni-catalyzed reactions of redox-active esters

PhZnCI-LiCl [arylzinc reagent]

[redox-actlve ester] OBn
[acceptor]

(o}
20 mol% NiCl, glyme
%Lo -N 40 mol% L2 B OBn
Rz Rj > 2R
DMF:THF, 25 °C 2R3 Ph

. quaternary centers - scalable - conjunctive coupling -2 new C-C bonds

R RR R
o} o) o)
e OBn  Me OBn OBn &% N 7 N \
Me Me Ph Me Me ph Ph =N N —N N
66, 88% 67, 87% 68, 92% R=H, L1 R R=H,L3
o R =18y, L2 R = OMe, L4
W W Me Me Ph 71, R= TBS, 84%
69, 94% 70, 68% 72, R= MOM 93%
o)
Me Me Me
OBn >(\|/U\oan MeWLOBn
TsN Ph ® SMe Ph OMe Ph
73, 72% 74, 79% 75, 76%0

[x- ray]
Me WJ\ OBn
Me W

il MeO,C /@ 78, 49%

Boc” o,
[gr;rsn -:::Zole] 77, 73% (from clofibric acid)

Fig. 4. Scope of the Ni-catalyzed three-component conjunctive cross-coupling. Standard conditions
were redox-active ester (1 eq), acceptor (2.5 eq), PhZnCI-LiCl complex (3 eq), NiClo:glyme (20 mol %), L2
(40 mol %), THF:.DMF, 25°C, 8 hours. All the products shown were obtained in racemic form.

Qin, T.; Cornella, J.; Li, C.; Malins, L. R.; Edwards, J. T.; Kawamura, S.; Maxwell, B. D.; Eastgate, M. D.; Baran, P.  gg
S. Science 2016, 352, 801-805.



Nickel Catalysis
Ni-catalyzed reactions of redox-active esters

J\ X + [M]-R2 cat. Ni RI—R2
I >

Redox-active esters:

0
0
R1J\O’N
0

[M]-R? sources

Z~z

5

J )\/ R? I
cizn” X czn” DR iz N (HO),B X
/ Bpin—Bpin H—SiPhH,

See: Murarka, S. Adv. Synth. Catal. 2018, 360, 1735-1753 and references therein. 89



Nickel Catalysis

Watson: Nickel-catalyzed activation of alkyl pyridiniums (Katritzky salts):

Table 1. Optimization”
Ph Ph p-TolB(OH), (3 equiv)

j@/ 10 mol % [Ni] O o
o N 24 mol % ligand o
< :©/\/ Ogr base (3.4 equiv) < O
o Ph 4 dioxane (0.1 M) o)
3a 60°C, 24 h 5
entry [Ni] ligand base yield (%)
1 Ni(cod), PPh,Cy K,;PO, 6
2 Ni(cod), BPhen K PO, 21
3 Ni(cod), BPhen KOBu 24
4 Ni(OAc),-4H,0 BPhen KO'Bu 39
5F Ni(OAc),-4H,0 BPhen KO'Bu 52
6 Ni(OAc),-4H,0 BPhen KO'Bu 81
7 Ni(OAc),-4H,0 BPhen KOEt 68
g - BPhen KO'Bu 0
94 Ni(OAc),-4H,0 - KO'Bu 0
1057 Ni(OAc),-4H,0 bipy KO'Bu 54
1754 Ni(OAc),-4H,0 BPhen - 0
1254 Ni(OAc),-4H,0 BPhen K;PO, 3

“Conditions: pyridinium salt 3a (0.1 mmol), [Ni] (10 mol %), ligand
(24 mol %), p-TolB(OH), (3.0 equiv), base (3.4 equiv), dioxane (0.1
M), 60 °C, 24 h. ®Determined by 'H NMR using 1,3,5-
trimethoxybenzene as internal standard. “Two mixtures (Vial 1:
[Ni], BPhen, dioxane. Vial 2: p-TolB(OH),, KO'Bu, EtOH, dioxane.
3a in either vial.) were stirred for 1 h before combining. “EtOH (s
equiv) added.

Katritzky, A. R.; De Ville, G.; Patel, R. C. Tetrahedron 1981, 37, 25-30; Basch, C. H.; Liao, J.; Xu, J.; Piane, J. J.;
Watson, M. P. J. Am. Chem. Soc. 2017, 139, 5313-5316. 90
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Watson: Nickel-catalyzed activation of alkyl pyridiniums (Katritzky salts):

Scheme 2. Reaction Scope
Ar-B(OH); (3 equiv)

Ph_Ph 10 mol % Ni(OAc),-4H,0 .
Rl N]®/ Oge 24 mol % BPhen . RYAr
& % KOt-Bu (3.4 equiv), EtOH (5 equiv) R2
R2 Ph dioxane (0.1 M), 60 °C, 24 h
3

W

5, 75% w/o dry glassware: 66%”¢ 7, 52% 8, 78%
with minimal precaution: 31%”"

(o]
0 p-Tol Cl 0 0, 0 CN
M -Tol
O e U oy g C Q1
0 6, 74%" N N o -
0 0 "Pent i F -
Ph OEt Ph NEtz Me 19, 71% 20, 62% 21, 81%9
from Mosapride intermediate
Z N Me
9, 70% 10, 73% ss% 12, 66%° =N | .
| X M =z
Me BocN Me N e |
7 OMe N
Ph
22, 74%9
BocN BocN \)
Me

, 23, 53%9 24, 66%9
~F tBso e OMe
13, 48% 14, 69% 15,81% OEt | | =
(o} EtO x-N N/ TBSO N
L., 25, 71%9 26, 59%9 27, 66%9

F BOCHN4,,(\©\
Me" TEt OBn

SEFVN < ¢
Eoc == N \) Me—ﬁ/\J
16, 65%” 17, 52%° 18, 60%, 29% ee®® SN
from proline single diastereomer 25%, 81% ee®’ (\N
from isoleucine from lysine BocN \) t-Bu0,C”~
28, 62%"9 29, 46%"9

from Lipitor® intermediate

Katritzky, A. R.; De Ville, G.; Patel, R. C. Tetrahedron 1981, 37, 25-30; Basch, C. H.; Liao, J.; Xu, J.; Piane, J. J.;
Watson, M. P. J. Am. Chem. Soc. 2017, 139, 5313-5316. o1



Nickel Catalysis

Watson: Nickel-catalyzed activation of alkyl pyridiniums (Katritzky salts):

Ar-B(OH), (3 equiv)

Ph.__~_-Ph 10 mol % Ni(OAc),-4H,0 OMe
I@ 24 mol % BPhen
NS © i

nPent/\)/j:l/ BF, KOt-Bu (3.4 equiv) "Pent

Me Ph a EtOH (51 ?&uiV) 5 Me
3p IERARS) (o Yy O 30, 54% (NMR)
from (S)-2-aminooctane racemic
(>99% ee)

p-Tol-B(OH), (3 equiv)

Ph A Ph 10 mol % Ni(OAc),-4H,0 -
l® o 24 mol % BPhen
N~ “BF, - o
KOt-Bu (3.4 equiv), EtOH (5 equiv) X
Ph dioxane (0.1 M), 60 °C
3q 24h 31, 33% (NMR)

p-Tol-B(OH), (3 equiv) -

Ph A Ph 10 mol % NI(OAC)24H20 o Me
o )
/\/d@/ eBF,,, 24 mol ./o BPhen - ph” N
Ph KOt-Bu (3.4 equiv), EtOH (5 equiv) M
Ph dioxane (0.1 M), 60 °C -
24 h, TEMPO (2.0 equiv) Me
3c 32, 20% (NMR)

Katritzky, A. R.; De Ville, G.; Patel, R. C. Tetrahedron 1981, 37, 25-30; Basch, C. H.; Liao, J.; Xu, J.; Piane, J. J.;

Watson, M. P. J. Am. Chem. Soc. 2017, 139, 5313-5316.
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Nickel Catalysis

Watson: Nickel-catalyzed activation of alkyl pyridiniums (Katritzky salts):

Scheme 4. Mechanistic Proposal

Ph Ph Ph . _Ph
@ LNi-Y 7
RUNF ——— > R ON > R_.
o) — LNil'Xy ~0 — 2,4,6-triphenylpyridine
X 3Ph L = BPhen o 5
Y=XAr
X = BF,, OAc,
OBu, OEt SET
ill Ar
LNi"'ArX X R Ar
LNill TN LNI—X ~
——R
(o 4

Katritzky, A. R.; De Ville, G.; Patel, R. C. Tetrahedron 1981, 37, 25-30; Basch, C. H.; Liao, J.; Xu, J.; Piane, J. J.;
Watson, M. P. J. Am. Chem. Soc. 2017, 139, 5313-5316. 93



Nickel Catalysis

Baran: Nickel-catalyzed activation of alkyl sulfones (2018)

c 00 5 mol% AR _F AR F
W\ // Ni(acac) »*xH50,
a b o~
S” . X 55mol% 2,2'bipy .~ N NP
Rt ) > TN
TsN A THENME T ey ‘N—NPh
3 4 (2.5 equiv.) 5a 5b
F Sulfones from
3 - F 2 S - Ph ,N\\’/SH
\;‘B :‘; f\f \W ,f X \sef N\ N\\
N il T N| N-NPhg
FF F = N—pN’ [commercial]
) ) F ) 3f: (71%1) [‘[':,'L'ﬁ?;:g]
3a: (nd)* 3b: (nd) 3c: (nd) 3d: (nd) 3e: (nd)* | (6%" 5b) < $175/mol

Inspiration for these leaving groups (Denmark 2013, iron chemistry):
Denmark, S. E.; Cresswell, A. J. J. Org. Chem. 2013, 78, 12593-12628.

Merchant, R. R.; Edwards, J. T.; Qin, T.; Fruszyk, M. M.; Bi, C.; Che, G.; Bao, D.-H.; Qiao, W.; Sun, L.; Collins, M.
R.; Fadeyi, O. O.; Gallego, G. M.; Mousseau, J. J.; Nuhant, P;; Baran, P. S. Science 360, 2018, 75-80. 94



Nickel Catalysis

Baran: Nickel-catalyzed activation of alkyl sulfones (2018)

5_ Ar ArZnCI-LiCl

N| nx
transmetalation
reductlv
elimination ZnCIX, LiCl

1 ~
- T .
=N Ni"Ph

Nin+2 / N- N

3

N’
+ Ph
SET 1
addition/ = R R?
recombination Nln+1 Ph e
0

fra mentation N
O
R1 J\ R2
Y N
PhN - N
sulfinic acid
observed by LC/MS

Figure S9: Possible catalytic cycle for the desulfonylative arylation. (54-57)

Merchant, R. R.; Edwards, J. T.; Qin, T.; Fruszyk, M. M.; Bi, C.; Che, G.; Bao, D.-H.; Qiao, W.; Sun, L.; Collins, M.
R.; Fadeyi, O. O.; Gallego, G. M.; Mousseau, J. J.; Nuhant, P;; Baran, P. S. Science 360, 2018, 75-80. 95



Topics in nickel cross-coupling:

Nickel Catalysis

Cross-Electrophile Coupling
Ni(0)/Ni(I)/Ni(ll)/Ni(li)

R(sp®)—X @
+ —> R(sp’)—R(sp?)

reductant
R(sp?)—X

96



Nickel Catalysis

Prototypical cross-electrophile coupling (Weix, 2010)

Table 1. Optimized Reaction Conditions?

10.7 mol % Nil,*xH,0
5 mol % 4,4'-di-t-butyl-2,2'-bipyridine (1)

[ 5 mol % o-(Ph,P),CgH4 (2) R gH17
©/ * -CeH17 70 motoe pyridine
2 equiv Mn®, DMPU, 80 °C

Entry Deviation from Standard Conditions Yield (%)®

1 none 88

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

Typical reactivity trends (important for discriminating between coupling partners in cross-electrophile coupling)

Reactivity with C(sp?)—X electrophiles

L
X X i I
! ]
R—: +  Ni(O)L, —_— R—'\ “NiLy | —— X NI‘X
Z = R
=
Reactivity with C(sp®)-X electrophiles
R R ¥ R
>—x + N, —> >---X--NiLn — > + X-—Ni'L,
R R R

(a) Everson, D. A.; Weix, D. J. J. Org. Chem. 2014, 79, 4793—-4798; (b) Hartwig, J. Organotransition Metal
Chemistry: From Bonding to Catalysis. University Science Books: Sausalito, 2010.
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Nickel Catalysis

Prevailing mechanism: “Radical chain” mechanism

MO
X
—nill”
X—R(sp?) SN
MX,
Lh=Ni'=X L,—Ni©
n
. 3
R(sp?)—R(sp?) R(sp”)
R(sp?)—X
X X
L,~Ni'l-R(sp?) L,—Nil,
! R(sp?)
R(sp®)

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



Nickel Catalysis

Weix, 2013: Reactivity of Ni(0) with electrophiles

(dtbbpy)Ni(cod)
(1 equiv)
Ph—I +  n-CgHyy—lI >

DMF, r.t. Ph—Ph CgH{7—CgH4~

Ph—H Ph_CsH17

(2—40 equiv) (2—40 equiv)

conv. Phl: 89%
conv. Alk—I: 19%

Table 2. Selectivity in Oxidative Addition to (L)Ni’(cod)®
Phl 1a 1. DMF, nt
+ 2. NaHSO«aq)
H17CB| 2a PhH + Ph-Ph + Ph—CBH17 + H34C16

+ 4a 3aa 5a
(L)Ni%cod) 6

yield (%)°
substrate  total conv (%)b alkyl-H or Ph-H 4a 3aa Sa
Ph-I 89 49 21 13 NA
H,,Cq 1 19 0 NA 51 45

“A 1:1 mixture of 1a:2a was added to a DMF solution of 6. Samples
were analyzed by GC. Reported values are an average of data using
between 2 and 40 equiv each of la and 2a to 6. See Supporting
Information for full experimental details. *Conversion with respect to
amount of 6. “Yield with respect to amount of 6. NA = not applicable.

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

Gong: Reactivity with C(sp?)—X and C(sp?®)-X electrophiles

CICO,i-Pr (2 equiv)
Ni(cod), (1 equiv)

| H
bpy (1 equiv)
' Oi-Pr
s TBAI (0.5 equiv) N N

Zn (0 or 3 equiv) Ts”
DMA/THF, r.t.

Zn (0 equiv): 0% (mainly remaining R—I)
Zn (3 equiv): 27% (mainly reduced R—H)

no Zn )\\ 1/2 Zn O
decomp. - " Ooi-pr —m—>» (bPY)—Ni'—<
(bpY)‘N'\CI ~1/2 ZnCl, Oi-Pr

Zheng, M.; Xue, W.; Xue, T.; Gong, H. Org. Lett. 2016, 18, 6152—6155. 101



Nickel Catalysis

Diao: Reactivity of Ni(l)-Aryl compounds

PhBr or O I|°(t-Bu)2
e

o Phl M Mel _I
B E— O—Ni'-o-Tol ——— L-Njl-o-Tol

reaction
Me | —C,Hg
o

Scheme S. Ni(I) Complex 6-Mediated Activation of Alkyl

and Aryl Halides
PhBr or Phl .
.......... - Nno reaction
P 1t
CHl O—Ni'-0-Tol + CHgz—CHs
i 81% L 14
O\NNi/I T Br Y
; P
\p >— 12 O- - pfii-Br =
6 - ,N\I + M\/
° P o-Tol
Br 15
>, TEMPO™ "X
EE— 5 + 55% 16
TEMPO 85%
(5 equiv) ° TEMPO
24% 17

Diccianni, J. B.; Katigbak, J.; Hu, C.; Diao, T. J. Am. Chem. Soc. 2019, 141, 1788-1796. 102



Nickel Catalysis

Weix, 2013: Mechanism of cross-electrophile coupling

Ph-l 1a 12.5-50 mM (L)Ni'll, ANTN"ph
+ 12.5-50 mM py o + U (3ad)
TMS-CI (0.04 equiv)
¥ B ot )
= | Mn powder (2 equiv) O/\ Ph
2d DMF, 60 °C, 6-25 min R (3ad’)
25 1 1 I I I 1 I 1 I I

Scheme 3. Radical Clock Experiments®

stoichiometric or AP
w Br catalytic reaction /\V + AT
= o unrearranged rearranged
Reaction with (L)Ni''(2-tol)! (11): ND  56% yield (Ar=tol, 3cb')
Standard catalytic reaction with 1a: ND 35% yield (Ar=Ph, 3ab')

U/R

o 10 mol % Ni source e
5 1 1 1 1 1 1 1 1 1 1 1
COzEL 10 mol % L and py . A oot %5 10 15 20 25 30 35 40 45 50 55 60
(R)-2¢ Ph-I (1 equiv) at 10% yield of (+)-3ac Concentration of Catalyst (mM)
98% ee 2 equiv Mn%, DMF, 60 °C remaining 2¢ is 98% ee

Figure 4. Ratio of U (3ad, includes olefin isomers) to R (3ad’)
“ND = none detected. Catalytic reaction as in Table 1, entry 1. formed in reactions at different catalyst concentrations, showing that
the degree of rearrangement, a measure of the radical lifetime, depends
upon nickel concentration. The data shown are for 50—100%
conversion to avoid fluctuations in active catalyst concentration at
the beginning of the reaction. Error bars are the standard deviation of
the data used for the plot. Linear fit: f(x) = 0.417x + 1.83; R* = 0.984.

steep slope consistent with catalyst resting state being
(L)Ni(IT)(Ar)(X)
(or another productive intermediate)

Biswas, S.; Weix, D. J. J. Am. Chem. Soc. 2013, 135, 16192-16197. 103



Nickel Catalysis

Weix, 2013: Mechanism of cross-electrophile coupling

Scheme 4. Proposed Mechanism for Cross-Electrophile
Coupling of Aryl Halides with Alkyl Halides

Mnl, N’Njo Oxidative addition of Ph-I

Mn/ . \s fav:re;d over Alkyl-1
Nill ! Polar 1a

8 (::;Ni" ":

RH,C - "G /
,C -
Radical
‘ - Alkyl radicals are more
N;Ni' N CH.R stable than aryl radicals
?* (L‘: Nilm 1
Ph-CH.R (3) @

Biswas, S.; Weix, D. J. J. Am. Chem. Soc. 2013, 135, 16192-16197. 104



Nickel Catalysis

Weix: Dual ligand system for selective activation of electrophiles (2022)

Table 1. Optimization and Control Studies”

P o NiBrdme (10 mol%)
Ph OH 13 ) 4 5 mol%), dtbbpy (5 mol%)
0.25 mmol POP (1 equiv), TBAB (1 equiv)

» Barton's base (1 equiv) Ph
Br g F
T, =
F

Mn? (4 equiv)

: 3a
CH3CN, 60 °C, 12 h
1 equiv
e
t-Bu t-Bu
[Ph:,,P’O‘PPh:J oTio”  tBU t-Bu
POP reagent 7 N\_/ \ N\ /7 N N\
MesN. N =N N= N =N N=
Barton’s = 2 N# “tBu HN
base NMe, dtbbpy NH L1
entry deviations from above conditions 32" (%)
1 none 89 (79)

and dtbbpy had complementary rethivﬁy: dtbbpy-ligated Ni
primarily consumed the aryl bromide, whereas L1-ligated Ni
favored alkyl bromide consumption. The synergistic effect of

Chi, B. K.; Widness, J. K.; Gilbert, M. M.; Salgueiro, D. C.; Garcia, K. J.; Weix, D. J. ACS Catal. 2022, 12, 580—

586.
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Nickel Catalysis

Overview: Reductive cross-electrophile coupling

cat. Ni
reductant

R(sp)—X + R(sp?)—X > R(sp®)—R(sp?)

Representative R(sp3)-X coupling partners
q Cl CN Cl A Cl SiR Cl F
r iRz
— Cl
Rak—X \HJ\RZ Y \l/ Y Y
R R R R F

X =1, Br, Cl

MeO N/ o} R X R O R
0 = | 0 | AN . | X\\
- —R

For reviews: Knappke, C. E. |.; Grupe, S.; Gartner, D.; Corpet, M.; Gosmini, C.; von Wangelin, A. J. Chem. Eur. J. 2014, 20, 6828-6842; Everson, D. A;;

Weix, D. J. J. Org. Chem. 2014, 79, 4793-4798; Weix, D. J. Acc. Chem. Res. 2015, 48, 1767-1775; Goldfogel, M. J.; Huang, L.; Weix, D. J. Cross-
Electrophile Coupling: Principles and New Reactions, pp. 183— 222, in Nickel Catalysis in Organic Synthesis. Wiley-VCH, 2020; Gu, J.; Wang, X.; Xue,

W.; Gong, H. Org. Chem. Front. 2015, 2, 1411-1421; Wang, X.; Dai, Y.; Gong, H. Top. Curr. Chem. 2016, 374, 43; Lucas, E. L.; Jarvo, E. R. Nat.

Chem. Rev. 2017, 1, 0065; Richmond, E.; Moran, J. Synthesis 2018, 50, 499-513; Diccianni, J. B.; Diao, T. Trends Chem. 2019, 1, 830—844; Diccianni, 106

J.; Lin, Q.; Diao, T. Acc. Chem. Res. 2020, 53, 906-919.



Nickel Catalysis

Cross-electrophile coupling with 1r-electrophiles (CO,) (Tsuiji, 2012)

Table 1. Nickel-Catalyzed Carboxylation of 1a Employing
Carbon Dioxide®

NiClo(PPhj), (5.0 mol %)

PPhj (10 mol %) Bu
/©/C| CO, (1 atm) 1) HCl aq. /©/CO0Me O
- Mn (3.0 equiv) 2) TMSCHN, g, * O
Et,NI (10 mol %) Et,0/MeOH Bu
1a DMI, 25 °C, 20 h 2a-Me 3

yield (%)

catalyst system: change from standard
entry conditions 2a-Me 3a

1 standard conditions 95 (84)° 0

Fujihara, T.; Nogi, K.; Xu, T.; Terao, J.; Tsuji, Y. J. Am. Chem. Soc. 2012, 134, 9106-9109. 107



Nickel Catalysis

Cross-electrophile coupling with 1r-electrophiles (CO,) (Tsuiji, 2012)

Scheme 3. Plausible Reaction Mechanism

Ni(Il)L,,
Mn(O)
1/2 (ArCO0),Mn Mn(")
N'(O)'-n Ar—Cl
1/2 Mn(0) step d N

Ar— N|(II)Ln
ArCOO—Nl(I)Ln

B

\ﬂe( step b 1/2 Mn(0)
Ar—Ni()L 1/2 MnCl

CO, 5 " 2

Fujihara, T.; Nogi, K.; Xu, T.; Terao, J.; Tsuji, Y. J. Am. Chem. Soc. 2012, 134, 9106-9109. 108



Nickel Catalysis

Cross-electrophile coupling with 1r-electrophiles (CO,) (Tsuiji, 2012)

Scheme 2. Stoichiometric Reactions Relevant to Mechanism

PPhs

@—r\:n—cu

PPh;

2p-Me
47%

Without Mn:  trace

Without Et4NI: 0%

CO, (1 atm) (1) HCl aq.

:
Mn (20 equiv) ‘ (2) TMSCHN,
Et4NI (2.0 equiv) Et,O0/MeOH
PPh3 (2.0 equiv)
DMI, 25°C, 20 h
CO, (1 atm) (1) HCl aq.

-

Co(r°-CsHs), (3.0 equiv) (2) TMSCHN,

PPh3 (2.0 equiv) Et,O/MeOH
DMI, 25°C, 20 h

CO, (1 atm) _ (1) HCl aq.
Ni(PPh3)4 (1.0 equiv) (2) TMSCHN,
EtyNI (2.0 equiv)

PPh;3 (2.0 equiv) Et,O/MeOH
DMI, 25°C, 20 h

2p-Me
47%

2p-Me
34%

Fujihara, T.; Nogi, K.; Xu, T.; Terao, J.; Tsuji, Y. J. Am. Chem. Soc. 2012, 134, 9106-9109.

> @—coonvle (a)

(b)

(€)
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Nickel Catalysis

Reductive carboxylation using CO, (Martin)

Table 1. Ni-Catalyzed Carboxylation of 1a with CO,“
NiCl,-glyme (10 mol%)

/@/\Cl PCp3-HBF4 (20 mol%) /©/\C02H
- =
By MgCl, (2 equiv) £Bu

Zn (5 equiv)
1a CO, (1 atm), DMF, rt 2a
entry change from standard conditions yield of 2a (%)b
1 none 74 (70°)

Ledn, T.; Correa, A.; Martin, R. J. Am. Chem. Soc. 2013, 135, 1221-1224.
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Nickel Catalysis

Reductive carboxylation using CO, (Martin)

B

% 6 —\f\\ﬂ/‘%’

7 G 0% (No Zn added)

71% (with Zn dust)

Scheme 3. Proposed Catalytic Cycle

R1

N|C|2 L2
OH Zn(O) .
ZnCI2

Ni( 0)L2
1/2 PhCH(R1)COO)ZZn
1/2 Zn(0)
+L
(N. . 2 @
L -L

I i
>\ 1/2 Zn(0)
1/2 Zn(Il)

Ledn, T.; Correa, A.; Martin, R. J. Am. Chem. Soc. 2013, 135, 1221-1224.

x._

PCps (1 equiv)
/{V\ \I<\) \ & ©f Ni .PCp; MgCl, (2 equiv)
' ;///\\:} ' CO, (1 atm), DMF_ 2b
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Nickel Catalysis

Diao: Migratory insertion into CO,

Bu
x-p—Bu

Q+i“Me + CO, (1 atm) —

Bu

Bu
x-p—Bu

150 °C |
Ni'-O

e
N O
Bu Bu

X = CH,, 75% yield
X =0, 50% yield

Ni(ll): requires forcing conditions

O T(t'BU)z

O—Ni'-R

) .

Me
Me

Diccianni, J. B.; Hu, C. T.; Diao, T. Angew. Chem.

P

& P

O--pji-Me/Et CO, (1 atm) C-niO o

e CeDs ; r
seconds O

4and 5 R =Me 9, 80% yield

= Et 10, 61% yield

Int. Ed. 2019, 58, 13865-13868. 112



Nickel Catalysis

Hopmann and Martin, 2020: Insertion into CO,

Ik
KO

(2 equiv)

2-MeTHF, rt, 30 min

T T T T T T T T
225 250 275 300 325 350 375 400
B/mT

‘3 co,
o>_>T 2-MeTHF
thawed under
1 bar CO,
5 3
5 - anion exchange
o5 - CO, insertion
255 2;0 2‘;5 3(')0 355 3;0 3';5 460 2;5 2;0 2"15 3(')0 3;5 3;0 3"15 460

B/mT B/mT

Figure 2. CO, insertion at Ni(I). (top) Anion metathesis reaction (left) and CO, insertion into 3 (right). (bottom) Changes in the 77 K X-band EPR
spectra of 1-Cl (left, g, = 2.084, g, = 2.119, g, = 2.461) after anion metathesis and after CO, insertion at 3 (right, g, = 2.065, g, = 2.145, g, = 2.519) to

form S (center, g, = 2299, g, = 2.272, g, = 2.064).

Somerville, R. J.; Odena, C.; Obst, M. F.; Hazari, N.; Hopmann, K. H.; Martin, R. J. Am. Chem. Soc. 2020, 142,

10936-10941.
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Nickel Catalysis

Hopmann and Martin, 2020: Insertion into CO,

mechanistic hypothesis inner sphere TS outer sphere TS product (5)
LINi-CH,R + CO,
3
insertion
pathways
¥ - ®
o}
/ H 9 2.237 2.12
0—¢ Z
|__,_’| vs Ni_—)\__c\ &1
T A NS 1.52
N i R O 2.14
inner sphere outer sphere
R = tBu
/O
LN D>—CH,R AGY¥=77 AGH =227 AG =-22.3
O 5

Figure 3. Optimized TS geometries for inner-sphere vs outer-sphere CO, insertion and the optimized geometry of 5 (PBE-D3BJ/def2-TZVP/
IEFPCM, H atoms omitted, distances in A, energies in kcal mol™ relative to 3 + free CO,, 298.15 K).

Somerville, R. J.; Odena, C.; Obst, M. F.; Hazari, N.; Hopmann, K. H.; Martin, R. J. Am. Chem. Soc. 2020, 142,

10936-10941. 114



Nickel Catalysis

Reductive coupling with C(sp?) tr-electrophiles:

v cat. Ni, VH
reductant
ArX + \\ )]\
R Ar R
Representative aryl electrophiles
. @
X X Pl - SMe2
R= R— 1 )
Z F O
X =1, Cl, OTf
Representative 1-electrophiles
@] Ose
CO, SO LR /\ R
N, 7

Huang, Y.-C.; Majumdar, K.; Cheng, C.-H. J. Org. Chem. 2002, 67, 1682—-1684; Nogi, K.; Fujihara, T.; Terao, J.; Tsuji, Y. J. Org. Chem. 2015, 80, 11618-11623; Correa,
A.; Leon, T.; Martin, R. J. Am. Chem. Soc. 2014, 136, 1062—1069; Yanagi, T.; Somerville, R. J.; Nogi, K.; Martin, R.; Yorimitsu, H. ACS Catal. 2020, 10, 2117-2123;
Vandavasi, J. K.; Hua, X.; Halima, H. B.; Newman, S. G. Angew. Chem. Int. Ed. 2017, 56, 15441-15445; Garcia, K. J.; Gilbert, M. M.; Weix, D. J. J. Am. Chem. Soc.
2019, 14, 1823-1827; (a) Meng, Q.-Y.; Wang, S.; Kdnig, B. Angew. Chem. Int. Ed. 2017, 56, 13426-13430; Wang, S.; Xi, C. Org. Lett. 2018, 20, 4131-4134; Ma, C.;
Zhao, C.-Q.; Xu, X.-T.; Li, Z.-M.; Wang, X.-Y.; Zhang, K.; Mei, T.-S. Org. Lett. 2019, 21, 2464-2467; Correa, A.; Martin, R. J. Am. Chem. Soc. 2014, 136, 7253—7256;
Wang, X.; Nakajima, M.; Serrano, E.; Martin, R. J. Am. Chem. Soc. 2016, 138, 15531-15534; Dorn, S. C. M,; Olsen, A. K.; Kelemen, R. E.; Shrestha, R.; Weix, D.
Tetrahedron Lett. 2015, 56, 3365— 3367; Ninokata, R.; Yamahira, T.; Onodera, G.; Kimura, M. Angew. Chem. Int. Ed. 2017, 56, 208-211; Xiao, J.; Wang, Y.-W.; Peng, Y.
Synthesis 2017, 49, 3576-3581; Anthony, D.; Lin, Q.; Baudet, J.; Diao, T. Angew. Chem. Int. Ed. 2019, 58, 3198-3202; Walker, B. R.; Sevov, C. S. ACS Catal. 2019, 9,

7197-7203; Lin, T.; Mi, J.; Song, L.; Gan, J.; Luo, P.; Mao, J.; Walsh, P. J. Org. Lett. 2018, 20, 1191-1194.
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Nickel Catalysis

Topics in nickel cross-coupling:

Conjunctive Cross-Coupling
(Short)
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Nickel Catalysis

Advances in conjunctive cross-coupling (Engle):

C
5 [C]-Y cat. [Ni] ] R2
- X + - —_—
[C] [C]
[C]
R2 Ni
R‘)\( INY [CI-Y
[C] coupling
product partner

Ni-catalyzed intermolecular

1,2-dicarbofunctionalization

[C]-Z 2

coupling
partner

R1’§/R

alkene
starting material

[C]-Y.[C]-Z=
organometallic
reagent, organohalide,
or related coupling partner [C]

Regimes:
1. Radical 1,2 addition chemistry
2. Coordination-insertion chemistry

Derosa, J.; Apolinar, O.; Kang, T.; Tran, V. T.; Engle, K. M. Chem. Sci. 2020, 11, 4287-4296. 117



Nickel Catalysis

Nickel-catalyzed, directed conjunctive cross-coupling (Engle, 2017):

Table 2. Aryl/Vinyl Electrophile and Alkyl/Aryl Nucleophile

Scope”

o} 10 mol% Ni(cod),

o e PO 2 equiv ZnR; O R Co0

T i 1 S OO
ZN Mt AQ

.- dioxane, 50 °C,12 h
(AQ) 1a 2a-o0

Scheme 3. Proposed Catalytic Cycle

0O R?® 9
X R2
R2 AQJk(\/
AQ Y Nio R1
R' Ar
+ Ar—l|
reductive  oxidative addition /
elimination 1,2-migratory
insertion
oM oM
1 1
z ' NZ ~R z I N/ ~R
™ N—Nli" Ar ™ N—Nli" Ar
R3 R2 transmetalation | R2
V}_( M =2ZnX orH
B A
1ZnX R3ZnX

Derosa, J.; Tran, V. T.; Boulous, M. N.; Chen, J. S.; Engle, K. M. J. Am. Chem. Soc. 2017, 139, 10657-10660.
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Nickel Catalysis

Radical conjunctive cross-coupling regime (Nevado, 2017):

Table 1. Optimization of the Reaction Conditions”

tBu Ni, L Bu
..
AO A 4 Q ——__
|

tBu
AcO™ 1
entry Ni ligand additive yield of 1 (%)b
1 NiCl,-DME L1 Zn 0
2 NiCl,DME L1 Mn 0
3 NiCl,-DME L1 B,pin,/KOtBu 0
4 NiCl,-DME L1 TDAE® 17
S NiCl,-DME L2 TDAE® 1
6 NiCl,-DME L3 TDAE* 2
7 NiCl,DME 14 TDAE® 0
8 NiBr,-DME L1 TDAE® 54
3 Ni(acac), L1 TDAE® 27
10 NiClz(Py)4 L1 TDAE® 82 (83)
11 - L1 - 0
12 NiCl,(Py), - TDAE" 0
p-Tol
" — 3 — b Me,N NMe.
74 _\ ) /_\ C ) N | N P S 2 >=< 2
N N N N | N N MeN  Nwe,
L1:Lg%t;)r;y(g?== r:?U) L3: phen L4: tolterpy TDAE

Garcia-Dominguez, A.; Li, Z.; Nevado, C. J. Am. Chem. Soc. 2017, 139, 6835—6838. 119



Nickel Catalysis

Radical conjunctive cross-coupling regime (Nevado, 2017):

Me Me .
OAc via:
Me Me N~ T (eq. 1)
| ' | o
" - 39,17%
- Bu Me_Me p-tBu-CeHs
% /\CN i CN (eq.2)
40, 45%
5-exo-trig radical cyclization observed (cage-escaped radical)
Me | Me
. ' TDAE | ;
Ni(dtbbpy)l, ~ + > LNi L = L1 = dtbbpy (eq.7)
THF-dg, 25 °C
42
Reaction with Arl leads to (dtbbpy)Ni(ll)(aryl)(l)
tBu tBu
I N
=N, N-Z
Ni‘cn + Z>CN + Bul THF(0.04M), 25°C, 6h p-tBu-CgHy4
/g TDAE (1 equiv) Bu Ay (eq. 8)
E 4 24, 55%

(1.0 equiv) (1.0 equiv) (1.5 equiv)

Oxidative addition intermediate is competent in stoichiometric reaction

Garcia-Dominguez, A.; Li, Z.; Nevado, C. J. Am. Chem. Soc. 2017, 139, 6835-6838. 120



Nickel Catalysis

Radical conjunctive cross-coupling regime (Nevado, 2017):

Scheme 4. Proposed Reaction Mechanism

TDAE /

INi(I1)] [Ni(I1)]-Ar
A

[Ni(0)] Ar-|

Path |

o

Alk-]
[Ni(I11)]—Ar

[Ni() alk
[Ni(

ol B
[Ni(I1)] \/

Ar

R

Alk R

For a relevant mechanistic study, see:

Lin, Q.; Diao, T. J. Am. Chem. Soc. 2019, 141, 17937-17948.

Garcia-Dominguez, A.; Li, Z.; Nevado, C. J. Am. Chem. Soc. 2017, 139, 6835—6838.

|
Ak + A R — A'k\/g\R R Alk\)\R
D E

Path lI
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Topics in nickel cross-coupling:

Nickel Catalysis

Directions in Precatalyst

Synthesis
O
Me Me
(cod)Ni—— |
Me Me
]

“Inert”’/“Nonclassical”
C(sp?)-X Electrophiles
Ni(0)/Ni(ll)

Benzylic C(sp%)-X
Electrophiles
Ni(0)/Ni(ll)

“Unactivated” C(sp®)-X
Electrophiles
Ni(I)/Ni(1ll)

R X

T

Cross-Electrophile Coupling
Ni(0)/Ni(I)/Ni(ll)/Ni(li)

R(sp®)—X Ni
+ —> R(sp®)—RI(sp?)
reductant
R(sp?)—X

Conjunctive Cross-Coupling
(Short)
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