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C(sp?)-C(sp?) Cross-Coupling

1. Heck reaction?

| Pd(OAc),
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2. Suzuki-Miyaura coupling?
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1) Heck, R. F.; Nolley, Jr. K. P. J. Org. Chem. 1972, 37, 2320.

2) Miyaura, N.; Suzuki, A. J. Chem. Soc., Chem. Commun. 1979, 866.



C(sp3)-C(sp?) Cross-Coupling

1. Stille coupling”

BnPd(PPh;),ClI
0o HMPA 0o

c + MesSn —_—

2. Hiyama coupling?

[PACI(C3Hs)],

TASF
THF
WTMS + Br\/\Ph —_— th

1) Milstein, D.; Stille, J. K. J. Am. Chem. Soc. 1978, 100, 3636.
2) Hatanaka, Y.; Hiyama, T. J. Org. Chem. 1988, 53, 918.
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Alcohol as Abundant Alkyl Source '’

a No. of commercial alkyl sources vs  No. of cross-coupling reactions

2 x 108 1 x 108 1 x 105

H-II\
R-Br llll
o I

R-CO,H

No general strategy for alcohols

Dong, Z.; MacMillan, D. W. C. Nature 2021, 598, 451.



C(sp3)-C(sp?3) Cross-Coupling Using
Alcohol Derivative

1. coupling using tosylate”
NiCl,(4,4"-t-Bubpy) (10 mol%)
vitamin B4, (10 mol%)
Mn (2.0 equiv.)

Br
DMF, 30 °C
PhthN” " 0Ts \O > PhthN/\/\O
77%

2)

2. coupling using benzylic ester

SMe

/I/i NiClyeglyme (10 mol%)
o o DPEphos (10 mol%)

ZnlNe, (3 equiv.)

toluene, rt
-
w0

DPEphos

1) Komeyama, K.; Michiyuki, T.; Osaka, I. ACS Catal. 2019, 9, 9285.
2) Wisniewska, H. M.; Swift, E. C.; Jarvo, E. R. J. Am. Chem. Soc. 2013, 135, 9083.



M-Heterocyclic Carbene as Activator

of Alcohol
NHC (1.1 equiv.) J\
oxidant (1.1 equiv.) o
'ah MeCN
//L\\ 80 °C
o

HO 76%

CN (3.0 equiv.) CN

Ph t-Bu t-Bu
NN _
o (O~ )=°
pr” N
t-Bu t-Bu

NHC oxidant

Kato, T.; Matsuoka, S.; Suzuki, M. Chem. Commun. 2016, 52, 8569.
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Reaction Mechanism

t-Bu t-Bu ,Ph
N’N
0 0 )I\ o
pn” N
t-Bu t-Bu Ph

pn” N pn” N o
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CN
CN
t-Bu t-Bu t-Bu t-Bu
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CN

Kato, T.; Matsuoka, S.; Suzuki, M. Chem. Commun. 2016, 52, 8569.



Strategy of Activation of Alcohol

t-Bu N HO t-Bu N

o E
t-Bu t-Bu
é ' o
O @ o/

I [ J t'Bu
t-Bu ..
N B-scission o 4 -H '
o O e
(o)

t-Bu

Dong, Z.; MacMillan, D. W. C. Nature 2021, 598, 451.



Study of Reaction Mechanism

NHC, pyridine
t-BuOMe, rt;
Ir(ppy)2(dtbbpy)PFg (1.5 mol%)
NiBr,(dtbbpy) (5 mol%)
quinuclidine (1.75 equiv.)

Br t-BuOMe/dimethylacetamide (1/1)
AN y AN AN
| HO blue LEDs | |
~Z \_q r ~Z Z
MeO,C~ "N MeO,C~ "N MeO,C~ "N
(1 45 equiv.) 2%, 77%

o
t-Bu N o
\> BF,
0

t-Bu
NHC

Dong, Z.; MacMillan, D. W. C. Nature 2021, 598, 451.



Study of Reaction Mechanism

NHC, pyridine
t-BuOMe, rt;
Ir(ppy)2(dtbbpy)PFg (1.5 mol%)
NiBry(dtbbpy) (5 mol%)
quinuclidine (1.75 equiv.)

Br t-BuOMe/dimethylacetamide (1/1)
| N Ho blue LEDs /O/\v /O/\/\
Z —< |

MeO,C N MeOZC MeO,C
(1 45 GQUiV.) Ph 2%, 77%
t-Bu G?q' o A A
\
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base o) |
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t-Bu N’Pr}\‘ (>_<] _ )> .

t-Bu t-Bu
; O
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Dong, Z.; MacMillan, D. W. C. Nature 2021, 598, 451.



Investigation of NHC Precursor

NHC (1.6 equiv.)
pyridine (1.6 equiv.)
t-BuOMe, rt;
Ir(ppy)2(dtbbpy)PFg (1.5 mol%)
NiBry(dtbbpy) (5 mol%)
quinuclidine (1.5 equiv.)

Br HO t'UUOI"’IcIIdIIIIGUIylabctalllluc (1/1)
| blue LEDs
-

FsC
(1.7 equiv.)
G'Rllph @prh ]
Q CLy = C
N 0
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N N
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©
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Dong, Z.; MacMillan, D. W. C. Nature 2021, 598, 451.



Side Reaction of NHC

Ph

G?\ll o base
HO R t-BuOMe, rt
Ly = @E %o H
X R R IN
Ph
(1.1 equiv.)
X =S and NPh 50% to 70% >30%

X=0 85% to 96% <5%

Dimer is easily oxidazed, which inhibits oxidation of NHC-alcohol adduct.

Dong, Z.; MacMillan, D. W. C. Nature 2021, 598, 451.



Stern-Volmer Quenching Experiment =

vs Ir[(ppy),(dtbbpy)]PF

c Stern-Volmer Ph
- e -Bu N~ H
3.00 \GEOK
O—R
t-Bu
[N I
2.00 "
R /\
& BocN N Br
® n__/
1.50 NC
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1.00 } 2——= v h with Aj
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Quencher concentration (M)

Dong, Z.; MacMillan, D. W. C. Nature 2021, 598, 451.



Proposed Mechanism

X
t-Bu N\ HO pyrldlne
> © ><
O BF4 —pyrldlne HBF4

t-Bu t-Bu
|||*
m SET tBu @
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- -N |||
" ~Aryl

®
or //\ "
—— AryiBr

t-Bu N
t-Bu B-scission * o
Alkyl * >
(o)
t-Bu

t-Bu

Dong, Z.; MacMillan, D. W. C. Nature 2021, 598, 451.



Substrate Scope

NHC (1.6 equiv.)
pyridine (1.6 equiv.)
t-BuOMe, rt;
Ir(ppy)2(dtbbpy)PFg (1.5 mol%)

NiBry(dtbbpy) (5 mol%) R2
R3 quinuclidine (1.75 equiv.) R3
Br t-BuOMe/dimethylacetamide (1/1)
HO y 1
| N \{/R2 blue LEDs | N R
~ 1 r Z
MeO,C~ "N R MeO,C~ "N
(1.7 equiv.)
Ph
Y )
Z % z OH
MGOzc N MGOzc MGOzc N
73% 62%
>99% ee, >20:1 r.r.
Boc
Ph
Z Z P/
MGOzc N M902C N Me02C N
93% 83% 86%
>20:1 d.r.

Dong, Z.; MacMillan, D. W. C. Nature 2021, 598, 451.
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Sp3-Rich Natural Products
o)

OH taxol H batrachotoxin
(antitumor activity)) (neurotoxicity?)

OAc

AcO

resiniferatoxin euonymine

A ON -

N N N N

MeO (TRPV1 agonist®) (anti-HIV activity?)

Wani, M. C.; Taylor, H. L.; Wall, M. E.; Coggon, P.; McPhail, A. T. J. Am. Chem. Soc. 1971, 93, 2325.
Daly, J. W.; Bommer, W. P.; Biemann, K. J. Am. Chem. Soc. 1965, 87, 124.

Szallasi, A.; Blumberg, P. M. Neuroscience 1989, 30, 515.

Duan, H.; Takaishi, Y.; Imakura, Y.; Jia, Y.; Li, D.; Cosentino, L. M.; Lee, K.-H. J. Nat. Prod. 2000, 63, 357.



Reactivity of Alkyl Bromide

.n.*
Pd(0) + PhBr good orbital interaction
H H
° H H
H H

Pd(0) + MeBr poor orbital interaction

Ariafard, A.; Lin, Z. Organometallics 2006, 25, 4030.



Ni Catalyst vs Pd Catalyst

Nickel

Ni° Ni', Ni, Ni'"!, Ni'V
smaller

lower

oxidative addition

cheaper

radical pathway more accessible

oxidation state
atomic radius
electronegtivity

preference

cost

Palladium

Pd°, Pd", Pd"
lager
higher

reductive

elimination
more expensive

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



Cross-Coupling Using Ni Catalyst

- 1%
R X v R ¥ R
--Ni J\ | |--Ni'- -X- < » |--Ni'-X : <
L ] R? { R?
L

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



Substrate Scope

NHC (1.4 equiv.)
pyridine (1.4 equiv.)
t-BuOMe, rt;
Ir(ppy)2(dtbbpy)PFg (1 mol%)
NiBry-diglym (7.5 mol%)
ligand (8 mol%), LiBr (1.0 equiv.)
quinuclidine (1.1 equiv.)

OH t-BuOMeId|methylacetam|de (21)
Q/ /C/ blue LEDs
R—
Br

CF,
(1.55 equiv.)
0o 0 @Iph
HO t-Bu
NHBoc N
(j\/C/NJ\@ @\/‘\/C/N)k@ \> ©
O N NCE N NcE O BF4
3 3
75% 62% t-Bu
o NHC
Cl
0 J\__P°
Z \
79% 78% . i-Pr
NHBoc ligand

Lyon, W. L.; MacMillan, D. W. C. J. Am. Chem. Soc. 2023, 145, 7736.



Substrate Scope s

NHC (1.4 equiv.)
pyridine (1.4 equiv.)
t-BuOMe, rt;
Ir(ppy)2(dtbbpy)PFg (1 mol%)
NiBry-diglym (7.5 mol%)
ligand (8 mol%), LiBr (1.0 equiv.)
quinuclidine (1.1 equiv.)

OH t-BuOMe/dimethylacetamide (2/1)
R1©/ /()—RZ blue LEDs o J R2
Br

R
(1.55 equiv.)
N
HN— N
0 NBoc
ChzN CbzN N CbzN
(0
63% 54% 56%*
CbzN *K,CO3 was used
BOCN )J\(j\ /\:>_<:>< instead of LiBr.
56% 42%

Lyon, W. L.; MacMillan, D. W. C. J. Am. Chem. Soc. 2023, 145, 7736.



Proposed Mechanism
Ph

\ pyrldlne
> © \CNCbz ><
O BF4 —pyridine- HBF4

t-Bu t-Bu

t-Bu

,.IBr ml N 4
o— - <
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Ir' t-Bu
Br Alkyl? ~
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1 t'Bu N @
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1
tzi'-AlkyF o)
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Br o t-Bu N
N |_/ >'_0
Alkyl“Br — 1o —
y o— Alkyl™s = c :NCbZ B-scission O
t-Bu NCbz

Lyon, W. L.; MacMillan, D. W. C. J. Am. Chem. Soc. 2023, 145, 7736.



Application to Synthesis of Bioactive

Molecules
0 (o) Cl (@) (o)
L] N N
N ” N c
<j)]\N /C/N NHC —
N\ S Br S > S S
OH 46%
Previously: 4% (7 steps) monoacylglyserol
lipase inhibitor F
NBoc

[Ir]
[Ni]

OO N
Br NBoc
(1)
MeO,S 43%  Meo,S

Previously: 35% (8 steps) GPR119 agonist
[Ir]
[Ni]
NHC

o)
NJ]\/\CF3 F,
OC>—OH /C/ 70%
B
' Previously: 7% (4 steps)

anti-tuboerculosis

Lyon, W. L.; MacMillan, D. W. C. J. Am. Chem. Soc. 2023, 145, 7736.



Summary

Ph Ph i
t-Bu ® HO t-Bu N
N H base
> © \CNCbz > ><o
o BF, o
t-Bu t-Bu
NCbz
Ni° .
r
. r——/' ﬁbz
0_
NCbz r
O_‘

Facile and rapid C(sp?)-C(sp?) bond formation



