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Introduction

Catalyst Controls Selectivity Among Multiple sp® C-H Bonds in Cross-Coupling

H H H H
H H /‘\ H H
HyC N H /-\K/ H,C N
- O L™
HsC ’i\cn, H4C ’{\cn,
CH, triple catalytic e
activation
19 sp? C-H bonds — single C-H functionalization

MacMillan, D. W. C. et al. Science 2016, 352, 1304.

 Novel cross coupling was reported!
« Highly selective sp3C-H functionalization!
 New possibility of Photoredox Catalysis!

mmm) \\'hat lies behind this discovery?
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Today’s Content

1. Nickel-catalyzed cross-coupling via
radical pathway



Comparing Cross-Couplings

« Traditional cross-coupling

« Mainly for sp?-sp? bond formation
because of slow oxidative addition into alkyl halide and B-hydride elimination as

side reaction Ar-X
Ar-Ar Pd(0)L,,
oxidative
addition
reductive
elimination /Ar
L.,Pd(ll)
traditional \x
Ar cross-coupling
/
LnPd(")\ X-M
Ar'

transmetalation

Ar'-M
M= MgX, ZnX, B(OH),, SnR; etc...

Ni catalyst has other possibility.
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Nickel Catalysis

N

Nickel

-10+1+2 +3 +4

Smaller atomic radius

Less electronegative

Harder

Facile oxidative addition

Facile B-migratory insertion
Radical pathways more accessible

I

Palladium

0+1+2+3 +4

Larger atomic radius

More electronegative
Softer

Facile reductive elimination
Facile B-hydride elimination

Jamison, T. F. et al. Nature 2014, 509, 299.
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Nickel-Catalyzed Cross-Coupling

Br 7.5% NiCl,*DME Ph
/ o = 9.8% (-)-indanyl-pybox /\ o i
P n-Bu PhyZn o = n-Bu
ol -20° -
TMS DME, ~20°C ™S
racemic 1.4 equiv 80% yield
| = 91% ee
N7 | O H
N
H
(-=)-indanyl-pybox

Fu, G.C.etal. J. Am. Chem. Soc. 2008, 130, 12645.

« sp3electrophile can be used!
* enantioselective cross-coupling from aracemic compound.

mmm) How does this reaction proceed?



Firstly Proposed Cycle

L,Ni' =X transmetalation
R —R! \/f \< M—R1
il —R1
LA L Ni'—R?
R
R—X
L, XNill —R?
R.

« Transmetalation before oxidative addition?

9
Fu, G.C.etal. J. Am. Chem. Soc. 2014, 136, 16588.



Synthesis of Nickel Complex

1) Ph,Zn (0.50 equiv)
2) NaBArF 4 (1.1 equiv)

((=)-i-Pr-pybox)Ni"Br, (4) value
THF, 45°C 210 207 204 201 198 195 192
= Experimental
—Fit
1
70% yield
(BAIF, = tetrakis(3,5-bis(trifluoromethyl)phenyl)borate) 0 s 30 sis “aio s k0

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.

Cp*,Co (0.84 equiv)
-

* Nickel(l)

Et,0, —40 °C
complex (2) was
confirmed by

4 5 both ESI-MS and

44% yield EPR spectrum ,

Fu, G.C.etal. J. Am. Chem. Soc. 2014, 136, 16588.



Stoichiometric Reaction

Br Ph
/\ nBu —» L n-Bu (6)
= =
TMS ) DME| r.l. TMS
racemic 4h 35% yield
1.05 equiv 59% ee
Br Ph
/\ n-Bu —» s n-Bu (7)
. z
T™S DME, rt. Mg
racemic 4h 77% yield
1.05 equiv 82% ee

Although in both cases reactions occurred, the reaction of
phenylnickel(ll) was more consistent with the normal reaction.

11
Fu, G.C.etal. J. Am. Chem. Soc. 2014, 136, 16588.



Oxidative Addition via Radical Pathway

Br Ph
/‘\ n-Bu —» pZ n-Bu (7)
. z
™S | DME, rt. 1ms
racemic 4h 77% yield
1.05 equiv 82% ee
1 @
@)

T™S | T™S
—N racemic

Y o 4 h: <1% yield
VP e 48 h: 76% yield, 82% ee

« TEMPO traps propargylic radical. It is confirmed by ESI-MS.
(calculated for C;gH3,NOSIi+H*: 324.2717, observed: 324.2724)

12
Fu, G.C.etal. J. Am. Chem. Soc. 2014, 136, 16588.



Radical Propagation

(0.05 equiv) <1%
{/ n-Bu = carbon-carbon (9)
DME, r.t. bond formation

racemic

1.05 equiv
1
* Is Ni(l) complex (3) serves an 0.5h
initiator for carbon-carbon bond
formation through radical chain
process? 3
_ o _ (0.20 equiv)
* |Is enantioselectivity determined by o
Ni(Il) complex (1)? /
S n-Bu
=
TMS
83% yield
82% ee

13
Fu, G.C.etal. J. Am. Chem. Soc. 2014, 136, 16588.



Radical Propagation

nBu

TMS
racemic or achiral

* ((IPrPybox)NIi(I)Br) initiates radical process.

Fu, G.C.etal. J. Am. Chem. Soc. 2014, 136, 16588.



Radical Chain Mechanism

Propagation sequence:
Br :
LNi"—Br .
LNi' —Br /\ —— =
,// Br //\
. LNi'"—m Br
%\ [LNi'-Ar]Br —» /\
V4
LNill—Ar | Br Ar
— /\ LNil —Br
P Z
'Iﬁ
Overall reaction:
Br Ar
—-

/K [LNi" - Ar]Br
F

Ar LNi' —Br Br
/\ chain-carrying //\
- radical >

M . -
Ll'*lll'" m Br Y thl Br

/\ // ) IBI‘
Z

- -

—

\
[LNi"-Ar]Br

« Oxidative addition through bimetallic mechanism

15
Fu, G.C.etal. J. Am. Chem. Soc. 2014, 136, 16588.



Stoichiometric Reaction

oﬁ,,--rﬂ BAIF; « When the reaction is
<{T Br Ar monitored by EPR
\ ill— nou — n-pu I l
/- sl wc/‘ e .~ T Spectroscopy, no signal is
Zj\ e observed. So, nickel(l) and
o Ar=-;@4 nickel (IlI) complexes are not
0 e present in significant
90% e e -
oo e comoounde guantities.
60%
50%
0% « The consumption of
20% et Coupling product .
10% L n I Ckel (I I) CO m p I eX (4)
0% L= .
0 0 W ™ 4 0 e directly correlates the
formation of coupling

Analyzed by 19F-NMR product.

16
Fu, G.C.etal. J. Am. Chem. Soc. 2014, 136, 16588.



Newly Proposed Cycle

LNi' —Br

LNi"'—ATI Br LNi'' —Br

/\ Zz B
=
\{ ArZnAr
predominant

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

17
Fu, G.C.etal. J. Am. Chem. Soc. 2014, 136, 16588.



Confirmation of Transmetalation Step

o/w.,.f-Pr Br
—N

PhzZn (05 equiv) /7 |

(i-Pr-pybox)Ni'Br, - N —Ni'—Ph
DME, —20°C —/ |
|

=N
O\/\\i-Pr

—— [(i-Pr-pybox)Ni"Ph]BArf,
(-Pr-pybox)Ni"Br;
—— Reaction at 20 min

300 400 500 600 700
Wavelength (nm)

UV-vis spectroscopy

« The result suggests that transmetalation step is rational.

18
Fu, G.C.etal. J. Am. Chem. Soc. 2014, 136, 16588.



Confirmation of Transmetalation Step

Ph»Zn (0.5 equiv)

(i-Pr-pybox)Ni''Br
2 DME

m/z = 436.15

100
90 436.1
801
8 701
gGO-
S 501
< 401
30+
201
I 246 92 )

100 200 300 400 500 600
miz

ESI-MS
ESI-MS also suggests that transmetalation step is rational.

19
Fu, G.C.etal. J. Am. Chem. Soc. 2014, 136, 16588.



Catalytic Reaction

Br 3.0% Ph

/\ ((=)-i-Pr-pybox)NiBr, /\
n-Bu Ph-»Zn > = n-Bu
Z : DME, —20 °C Z

TMS
racemic 1.6 equiv

T™MS

7000

6000 — [(i-Pr-pybox)Ni"Ph]BArf,
00 —— (-Pr-pybox)Ni"Br;
\ ——Reaction at 30 s

0 ——

300 400 500 600 700
Wavelength (nm)

UV-vis spectroscopy

The result confirms rapid formation of ((iPrPybox)Ni(ll)Ph)+.

When the catalytic process is analyzed by EPR spectroscopy, it is
found to be EPR silent. It suggests that most of nickel complex
exist as ((iPrPybox)Ni(I)Ph)+.

20
Fu, G.C.etal. J. Am. Chem. Soc. 2014, 136, 16588.



Catalytic Reaction

Br 3.0% Ar

/j\ ((=)-i-Pr-pybox)NiBr; /I\
n-Bu Ar.Zn - = n-Bu
3 . DME, —20°C Z

TMS ' T™S
100%

racemic 1.6 equiv
90%
80% W
70% —o—[(i-Pr-pybox)Ni"Ar]*

60%
50%
40%
30%
20%
10%

0%

—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.

(iPr-pybox)Ni(I)Ar was generated more than propargylic radical,

otherwise homocoupling of propargylic radical would occur.
Fu, G.C. et al. J. Am. Chem. Soc. 2014, 136, 16588.



Catalytic Reaction

3.0%
Br ((-)-i-Pr-pybox)NiBr; Ar
/J\ B AT 4.5% TEMPO /L .
n-su r»Zn - = n-Bu
Z ¢ DME, —20°C Z

TMS

TMS

racemic 1.6 equiv
Ar = —E@—F

100%

90%
80%
70%|
60% | T
50% 1
40%
30%
20%
10%
0%

—o—[(i-Pr-pybox)Ni"Ar]*

—e—Cross-coupling product

30 60 90

Time (min)

120

150 180

Figure 11. Analysis via '"’F NMR spectroscopy of a catalyzed Negishi

reaction in progress, in the

presence of TEMPO: (O) [(i-Pr-

pybox)Ni"Ar]" as a percentage of all nickel that is present; (@) yield

of cross-coupling product.

In the presence of TEMPO, (iPr-pybox)Ni(Il)Ar was consumed, and

cross-coupling product was not observed.

22
Fu, G.C.etal. J. Am. Chem. Soc. 2014, 136, 16588.



Nickel-Catalyzed Cross-Coupling

Br 7.5% NiCIz'DME Ph

G8% [ Hiary-OVBoR « sp3-sp?cross-coupling!
/ n-Bu PhyZn ————————— = "n-Bu (2) . )
™S | | i ™S | « Nickel(ll) can intercept
racemic 1.4 equiv 80% yield . .
S 91% ee radical species!
Zz (0] . .
i « However, nucleophile is
H limited, and it sometimes
| diminishes functional group
(=)-indanyl-pybox
tolerance.

Y YT

LNi'”—m Br . LNi"' —Br
///\ |Blr
Z
\_( ArZnAr
predominant
resting state [LNi"-Ar]Br
of nickel BrZnAr

Fu, G.C.etal. . Am. Chem. Soc. 2014, 136, 16588



Today’s Content

2. Hybrid catalysis of photoredox
catalysis and nickel catalysis



Hybrid Catalysis of Photoredox Catalysis and
Nickel Catalysis

Feedstock chemicals o Commercially available

Alkylation Negishi
Arylation Suzuki
Cycloaddition Stille
Dehalogenation Kumada
J Hiyama
']

____________________________ o) direct sp3-sp? cross-coupling
Visible light a Transition metal <:)_© broad platform of reactivity

catalysis catalysis

25
Doyle, A. G.; MacMillan, D. W. C. et al. Science 2014, 345, 437.



Photoredox Catalysis

N
R - u’ \ .
UNY L oxidant 1__ . « MLCT and ISC give long-
- I = lived triplet photoexcited
E"
=4077V 1 State.
— — . = * Photoredox catalyst can
Ru(bpy),* work as both strong oxidant
: and strong reductant.
- ] 'J - n = eg
MLCT reductant — n'
ISC
15 tag 1E trg Ep"™
=-081V
==

R S L MLC'_I': metal to ligand gharge transfer
Ground State Excited State ISC: Intersystem crossing

26
MacMillan, D. W. C. et al. Chem. Rev. 2013, 113, 5322.



Photoredox-Catalyzed Reaction

R1
[ 5 R1 1 mol% photocat. 1 w
N - Z 2
| PhO,S \)\Rz CsOAc, DCE, rt N o
) 26 W CFL Ph
amine vinyl sulfone allylic amine
R2 RS R2 RS2
k ) PhO,S . 1 mol% photocat. 1 k /K/\
2 \/\ t o /
N i CsOAc, DCE, tt N Ph
R! 26 W CFL R!
amine vinyl sulfone allylic amine

Q 0.5 mol% photocat. 11 F)\/\
N7 YcoH PhOS A = e >

| i CsHCOg, 1,4-dioxane I

o 50 °C, 26 W CFL Boc

Boc-Pro-OH vinyl sulfone allylic amine

MacMillan, D. W. C. et al. J. Am. Chem. Soc. 2014, 136, 1162(7)2.



Photoredox-Catalyzed Reaction
Ex. :
R‘/\/SOZPh C6
= _ —> N R' WR.
E-AR
t-Bu \ B PhSO, allylic amine
F\' I (7) \\
N/ reductant SET
||2 S ——_» PhSO,
Q\COOH » . ~ (o <o, Q, a-amino radical \
Boc >—< oc © Boc H* (for 3) Photoredox
—H* (for
to Ir() _H%,-CO,(forq) HENH Catalytic Cycle (1)
O~ o) J/
> &
3 *Ir(Ill) (i)

Photoredox catalysis can generate carbon-centered radical.

—

MacMillan, D. W. C. et al. J. Am. Chem. Soc. 2014, 136, 1162(8)2.

Q\H Qcow
R 3 R 4

a-amino radical precursors

I (2)

oxidant

household
light bulb



Working Hypothesis

Photoredox Catalysis Nickel Catalysis

Alkylation

Arylation
Cycloaddition Stille
Dehalogenation Kumada

Hiyama

« Generate carbon-centered C-C bond formation via
radical radical pathway

- However, electrophile is * However, nucleophile is

limited such as vinyl sulfone, ~ /Mited such as organo-
boron, organo-zinc, organo-
or cyanoarene.

stannanes, or Grignard
reagents.

Ni catalyst can intercept radical species
‘ generated by photoredox catalyst and catalyze
cross-coupling? 2



Hybrid Catalysis of Photoredox Catalysis

and Nickel Catalysis

1 mol% photocatalyst 1

(_)\fo X XN 10 mol% NiCly*glyme
\ ( .

Boc OH Z 15 mol% dtbbpy, Cs,CO4
DMF, 26 W CFL light, 23 °C

Boc-Pro-OH aryl halide

Catalyst Combination

t-Bu = . 5
ety 0 =~ N,,_|| o
‘Ni r
= N'NI‘CI < 3 £
t-Bu =S t-Bu . /N

F3C | g\ F PFGA
t‘BU _— N’ F

N
|

e~
—R
Boc -

(£)-benzylic amine

30

Doyle, A. G.; MacMillan, D. W. C. et al. Science 2014, 345, 437.



Proposed Catalytic Cycle

amino acid O\
N COH N N
Boc-Pro-OH (3) I \ / I I
Boc SET Boc Boc

/ \ e

(%)-benzylic amine 10

*If1 (2) I (5)
oxidant reductant
Photoredox

9
Catalytic LNi' —I
= Cycle
J g SET
-]"
I (1)

Household Light Bulb Nickel l
Catalytic Ak—NilL, 8
|
6 L,Ni° Cycle Ar
Synergistic
Catalysis | |
................. |
\©\ L,Nil' - Ar [ §
* Photoredox Me ND 4
7 |
* Nickel para-iodotoluene Boc

Doyle, A. G.; MacMillan, D. W. C. et al. Science 2014, 345, 437.



E,,, (Half-Wave Potential)

e

77N\ i

ox + red —» ox + red

* E;5...The tool for discussion about whether single electron transfer
proceeds or not

red — red* + e~ ...largely negative E,,, = strong reductant
ex. Cp,Co (E;,=-1.16 V)
OX +e” — ox~ ...largely positive E,, = strong oxidant
ex. TCNQ-F4 (E,,= +0.61 V) e Nt e
NC - B CN
« E,, (oxidant) - E;,, (reductant) TFCNQ_;4

>0...reaction proceeds (single electron transfer can proceed)
<0...reaction does not proceed (single electron transfer cannot)



How to determine E;/,? -Cyclic Voltammetry-

EREE SRER

http://www.tek.com/blog/performing- %ﬁﬁé@@g@%ﬁ@ﬁg%im%

cyclic-voltammetry

- The experiment to measure E,,

* In this experiment, voltage is changed in certain rate in solvent

which contains electrolyte.
33



How to determine E;/,? -Cyclic Voltammetry-

Electric Current

Mainly exist as A <—> Mainly exist as A+

E
-~ + Voltage
A < — = A
e " = =
« Cyclic Voltammetry reveals E,, g%@ﬁ%ﬁ?@%&?
34

* E1/2 = (Epc+Epa)/2



Reaction proceeds or not?

E1/2= +1.21V
() Ir (1)

{Pcooes \_ O

Boc reasonable
E a= 1095V -Cs*, -CO,

E1/2= -1.37 V
() Ir(I)

Ni(1) M Ni(0)

Ni(1l)/Ni(0) reasonable
E1/2= 1.2V

35



Other Possibility

{Pcoon (-

h -H*, co, h
Boc Boc
*Ir(III) oc
Ir(l1)
Photoredox L N|(II)
Catalytic
Cycle
X Alk
Ir(ll L,,Ni(ll)
. Nickel Ar
Household Light Bulb Catalytlc
Cycle
Lan(III)
| L Ar
Ni(0) undergo oxidative
addition more readily -l
than Nidl). _ LnNi(l) Ar-Alk
Amatore, C. Organometallics, 1988, 7, 2203
Ar-X
‘ So proposed as previous slide .,

Doyle, A. G.; MacMillan, D. W. C. et al. Science 2014, 345, 437.



Substrate Scope

Catalyst Combination
1 mol% photocatalyst 1
X 10 mol% NiCly+glyme
0 2*gly!
\ [ s - VA Sl c
Boc OH % 15 mol% dtbbpy, Cs,CO4 Boc 2 N ‘C'
DMF, 26 W CFL light, 23 °C
Boc-Pro-OH aryl halide (£)-benzylic amine
iodoarenes X =1 bromoarenes X = Br
: F
v v B o WIS o W
e Me aoe F ; Do Ac CO,Me wee CN
()-10 78% yield (#)-11 65% yield ; (+)-14 86% yield ()-15 90% yield (4)-16 75% yield
i CF Me
Y y s y 3 O\@L e
i N
Boc OMe Boc cl : Boc Boc CF4 Boc Z
; CFy
+)-12 74% yield -13 77% yiel 1 4
) it () byledd : (#)-17 87% yield (£)-18 88% yield (#)-19 85% yield
chloroarenes X =Cl f
‘ M N
N Ph : N SN N X N &
T ' : b L boo Nz bo Ko
' 0C oc oc
Boc s Boc N N : CFq CF,
(£)-23 64% yield (2)-24 65% yield : (£)-20 82% vyield (£)-21 67% yield (£)-22 60% yield

N-Heterocycles also work as electrophile.

37
Doyle, A. G.; MacMillan, D. W. C. et al. Science 2014, 345, 437.



Substrate Scope

amino acid product amino acid product
Ac
S e QN
e o N ki I Nieoo |
Cbz Cbz - / N NHBoc
Ac | Boc /
' Boc
Cbz-Pro-OH (£)-25 93% yield ' Boc-Trp(Boc)-OH (%)-29 83% yield
Ac
Q R CO.H R
N COH N '
Boc Boc ) NHBoc NHBoc
_ =3 R = CO,Bn (#)-30 R =CO,Bn 77% yield
Boc-Pip-OH (%)-26 82% yield ' R = SMe (£)-31 R=SMe 83% yield
o 0 Ac
[ j\ [ : Me COH
N~ “coMH N | Me
1 M NMeB
B B0 o e Me  NMeBoc
Boc-Morph-OH (£)-27 61% yield ‘ Boc-N-Me-Leu-OH (£)-32 91% yield
wd
Me Me -
CO '
NHBoc NHBoc : 0" "COM »
Boc-Val-OH (£)-28 72% yield i Tetrahydro-2-furoic acid (£)-33 82% yield

Thioether can tolerate reaction conditions.

38
Doyle, A. G.; MacMillan, D. W. C. et al. Science 2014, 345, 437.



Substrate Scope

Me ( A~ Me_ - @
N H N
X XN N

| =R —— p—
4
-HX
v
dimethylaniline aryl halide - ~

commercial substrates

@ Me

34 84% yield

derivatives.

Me Me _
N /\@\ N /\©\
© Cl © OMe

35 72% yield 36 93% yield

Me N N
| —R

@ i

direct C-H,

C-X cross-coupling

N i NN
S
© CF,
37 60% yieldt

KOH is used as base.
» Direct C-H functionalization was also achieved in case of aniline

39

Doyle, A. G.; MacMillan, D. W. C. et al. Science 2014, 345, 437.



Hybrid Catalysis of Photoredox catalysis and
Nickel Catalysis

Feedstock chemicals o & Commercially available
O (0 Lo
Cl
" OH OH b N NA R
f;l R R
Ph

Nickel Catalysis

Alkylation Negishi
Arylation Suzuki

Cycloaddition Stille
Dehalogenation Kumada
Hiyama

____________________________ 0 direct sp3-sp? cross-coupling
Visible /ighl 5 Transition metal <:)_© broad platform Of reactivily

catalysis catalysis

sp3-sp? bond formation via feedstock chemicals!

However, nucleophile was limited. (only easy to abstract one
electron (ex. sp2 C-COOH))
40

Doyle, A. G.; MacMillan, D. W. C. et al. Science 2014, 345, 437.



Today’s Content

3. Hybrid catalysis of photoredox
catalysis, nickel catalysis and HAT
catalysis



Ternary Catalysis

Catalyst Controls Selectivity Among Multiple sp® C-H Bonds in Cross-Coupling

H4C ’i:cn,

single C-H functionalization

42
MacMillan, D. W. C. et al. Science 2016, 352, 1304.



HAT Process

« HAT (Hydrogen Atom Transfer) process is
effective way to access radical intermediates.

o]
©:‘<‘< AN A (:E‘é
N—O H—R —>
alkyl radical

o generates

ex.

Ishii, Y. et al. J. Org. Chem. 1995, 60, 3934.



Polar Effect of HAT Process

« Although BDE is important, polar effect is
also important.

El- + H-Nuc — El-H +Nuc-
Nuc- +H-ElI — Nuc-H +ElI-

Ell- +H-EI2 —EI1-H +EI2. .
Nuel. + HoNue? — Nucl_H +Nuco. 1 disfavored

}favored

El-: elecrophilic radical
Nuc-: nucleophilic radical

Roberts, B. P. Chem. Soc. Rev. 1999, 28, 25.



Quinuclidine as HAT Catalyst

YA

« Strong BDE (H-N* BDE= 100 kcal/mol vs S-H BDE= 87 kcal/mol)
« Amine radical cation could abstract hydridic C-H bond
* Rigid bicyclic structure prevents a-deprotonation

MacMillan, D. W. C. et al. Science 2015, 349, 1532.



Working Hypothesis

[!63 — SET T [64 — HAT \T’ [fja

- H
Eyp™ = L g i ' N-H BDE =
110 V R” R 100 keal/mol

Nickel catalyst might
Intercept radical
species like this?

MacMillan, D. W. C. et al. Science 2015, 349, 1532.

46



Ternary Catalysis

1 mol% photocatalyst
3-acetoxyquinuclidine (1.1 equiv.)

Br
D riL g 1 mol% NiBr,+4,7-dOMe-phen A X
| s ~ & A R+

H,0, DMSO, 34 W blue LED, 24 h Z

C-H nucleophile aryl bromide C-H arylated product

t-Bu

OAc

-Bu

3
Nickel catalyst Photoredox catalyst HAT catalyst

47
MacMillan, D. W. C. et al. Science 2016, 352, 1304.



Proposed Catalytic Cycle

WL

visible light

&

N-Boc
pyrrolidine

)

I (2) - COMe
<—><H oxidant RN
Photoredox
OAc Catalytic o
/ [fj/ 4 e o \Q
F Ir" (4) Nickel
7 Organocatalytic T nductant Catalytic ol N,mL
. LNI® 9 Cycle A:
8 3
A o
[~ Ly
Mo °‘© o "
\_/ L,,N‘i"—N -
M = COMe CP‘J: ’
aryl bromide Boc

48
MacMillan, D. W. C. et al. Science 2016, 352, 1304.



Cyclic Voltammetry

Current (1x104A)

E,. could not be
confirmed maybe

« because of
decomposition or
! : side reaction.

Potential (V)

Irreversible oxidation event at +1.22 V vs SCE in MeCN
So, Epa: +1.22 'V

OAc OAc
LT =L

-e 49
MacMillan, D. W. C. et al. Science 2016, 352, 1304.



Reaction proceeds or not?

E1/2= +1.21V
() Ir(11)

S

,= +1.22 v reasonable = +-
(Eq/2 assumed to be lower than +1.21 V)

. wamino C-H = 89~94 kcal/mol

Eqp=-1.37V O\ ( )

Ir(II) Ir(1ll)

Ni(1) Ni(0) : [NAJ/ M[@/

Nl(")/Nl(O) reasonable reasonable /

Eip=-1.2V N*-H = 100 kcal/mol
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Substrate Scope

aryl bromides

aryl chlorides
CF
N N : N N N ~
| | | | 0o : | | 4
Boc Ac Boo 5 SO,Me 800 : NG
1 0
(2)-15 84% yield (£)-16 71% yield (£)-17 78% yield (=)-18 76% yield (£)-27 81% yield
t-8u
: h : ! : |l \)N
— c Boc Boc Me Boc Boc N/
(£)-19 70% yield ()20 72% yield (£)-21 73% yield (2)-22 79% yield (£)-28 61% yield
Me F
F
! ¥ ¥ Y "y
e OMe Boc Boc Boc ZN Boc ZN
(£)-23 64% yield (£)-24 70% yield (2)-25 60% yield (£)-26 65% yield (£)-29 83% yield
N-Heterocycles also can tolerate reaction conditions.
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Substrate Scope

amines

N
R
CO.Me
(£)-14 R=Boc 81% yield
(x)-30 R =Piv 79% yield
(2)-31 R=Cbz 51% yield
()-32 R=Bac 80% yield"

-

; g
Boc
COMe

37 68% yield,3:1 dur.

o e I o

N

|
g
CO Me

43 74% yield

|
Boc
COMe

(£)-33 42% yield

COMe

(=)-38 62% yield

44 65% yield

)
Boc

COMe

(£)-34 69% yield

NH

COzMe

(£)-39 69% yield

Me t}l
Boc
COMe

45 47% yield

OH
(>—©—002Me A
N COMe
| N
Boc I
Boc

(£)-35 58% yield (2)-36 45% yield,>20:1 d.r.

(o) Me 0

}‘N/ HN J\NH

Me = N
n
COzMe

(£)-40 n=1 84% yield, 3:1 rrf
(£)-41 n=2 71% yield, 1:1 rrf

CcoMe
(£)-42 70% yield

CsHy Me

)\@L “‘°A?‘)\CL
Boc Bac
CO,Me COMe

(£)-46 58% yield (2)-47 66% yield

« Fluorine and hydroxyl group could tolerate reaction condition.
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Substrate Scope

methyl vs. methylene methyl vs. methine methylene vs. methine
/\@Lco Me /O\co Me COzMe
48 78% yield 82% yield (+)-50 62% yield, 1:1 d.r.
4:1 vt single regioisomer single regioisomer
ethers benzylic C-H
n
o) Me COMe
(£)-51 n=2 76% yield 53 54% yield®

(£)-52 n=1 53% yield

Regioselectivity is unique about unsymmetrical amine. Maybe, it is
highly influenced by kinetics.

a-Oxy sp3 C-H bond and benzylic C-H bond are also functionalized.
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Other Possibility

J/

HAT
Catalytic
Boc %/ Cycle @/
Ac
YA
+.
*Ir(III)
Ir(ll)
Photoredox c|
Catalytic A
Cycle
N o Z
| N~ ~CF,
] Boc
Ir(ll
cry

Household Light Bulb
S
N o =

« Thereis possibility of nickel- Boe
uncatalyzed cycle like this - ~
Eoc \ N/ CF3
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Control Experiment

reaction conditions as in
experimental section

BN

ArX NT TAr
BIOC
ArX Control experiment Product yield*

cl | o with NiBry4,7-dOMe-phen 81%
NS CF, without NiBr,'4,7-dOMe-phen 0%

c \(% N with NiBr4,7-dOMe-phen 61%
N’J without NiBry'4,7-dOMe-phen 0%

cl | - with NiBry-4,7-dOMe-phen 86%
=N without NiBr,'4,7-dOMe-phen 0%

with NiBry4,7-dOMe-phen 66%

Br x
L

without NiBry-4,7-dOMe-phen

0%

Control experiment for N-Heterocycles as electrophiles was performed

‘ Deny nickel-uncatalyzed cycle

MacMillan, D. W. C. et al. Science 2016, 352, 1304.
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Ternary Catalysis

Catalyst Controls Selectivity Among Multiple sp’® C-H Bonds in Cross-Coupling

H,C ’i\cn,

CH,

19 sp? C-H bonds

N\
AT
\_/\_/

triple catalytic
activation

HC/*\CH
P P

k]

single C-H functionalization

Selective functionalization of sp3 C-H bond which is most
abundant structure on the organic compounds.
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Conclusion

1. Nickel-catalyzed cross-coupling via
radical pathway

— sp3-sp? bond formation via radical pathway

2. Hybrid catalysis of photoredox
catalysis and nickel catalysis

— sp3-sp? bond formation with simple and readily available
organic molecules as nucleophile

3. Hybrid catalysis of photoredox
catalysis, nickel catalysis and HAT
catalysis

— sp3-sp? bond formation with sp3 C-H bond as nucleophile



