Merging Visible Light Photoredox Catalysis with Nickle
& Gold Catalysis
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1. Introduction

Common modes of tandem transition metal and photocatalysis:

A. Catalysis downstream steps

B. Catalysis redox steps
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C. Photoinduced energy transfer
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2. Merging visible light photoredox and nickle catalysis

2.1. Catalysis of downstream steps



2. Merging visible light photoredox and Nickle catalysis

Conventional Suzuki-Miyaura cross-coupling:

~
B(OH), X LI
N X . TIRAY
R1_:(j/ . RZ@/ Pd, Ni, Cu catalyst N N
= % base, A Ry P
Traditional cross-coupling: two electron transformation:
Ar1\Pd”
X’ Ar2-B(OH)2 -
X OR
N Ar-Pd B,
0 rate-limiting ) OR
Pd step | N
—R
L 7 i
X-B(OH),
Al g reaction rate: Cgp > Cgp? > Cgp°
Ar2/

However, the application of secondary alkylboron reagents in these transformation was limited.



Notable examples of secondary alkyl Suzuki cross-coupling:

Pd,(dba)s(1.5 mol%)

P(t-Bu)3(4.5 mol%)

BOH), +  p-TolCl ™5 5 equiv. KF p-Tol

THF, 100°C, 37 h

Y

QBF?K Pd(OAC),(2 mol%) (Het)Ar
n-BuPAd (3 mol%)
or + Br(Het)Ar . > or
3 equiv. CsCOg4
)\ PhMe/H,0(10:1) )\ High activation barrier
BF 3K 100°C, 24 h-72 h (Het)Ar of transmetalaiton
E}BF?’K Pd(OAC),(2 mol%) (Het)Ar
n-BuPAd (3 mol%)
or + Br(Het)Ar . > or
3 equiv. CsCO3

(

PhMe/H,0O(10:1) \)\
BF,K 115°C, 24 h-72 h (Het)Ar
Limitation of using secondary alkylboron:
1. Elevated reaction temperature; 2. Using superstoichiometric aqueous base.

Littke,A.F.; Dai, C.; Fu, G. C. J. Am. Chem. Soc. 2000, 122, 4020—4028.
Van den Hoogenband, A.; Visser, M. Tetrahedron Lett. 2008, 49, 4122—4124.
Dreher, S. D.; Dormer, P. G.; Sandrock, D. L.; Molander, G. A. J. Am. Chem. Soc. 2008, 130, 9257-9259.



2.1. Catalysis of downstream steps
Single-electron transmetalation in organoboron cross-coupling
by photoredox/nickel dual catalysis

M" [high energy TS]

T

R4 conventional transmetalation R4
>—[Y] DoITIITIIIITIIIIITIIITIIIITITIILIT >7|\/|rl
R, single-electron transmetalation R,
R M" R+ P
ox] fH——— M"T [Red]
R> R2

© Low activation energy

© Reactivity dictated by measurable redox potential
© Requires no base or heat

@ SET rate: Cgp3> Cgp2 > Cqp

Tellis, J. C.; Primer, D. N.; Molander, G. A. Science. 2014, 345, 433—436.



2.1. Catalysis of downstream steps
Single-electron transmetalation in organoboron cross-coupling
by photoredox/nickel dual catalysis

PF,
4 (2 mal %)
Ni{COD); (3 mol %) .
Br dibbpy (3 mol %) el
. BF4K . - . .
3.5 eguiv 2, 6-lutidina
95:5 acetona/MelOH
1.2 equiv 26W CFL, 24 h L F Foo
4
R-BFK Scope i Ar-BrScope
: C04M
Me ; CF, OMe CHO
12, 89% (97%)" 13, 82% i 21, 79% 22, 75% 23, 90% 24, 81%
O@ Ar /@f‘\m Ph’t@ F‘h/\©\ Ph/@\ th305
F F Ma OH NHAG CcO,Me
14, 99% 15, 70% § 25, 56% 26, 63% 27, 96% 28, 63% T
: OMe I Y
i = = Mo H
Mal Me, 0 i M N™ "CH CFy
16, 94% 17, 75% § 29, 75% 30, 90% 3, 65% 32 65
i M
e Ar /@Aﬁr ] Ph’\@’ L th Ph
o FaCO N NH;J N | D}
& : F/
18, 97% 19, 72% : 33, 57% 34, 96% 35, 7au¥ 36, 72% N-N
MeQ i
. Ar i Fh ] g NH;
: Ph Fh - Ph
Ar= /\Eﬁ'mﬂ /\Eﬁ'%‘ﬂ
oM CN |~ © #
¢ ; = 38, 54% 39, 56% 40, 61%
20, 86% : 37, 58%

* Reaction performed on 1.0 g (5.5 mmaol) ArBrwith 1 mal % 4, 1.5 mel % NifCOD),. and 1.5 mol % dtbbpy. TReaction performed with 3 mol % 4,
5 mal % NilCQD),, and 5 mal % dtbbpy.* 55% isolated pure, 18% isolated as mixture with bromide starting material



2.1. Catalysis of downstream steps

Photoredox cross-coupling of secondary (a-alkoxy)alkyltrifluoroborate:

4(2 mol%)
g Ni(COD),(3 mol%)
ﬁ” . dtbbpy(3 mol%)
B
" BF3K CN 3.5 equiv 2,6- Iut|d|ne
95:5 acetone/MeOH
26 W CFL, 24 h
41
Probing chemo- and stereoselectivity:
4(2 mol%)
Ph/\BF3K Ni(COD),(3 mol%)

1.2 eq Br dtbbpy(3 mol%)
+
3.5 equiv 2,6-lutidine
CN

Ph—BF3K 95:5 acetone/MeOH
26 W CFL, 24 h
1.2 eq
4(2 mol%)
Br Ni(COD),(3 mol%)
Me .\ L4(3 mol%)
Ph/é\BF3K 3.5 equiv 2,6- Iut|d|ne
CO,Me 95:5 acetone/MeOH
44 26 W CFL, 24 h
HllJi /: \: :k\\Bn
N N
Bn L, H

Tellis, J. C.; Primer, D. N.; Molander, G. A. Science. 2014, 345, 433—436.

e

65% yleld

91%

@
@

45 COQMG
major enantiomer
52% vyield
75:25 er



2.1. Catalysis of downstream steps

Photoredox cross-coupling of various alkylboron:

Me +
BF3K COOMe

CHs
NN
MeO,C l}l BF3K +Br N CN
Boc
O @]
Br
©/O\/BF3K N
+ N
N
Me
CF;

+Br
BF;K \O\)OTBS

MeO

4(2 mol%)
NiCl,*dme(5 mol%) Me
dtbbpy(5 mol%) ~ Me

1.5 equiv Cs,CO5

di ,26 W CFL, 24 h COOMe
I0Xane 799,
4(2 mol%)
Ni(NO3),*6H,0(5 mol%) CHs
Lo(10mol%) Meo,c” N N
3 equiv K,HPO, Boc
EtOAc, 26 W CFL, 5-8 h 64% O
4(2 mol%)
NiCly*dme(3 mol%) OBn
dtbbpy(3 mol%)
3 equiv K,HPO, N
dioxane/DMA(5:1) N
2*26 W CFL, 24 h 73% Me

4(3 mol%)
NiBryedme(5 mol%
L1(7.5 mol%)

CF
) 3 o) )
o OTBS HllJ: /: \: :L\\Bn
4 equiv Cs,CO B N N H
273 MeO N L,

1.0 eq. KF,dioxane

2*26 W CFL, 48 h
62%

Primer, D. N.; Karakaya, 1.; Tellis, J. C.; Molander, G. A. J. Am. Chem. Soc. 2015, 137, 2195-2198.
El Khatib, M.; Serafim, R. A. M.; Molander, G. A. Angew. Chem., Int. Ed. 2016, 55, 254—258.
Karakaya, I.; Primer, D. N.; Molander, G. A. Org. Lett. 2015, 17, 3294-3297.

Ryu, D.; Primer, D. N.; Tellis, J. C.; Molander, G. A. Chem. Eur. J. 2016, 22, 120—-123.
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2.1. Catalysis of downstream steps
the proposed single-electron transmetalation in photoredox/nickel cross-coupling:

Ar-X(VII)

L. Ar

SNy R ( N9 PC()
) vi (

“Ni Photoredox « *
. %\R1_\ < { PC(I*)

z Ar-X(VI) cycle
C(IV)
Ry R, ( ONi'=X 1),\[Y]
Lj/_m’-\r X
( NIEX /8\
. Ry Y Ry
il Il
Ro
RH\ Ar [Y]: BF5; Si(cat)y”
IX

Q: 1. To which oxidation state of Ni does the radical add?
2. Which step is enantiodetermining?

Primer, D. N.; Karakaya, 1.; Tellis, J. C.; Molander, G. A. J. Am. Chem. Soc. 2015, 137, 2195-2198.



2.1. Catalysis of downstream steps
Stereoconvergence and mechanistic considerations:

AG2gg k ~ ©_| i

A =N,

~Nis.

—
A1-TS

= 18.2
g:mﬁ-- ‘r.r' (14.7)
j _ _I E
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Ni(l11) intermediate can dissociate the stabilized radical to
form Ni(ll) more rapidly than undergoing reductive elimination

Gutierrez, O.; Tellis, J. C.; Primer, D. N.; Molander, G. A.; Kozlowski, M. C. J. Am. Chem. Soc. 2015, 137, 4896—4899.



2.1. Catalysis of downstream steps

Photoredox & nickel-catalyzed decarboxylative and C-H arylation:

1 mol% photocatalyst 1
10 mol% NiCl,*glyme S

L M coom ¥
AN -
/R
’}1 COOH + \O'R 15 mol% dtbbpy, Cs,CO4 '}‘ \ y
Boc DMF, 26 W CFL light, 2A3°C Boc

2 mol% photocatalyst 1
Br 2 mol% NiClyeglyme
/\l/COOH \O\ 2 mol% (S,5)-6, TBAI _
R
NHBoc cN 19 mol% dtbbpy, Cs;CO3
blue LED, rt NHBoc
DME/toluene

CN

3-acetoxyquinuclidine
1 mol% Ir[dF(CF3)ppy]oPFg
1 mol% NiBry,*3H,0

D 4,
\©\CO Me 1 mol% 4,7-dOMe-phen ‘ COsMe

H20(40 eq.), DMSO(0.25 M) 2°C

34 W blue LEDs

t-Bu ~
| /N///,,Io‘\\ F
Ar
oAb
Bu™ N,
F4C < F

FsC

N

Photocatalyst 1

t-Bu SN

Ar (S S)
Ar = 4-(t-Bu)Ph

[Ndjom

3-acetoxyquinuclidine

Zhiwei Zuo.; Derek T. Ahneman.; Lingling Chu.; Jack A. Terrett.; Abigail G. Doyle.; David W. C. MacMillan. Science. 2014, 345, 437—-440.
Zhiwei Zuo.; Huan Cong.; Wei Li.; Junwon Choi.; Gregory C. Fu.; David W. C. MacMillan. J. Am. Chem. Soc. 2016, 138, 1832-1835.
Megan H. Shaw.; Valerie W. Shurtleff.; Jack A.; Terrett.; James D. Cuthbertson, David W. C. MacMillan. Science. 2016, 352, 1304-1308.



2.1. Catalysis of downstream steps
Proposed mechanistic pathway of Photoredox & nickel-catalyzed decarboxylative arylation:

QCOOH %,l '
|

Boc
3

amino acid

Q/L@
B
oc 10 M

Irtl(2) Ir'(5) 10 >7""Me
oxidant reduatant benzylic amine
Photoredox 9
catalytic L,Ni'—!
cylce
SET
I
\ .
® I Nickle A|kfl\\l|”'Ln 8
household light bulb Ir(1) catalytic Ar
cycle

synergistic | |
catalysis Boc
Me 7 4

photoredox .
nickle para-iodotoluene

Zhiwei Zuo.; Derek T. Ahneman.; Lingling Chu.; Jack A. Terrett.; Abigail G. Doyle.; David W. C. MacMillan. Science, 2014, 345, 437—-440
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2. Merging visible light photoredox and Nickle catalysis

2.2. Catalysis of redox steps



2.2. Catalysis of redox steps

OH Br Pd, Cu = common o)
+ o
O/ \© Ni = elusive O/ \©

Energetic profiles of reductive elimination reactions to form C—-0 bonds

h
- /\
L. -G L. _.C L. .C
Pd! c-0 N”_ﬂ c-0 d_NI" c-0
L] L 0

.

- e -

O
Pd": exothermic Ni': endothermic Ni": exothermic
Can dual catalysis unlock previously inaccessible mechanistic pathways?
- e
CL,,J iy OR - CL o OR
i = i
L™ A m L™ A
Inert to reductive - Ir' Facile reductive
elimination elimination
Ni(COD),
Ligand
Y + NaOR - OR + NaX
@X toluene,95°C Y < >
2-18 h

Jack A. Terrett.; James D. Cuthbertson.; Valerie W. Shurtleff.; David W. C. MacMillan. Nature, 2015. 524, 330-334.
Mann, G. Hartwig, J. F. J. Org. Chem. 1997, 62, 5413-5418.



2.2. Catalysis of redox steps

primary & secondary alcohol

_N, ||\O

Ni(Il)dtbbpy aryl
alkoxide 45, + 0.83 V
Eqp® Il = +1.21 v

1 mol% Ir photocatalyst 1
5 mol% NiCl,eglyme

5 mol% dtbbpy /A\/O\G .
| | —_
10 mol% quinuclidine ~ “~_-’ Y
K,CO3, MeCN, rt, 24 h
blue LEDs

light, rt, 24 h /N "O

no photocatalyst

Fs
Ir photocatalyst 4

F3

no light, rt, 24 h complex 45 recovered

Ir photocatalyst 4

/N |||

47

Fs

light, rt, 24 h

aryl ether 46, 59% yield

Photocatalyst 1

water

Ac CN

65% yield 62 yield

Transient Ni(lll) complex required for C-O reductive elimination

Jack A. Terrett.; James D. Cuthbertson.; Valerie W. Shurtleff.; David W. C. MacMillan. Nature, 2015, 524, 330-334.




2.2. Catalysis of redox steps

Br X
R—OH I
$r Z
L Ni''—Ar
2

o LnNi°
' i
L,Ni''—Ar 2 N1
*|I’”I(5) /_\ |r|||(4)
oxidant
SET Photoredox catalytic cycle
|r”(7) /
reductant
Br
L,Ni'-A
AT Nickle catalytic cycle L,Ni'Br
OR 3
6

E e [Ir/Ir] =-1.37V
E o [*IrIr] = +1.21V E,,” [Ni"/Ni°] =-1.2 V

E,, [Ni"/Ni""] = +0.71V
R._ O
1S5
=

Jack A. Terrett.; James D. Cuthbertson.; Valerie W. Shurtleff.; David W. C. MacMillan. Nature, 2015, 524, 330-334.



2.2. Catalysis of redox steps

IR DBy %
OH + _ = O R
(Xj\g/ \g/ X \ﬂ/

0O O

5 mol% ligand 12
5 mol% NiCl,eglyme

1 mol% photocatalyst 1

anhydride(formed in situ)

CO
TﬁMe extru3|on

Boc O recombination Boc O

*“.Hl(8)

O- N|”L

pre-oxidation O Me

complex

N'OL/T\
Ni'L,
“'”'(7)
EH

G

34 W blue LED, 36 h, 25°C o
Ir'(9) NI
||L
5
—~
CO,
traceless
byproduct

Chi “Chip” Le.; David W. C. MacMillan. J. Am. Chem. Soc. 2015, 137, 11938-11941.
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2. Merging visible light photoredox and Nickle catalysis

2.3. Photoinduced energy transfer



2.2. Photoinduced energy transfer

Ph\n/OH Br 5 mol% (dtbbpy)Ni=cod, t-BuNHi-Pr Ph\[(o
* DMF, photocatalyst, visible light 0
0 CO,Me CO,Me

3 4 5
Ir(ppy)s: 18 hr, 85% yield catalytically active excited state
Ph,C=0: 18 hr, 25% vyield accessed by sensitization
no photocatalyst: 120 hr, 45% vyield or by direct excitation
- Br
O™ —=
—_
+ BzO" ( Br

*

\O
N/ it 8*
N ‘@
Cone O\”/Ph
/[ j o)
MeOZC

Ir-to-Ni energy transfer induces C-O reductive elimination 5

N I O N/ 1
[Ir(ppy)s]* 1 <N Ni ~© N ‘Q

8

CO,Me 7 NCco,Me By

energy transfer
|
(N,, _DMF
“Ni© CO,Me
O%\/Ph N7 ~DMF 2
r(PPY)3

Eric R. Welin.; Chip Le.; Daniela M. Arias-Rotondo.; James K. McCusker.; David W. C. MacMillan. Science. 2017, 355, 380-385.



2.2. Photoinduced energy transfer

1 mols |1 0 Catalyst Combination
a o Iyl g /IL
o 5 mol3: NiBrsdiglyme a
,-'“‘\ Ay = Z o Br
o M.
X OH e 5, : . -
JHVJ;_; & mols dibbpy, =BulH=Pr | “H_ . ”fNI\‘Br
DMF, 26 W CFL, 40 ®C, 18 hr P {-Bu

carb-n.:ylc aryl bromids O-aryll ester 1

acid

earboxylic acid coupling pariners aryl bromide coupling partners

0 O &)

Jl\u |=nj\|:| pnj\:. I
A Mol _\K_L_’__ A JJ\
U L

Py oy

= = = A

| I N
e

1
1
1
i
1
1
1
i
1
1
!
1
' = - - P |
| e
COMe GO Me CoMe COMe ! Ag CFy CH
11 76% yield 12 B1% yield 13 T9% yield 14 B0% wield i 22 86% yield 23 86% yield 24 B1% yield 25 U5 yield
1
1
I \/‘J[i\ I E i i
1 [ 0
] 1
Q ] Q |
V)L O)L : Ph”ILCI Ph"JL"O =h”1L‘D Ph’JLt:u
‘-\.\‘_ 1
| A AN S
7 | | | |
A i Me M Me o T~ Fal FyC M
CoMe COshe Cogke CouMe :
15 83% yield 16 76% yield 17 80% yield 18 86% yield i 2680% yield 27 68% yield 28 6% yield 29 B6% yield
1
n !
i 0 o 0 0
@J\ /@J\ /©)L ! Ph ’JL o] F"h’JLCI Ph"'JL'G F'hJLG
1
| i ‘x | 2 hII =
1
: N
R X T Mo~ N Fie™
COsMe CO,Me CO,Me CoMe |
5 94% yield 19 93% yield 20 95% yield 21 21% vield E 30 91% yield 31 62% yield 32 84% yield 33 7% yield

Fig. 4. Coupling of carboxylic acids with aryl halides. Substrate scope for the nickelcatalyzed coupling of anyl halides with carboylic acids via excited stafe
catalysis. Chz, benzyl carbamoyl.

Eric R. Welin.; Chip Le.; Daniela M. Arias-Rotondo.; James K. McCusker.; David W. C. MacMillan. Science. 2017, 355, 380-385.



2.2. Photoinduced energy transfer
Reactivity of arylnickel(ll) carboxylate is strongly dependent on photocatalyst ET:

o Ph

t-B — o
BzOH (3) + uﬁ?ﬂ 1/ 8 1 mol% Ph. _O
NI [Ir(ppy)-ligand]PFg \"/ 5
ArBr 4 + — —"~N"" - 5
(dtbbpy)Ni%cod FBUTTS DMF, 26 W CFL COMe
COMe 24 hr
caftalytic resting state
ligand yield 5 Er(kcal) Eq " (V) Eyp'""MV (V)
ppy (1) 85% 53.6 0.13 0.77
5,5-Mesbpy 80% 49.0 0.61 1.26 -
V]
4.4'-(MeO) bpy 70% 47.7 0.58 1.22 " § s
4.4'-Mesbpy 65% 47.6 0.59 1.25 E E 2‘,
bpy 50% 46.3 0.61 1.28 g ::_ E
. T
4.4'-Cl;bpy % 42.6 0.72 1.32 = g
4.4'-(CO-Me)-bpy % 39.7 0.70 1.34
4. 4'-(F4C).bpy % 39.2 0.74 1.37
@) Me 0
AG"g1 = +20 kcal/mol
+Ir(ppy)3* ——— 9* + I - ET
MeO oS OCF; [Ppy)s] oxidation by Ir(lll)* is unfavorable
/N//,Ni”~
—~N"
~ 0 -
MeO F,C e 9+ + If(ppy)sl AG"gt = +5.3 kcal/mol
9 oxidation by Ir(IV) is unfavorable

Eric R. Welin.; Chip Le.; Daniela M. Arias-Rotondo.; James K. McCusker.; David W. C. MacMillan. Science. 2017, 355, 380-385.
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3. Merging visible light photoredox and gold catalysis

Gold-catalyzed oxidative difunctionalization reactions using external oxidants:

hydrofunctional

products
H

NuF

protodemetalation T
X,

L

Au* L trans- X, L reductive R

] . . . .

- Nu” A OX|dat|on AU metalation Au_ elimination \_/

- strong X R-M/H —( R N/ \

A Nu B oxidant Nuy C Nu D U E

difunctionalized

products

G
homocoupled

products
The redox potential of Aul/Aulll couple is significantly high (Eg=1.41V)

Disadvantages:

1. Strong external oxidants;

2. Limitation of substrates;

3. Poor selectivity of cross-coupling and homodimers.



3. Merging visible light photoredox and gold catalysis
Dual gold /photoredox-catalyzed arylation of terminal alkynes

_ ((p-MeO)CgH4)3PAUCI(10 mol%)
/@/ ZBF4 [Ru(bpy)3](PFg)2(0.5 mol%) O @
‘ X —
degassed DMF(0.1 M)
23w CFL, rt,1h up to 86% yield

Oxidation first: [ R— — A

R———-Ar
________ 3 .
radjqal L—Au'-Cl rgdyctiye
addition E elimination
Cl
. Cl D
I Ar
A L_ﬁull . L—é\u”' — R
. [Ru(bpy)sl?* A
Also, high quantum FooooNd N _H*
. . . I + !
yield (3.6) indicates single electron \ | ArNy
more than one pathway photoredox oxidation .2 ol
catalysis | *
[L_'?‘um_w ]
Ar R
C
| R—= |
L 1 !
terminal
alkynes

Tlahuext-Aca, A.; Hopkinson, M. N.; Sahoo, B.; Glorius, F. Chem. Sci. 2016, 7, 89-93.



3. Merging visible light photoredox and gold catalysis
Alkyne Difunctionalization by Dual Gold/Photoredox Catalysis

Nu
+
ArN, . X Ar
- — "Aus Ar

L~ Au—X photocatalyst_ [ X/'Au‘ Ar — L \ . >_/

g Nu- Nu \

B c Nu
simultaneous oxidation and
aryl coupling partner intermediate A not formed: alkynes can be used as
coordination: protodemetalation suppressed substrates with high selectivity
homocoupling suppressed
. O R3
OH Lo [Ph3PAuUCI](10 mol%) P
NoBF4  [Ru(bpy)s](PFg)2(2.5 mol%) R4 R,
? R3 + >
R, R, MeOH, KH,PO4(3 eq.), rt
1 2 5 W green LEDs, 4 h 3
up to 82% yield E/Z > 95:5
0] R3
1 = R2 o R3
[PhsPAUINTf: J_J__  hyfrofunctionalized
R1 R> products
3 4
yield: 0% yield: 20%

Tlahuext-Aca, A.; Hopkinson, M. N.; Garza-Sanchez, R. A.;Glorius, F. Chem. Eur. J. 2016, 22, 5909-5913.



3. Merging visible light photoredox and gold catalysis
Alkyne Difunctionalization by Dual Gold/Photoredox Catalysis

OH
R
fast Q {L R> ’
(@] Rj ) Au
protodeauration | R
RMR: 1 |
! 2 R R fast substrate 0 R
2 3 activation 3
. . . A,
Oxidation first: s NTf
2

radical L— reductive
addition elimination
cl nucleophilic
I Ar’ auration
L—A I . Au
A LA R ‘L
Rs3
[Ru(bpy)s]** N, R;™ “Rs

—

L 4 F . (?Y ./I\Rz
R -H* N
single electron| | ArN, Au
photoredox oxidation L2
catalysis Ar, +
[ Ry A

A\
\>/OH formal 1,3-
R hydroxy! shift

. Pathway drawed in blue
Is radical chain

Tlahuext-Aca, A.; Hopkinson, M. N.; Garza-Sanchez, R. A.;Glorius, F. Chem. Eur. J. 2016, 22, 5909-5913.



3. Merging visible light photoredox and gold catalysis

+ - Ph3;PAuUCI(10 mol%)

o N2BF4  [Ru(bpy)s](PFg)2(2 mol%) R—— X
R———SiMe3 + @ MeCN, 23 W CFL, rt,3 h — \Y

Ph3;PAuUCI(10 mol%)

o) ‘LB Q
I N N2BF4  [Ru(bpy)sl(PFe)y(2 mol%) P.
H™L R MeCN/EtOH 4:1 |'? R

26 W CFL, rt,6 h

+ - [Ph3PAUINTf, (10 mol%) OMe
N + ©/NZBF4 organic dye(5 mol%) _

MeOH, 23 W CFL, rt, 16 h

_________________________________________________________________________

| . [PhsPAUINT,(10 mol%)  —Y Rz R
R, N2BF4  [Ru(bpy)s](PFe)2(2.5 mol%)Rs L

| R3/\M)\g +/©/ MeOH, rt, 4-16 h "

I n 23 W fluorescent bulb

| 1 Ry 2 3

. Y=0O,NTs 4 e

| n=1,2 '

_________________________________________________________________________

He, Y.; Wu, H.; Toste, F. D. Chem. Sci. 2015, 6, 1194-1198.

Kim, S.; Rojas-Martin, J.; Toste, F. D. Chem. Sci. 2016, 7, 85-88.

Hopkinson, M. N.; Sahoo, B.; Glorius, F. Adv. Synth. Catal. 2014, 356, 2794-2800.

Tlahuext-Aca, A.; Hopkinson, M. N.; Garza-Sanchez, R. A.; Glorius, F. Chem. Eur. J. 2016, 22, 5909-5913.



3. Merging visible light photoredox and gold catalysis

YH . [PhsPAUINTf,(10 mol%) Y Rz Ry
oL R N2BF4 [Ru(bpy)sl(PFe)a(2.5 mol%) Ra~
3 \Mn)\ * MeOH, rt, 4-16 h
23 W fluorescent bulb
1 Ry 2
Y =0, NTs
n=1,2 4 eq
. . N, +
Transmetallation first: ‘\ Ar—N%
[Ru'”(blox{g]3+ [Ru'(bpy);12+
Ar hV
. . I ”
How to differentiate Ph;P—Au

[Ru(bpy);12*
O single-electron
oxidation

transmetallation first or oxidation first

Y single-electron
Are oxidation '?\r i
Ph;P—Au"
0]
PhsP—AU! reductive
(@) elimination

+
N | PhyP—AU! 3
H* 1

Tlahuext-Aca, A.; Hopkinson, M. N.; Garza-Sanchez, R. A.;Glorius, F. Chem. Eur. J. 2016, 22, 5909-5913.



3. Merging visible light photoredox and gold catalysis
How to differentiate transmetallation first or oxidation first ?

Plot A PlotB
PPh,AUNTY, (6= 28.4 ppm) i
MeO. -~ _B(OH), : il
e * T, PR AT, s ruserern e 4 Cationic PPh;AUNTT,  undergoes
1 $ 1 - 1 3 0.025 s 1 - -
2 transmetallation first.
| : t=15h l
. Onte Z PhJ’
PREM~4_g M (=443 pom) (5:2:3 ppm)
l Ia t=l4 h ' l
Figure 1 3P NMR studies in CD;CN:D,0
PPh AuCl PPhAUNTY, (6= 28.4 ppm)
Plot € PPh A PPh AGNTY, Plot D
03 catolyst =0 9% catolyst
neutral PPh;AuCl undergoes | "
the expected “oxidation first” =t T sttt
PPh, )’ .
pathway. © 6 . PhoP Ay OMe (5= 44.3 ppm)
| (6=228ppm) Y .., =
34 30 26

38 £ 30 26 &2 8

4
e 35

Figure 2 *P NMR monitoring of PPhs;AuCl-catalysed reaction (plot C) and
PPh3;AuNTf,-catalysed reaction (plot D)

Gauchot, V.; Lee, A.-L. Chem. Commun. 2016, 52, 10163—-10166.



Outline:

4. Conclusion



4. Conclusion

1. Dividing two electron transfer into two single electron transmetalation reduces
the high activation barrier.

2. Unlock a new paradigm for sp3-sp?, sp-sp?, sp?-sp? cross-coupling.

3. Reacting under mild condition demonstrates greater functional group tolerance.
4. The mechanism about oxidation first or transmetallation first remained confused
in dual gold/photoredox catalysis

Outlook

Can sp-sp® cross-coupling be realized through this dual gold/photoredox catalysis??
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3. Merging visible light photoredox and gold catalysis
Photocatalyst-free gold-catalyzed difunctional of alkynes

o)
OH + = Z
. N2BF,4 (p-CF3)CgH4)3PAUCI(10 mol%)  Ph
o = ©/ MeOH, 12 W blue LEDs, rt,24 h
1 2 no photocatalyst 3 64%
________________________________ T
Proposed mechanism
= +
Ph ArN,BF, 2
LAu'CI
3 SET

A ® :
u' L_AU”C| + lNEN—Arl
A
1,3-hydroxyl Shlft\H+

@ 1
H——Au”'CI L—,?\u Cl
light NoAr

7‘/ B
Ny

Huang, L.; Rudolph, M.; Rominger, F.; Hashmi, A. S. K. Angew. Chem., Int. Ed. 2016, 55, 4808—4813.



3. Merging visible light photoredox and gold catalysis
How to differentiate transmetallation first or oxidation first ?

a) Bourissou \@ |
/

$*<\’L X = GaC|4 E
/Au X y@ or NTf, : [ )>—Au—X -
p N ip chloride source
2 O R O
/7_1// ® ! rin,
o =BH 8/7 P )
® \Au :
F’/ : X ="0OTf
R © I
X
biphosphine ligand with a small bite angle:
preorganize the coordinaiton geometry around the metal
center to accommodate rhe aquare planar arrangement.
c) Glorious
5
BF,
+ - ., L
N,BF
2574 4 _ad-Cl [Ru(bpy)s](BF4)2(0.5 mol%l lAuIlI
Z>N MeCN, rt, 4 h, green LEDs =~ >\’ Cl
S | A |
1a 2a 3aa 80% yield

square planar complex:
kinetically stable
resistant to reductive eliminaiton

Tlahuext-Aca, A.; Hopkinson, M. N.; Daniliuc, C. G.; Glorius, F. Chem. Eur. J. 2016, 22, 11587-11592



