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Background
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b 4
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Ru(bpy),*

Ground State

B Absorption at 452 nm (visible light)

B Stable, long-lived excited state (t = 1100 ns)

B Single electron transfer (SET) catalyst

B Effective excited state oxidant and reductant
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* Maximum absorption at 375 nm (visible light)
* Single-electron-transfer catalyst

= Effective oxidant and reductant

* Triplet energy of 56 kcal mol™

* | ong-lived excited state (r=1.9 us)
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Background

Ru(bpy)s**
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Background
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Background

Kellogg’s work1978
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Background

Pac’s work1981
O

CO,Me NH, 2 mol% Ru(bpy);Cl; CO.M
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Background

Deronzier’s work1984

. > BNANBEXEJF,
el o ' 78 B E A
‘ b - (O > e B E A
2 210, quantitative ﬁl? Ru ( b py)3+ﬂl EJ‘

: - . | s BE R 7HIRh

I o sy, SN ® > BRASETHEA
QQ BK

Gy CO,H

+N, CO.H CO,H
. o Ru(bpy);** -
Q O - O H Q
207 208

Cano-Yelo, H.; Deronzier, A. Tetrahedron Lett. 1984, 25, 5517-5520 11



Science; Merging Photoredox with Nickel Catalysis: Coupling
of a-Carboxyl sp3-Carbons with Aryl Halides

Z.Zuo,D. T. Ahneman, L. Chu, J. A. Terrett, A. G. Doyle, D. W. C.
MacMillan Science, 345, 437-440 (2014)

Feedstock chemicals Commercially available

Ph }
Photoredox Catalysis Nickel Catalysis
Alkylation Negishi
Arylation Suzuki
Cycloaddition Stille
Dehalogenation Kumada
2 Hiyama
u
Photoredox-Metal Catalysis i :
____________________________ 0 direct sp3-sp? cross-coupling
Visible light Transition metal <:)_© broad platform of reactivity
catalysis + cafalysis
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Proposed Mechanism
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Scope of substrates

Boc OH Z
Boc-Pro-OH aryl halide
iodoarenes X =1
N
Bo
o Me

(£)-10 78% yield

"
e OMe

(£)-12 74% yield

chloroarenes X =Cl

(£)-23 64% yield

1 mol% photocatalyst 1
10 mol% NiClsglyme

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

Boc .

(£)-11 65% yield

Boc
Cl

(£)-13 77% yield

. I_MF"I'I

|
Boc N_ 2N

(£)-24 65% yield

Catalyst Combination
-Bu
= ~Cl
Vol 2 SNIL
Boc e N cl
-Bu
(£)-benzylic amine

-Bu

F

M
| | vy
Ir
N F
J X

bromoarenes X = Br

N,
N'
FsC
|

F
) y y
Boc ™ Boc COMe Boc oN

(£)-14 86% yield (£)-15 90% yield

(£)-16 75% yield

CF; Me
Boc Bo B N
1 CFa oc 5

CF4

(£)-17 87% yield (£)-18 88% yield

7 | X Me
|
Boc N =

(£)-21 67% yield

(£)-20 B2% yield

(£)-19 85% yield

%
N]‘*-
|
BDC/GF

(+)-22 60% yield

3
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Scope of substrates

A g
o 1 mol% photocatalyst 1 i
B Br 10 mol% NiCl -glyme
\HJ\DH \(:L > R
NHBoc Ac 15 mol% dtbbpy, Cs,CO4
DMF, 23 °C 5
amino acid  1-acetyl-4-bromobenzene blue LEDs (2)-benzylic amine
amino acid product amino acid product
Ac
(N Qe O A
';' St 'i" . N | NHBoc |
! NHBoc
Cbz Cbz s : Enc" Iq
i Boc
Cbz-Pro-OH (£)-25 93% yield ' Boc-Trp(Boc)-OH (£)-29 83% yield
Ac
Me Me :
cO ;
W |4 A, .
NHBoc NHBoc E O COH ”

Boc-Val-OH (£)-28 72% yield Tetrahydro-2-furoic acid (%)-33 82% yield



The direct Csp3—H, C—X cross-coupling

ety ey | (WD) &
N H X -
\'\. N
[ S
l.',.0"

N
| —R
— = .
4 4
= —HX
dimethylaniline aryl halide L t
commercial substrates

;
oc
direct C-H,

C-X cross-coupling
it T+ AL

ALY

.

Key Intermediates

1] %] M Y|
'E'-..N/\@\ Eme E‘N/@\ EHN,\C“IL
@ Me @ cl @ OMe @ Zcr,
34 84% yield 35 72% yield 36 93% yield

37 60% yieldT

(B) are as follows: photocatalyst1[1 mole % (mol %)]; NiCl.-glyme (10 mol %), dtbbpy (15 mol %)JKOH
(3 equiv.), DMF, 23°C, 26-W light. *lodoarenes used as aryl halide, X = |. TBromoarene used, X = Br.
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I pubs.acs.org/JACS
Jou

RNAL OF THE AMERICAN CHEMICAL SOCIETY J. Am. Chem, Soc. 2015, 137, 624-627

Merging Photoredox and Nickel Catalysis: Decarboxylative
Cross-Coupling of Carboxylic Acids with Vinyl Halides

Adam Noble, Stefan J. McCarver, and David W. C. MacMillan*

Merck Center for Catalysis at Princeton University, Princeton, New Jersey 08544, United States

Decarboxylative Arylation with Nickel and Photoredox Catalysis (Eq 1)

O\ Br photoredox
N COzH - rlq

Eﬂc and nickel Boc

amino acid aryl halide benzylic amine

Expanding this New sp®-sp? Coupling: Decarboxylative Olefination (Eq 2)

(X o prowrsaox | LN, |

\.‘\Hfff"‘\ M -
o CO.H ¢ and nickel

. . wide access to
abundant vinyl halide sp3-sp? couplings
carboxylic acid
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Scope of substrates

78%"

S
C 1 mol% photocat. 12 C
X 2 mol% NiCl,+dtb
A DBU, DMSO) 25 °C A DBU
a-oxy acid vinyl halide 34 W blue LED (+)-2-alkenyl THF e .
1,8 Rk
entry product, % yield entry product, % yield c-oxy acids product, % yield
& O\f/’\
&/\O O\Aﬁ o GDZH o n-GE}-I“!
(£)-23 92%
(£)-13 90% (£)-14 T8%
&/\Q EI'ID ~— EDEI'I BI'ID W .I'T—’EEH13
3k o NP 1 Q\’/\/\oaﬂ 27 7%
(£)-15 74% (£)-16 T7% a-amino acids
5 O\#\W\ Gk &,—}-\/Nthh & O\/\
0 2 d o N T COH N7 N G
|
(x£)-17 68% (£)-18 67% Boc
n-CeHs Me Boc-Pro-OH (£)-29 90%
b D\/L
7 o] 7 5 0 = Me alkyl carboxylic acids
(£)-19 84% (£)-20 71%
CDZH U\\WH'EEHH

©-21 73% (£)-22  60%
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Communication

JAC!'S

JOURNAL OF THE AMERICAN CHEMICAL 5OCIETY

pubs.acs.org/JACS

J. Am. Chem. Soc. 2016, 138, 6, 1832-1835

Enantioselective Decarboxylative Arylation of a-Amino Acids via the
Merger of Photoredox and Nickel Catalysis
Zhiwei Zuo, ® Huan Cong,m Wei Li, Junwon Choi,” Gregory C. Fu,** and David W. C. MacMillan*"

"Merck Center for Catalysis, Princeton University, Princeton, New Jersey 08544, United States
*Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, California 91125, United States

C  Asymmetric Decarboxylative Cg,3—Cgp2 Cross-Coupling (this work)

0
R ~ |3"'r photoredox catalyst
OH e -
Br

NHBoc
CN
amino acid aryl halide
0~ 0
I
NH N\)
@ Al +NiCl, Ar

(chiral Ni catalyst)

| Ar— nlqi"Ln*

) |:x ® HHE™4

NHBoc > i1k
> fico,, ik

enantioenriched
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|
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Reaction condition optimization and scope of substrates

Photocatalyst Me Me
s 0 0
‘u)ﬂr\;
PEs Me-NH HN—Me N N,
Ph Ph
we (8,512 (5,53
tBu cN {5,5)-4: Ar=Ph
ﬂ\‘)\|,0 (5.5)-5
Ar= i Ph
S, NH N|\> 3.5-di(t-Bu)
[IfdF(CF 3)ppyla(dtbbpy)]PFg o (5,5)-&
(1) ~ A" Ar=4-(t-Bu)Ph

2 mol% photocat. 1

Me  [MHBoo 2 mol% NiClyglyme Ne  NHBoc
Me)\/-\GOEH 2.2 mol% (S,5)-6; TBAI Ma/l\-)"'*@
4-bromobenzonitrile i
Boc-Leu-OH C5,COy, blue LED optically CN
(1.5 equiv) DMEMoluens, rt. active
entry variation from standard conditions ee (%) yield (9)"
1 (5,5)-2 instead of (5,5)-6 - <2
2 (8,5)-3 instead of (5,5)-6 9 28
3 (5,5)-4 instead of (55)-6 77 34 \
4 (5,5)-5 instead of (55)-6 86 59 EWﬁﬁ%ﬂ
5 none 92 69
& no NiCl,-glyme - <2
7 no (5,5)-6 — <2
8 no photocat. 1 - 0
9 no light - 0
10 (R,R)-6 instead of (5,5)-6 -91 72

*All data are the average of two experiments. "Yields determined by
H NMR spectroscopy using 1,3-bis(trifluoromethyl)-5-bromo-
>enzene as an internal standard.

Table 2. Scope of the @-Amino Acid”

2 mol% photocat. 1
2 mol% NiClyrglyme
2.2 mol% (8,5)-6; TBAI

CO.H

NHBoc

4-bromobenzonitrile

NHBaoc

Cs,COs, blue LED

amino acid (1.5 equiv)

entry product

1 CN
Me
Me NHBoc

71% yield, 92% ee

3 CN
Me
w

NHBoc

84% vyield, 90% ee®

9 CN

67% yield, 90% eec

11 O CN
! j‘ NHBoc
N

f'nl'le'J

51% yield, 84% ee®

NHBoc

DMEftoluene, r.t.

benzylic amine

entry product
2 CN
Me
Me  NHCbz
45% yield, 88% ee
4 CN
Bn.

84% vyield, 84% eeb

10 ‘ CN
BocO I

76% yield, 85% eec

12 CN

2% yield, 91% ee®

NHBoc
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Scope of substrates and synthesis of drugs

Table 3. Scope of the Aryl Halide”

Scheme 2. Catalytic Asymmetric Coupling To Produce

*~y  Pharmacophores
COH /x“y asin Table 2 . |
R | - = R CF,
NHBoc Br X NHBoc CF5
amino acid aryl halide benzylic amine M 7
e >
entry product entry product CFs Me
Me MNHBoc CF;
. Me HN 0
T76% yield, 96% ee
Co,H
Me  NHBoc Me  NHBoc asin o
Table 2

T76% yield, 91% ee

W@ﬁ

Me  NHBoc

T1% vyield, 89% ee

or

NHBoc

74% yield, 93% ee?

=N

NHBoc

84% yield, 91% ee?

2 N | F Me  NHBoc
x E 69% yield, 90% ee
NHBoc

62% yield, 91% ee

0
COMe Me
OH

Me NHBoc
Me NHBoc

asin
Table 2

CF Q

3
NHBoc
60% yield, 91% eebd :>

o

PEG ; receptor antagonist

o
N
Me
Me HN l

glucagon receptor antagonist

73% yield, 91% ee?

T

OzH

\ )

47% yield, 90% eed 21



J. Am. Chem. Soc. 2015, 137, 624-627

@ I IR & ] \UIER Very Important Paper

International Edition: DOI: 10.1002/anie.201501908
German Edition: DOI: 10.1002/ange.201501908

Merging Photoredox and Nickel Catalysis: The Direct Synthesis of
Ketones by the Decarboxylative Arylation of a-Oxo Acids**
Lingling Chu, Jeffrey M. Lipshultz, and David W. C. MacMillan*

b) Metallaphotoredox decarboxylative keto acid arylation

(0]

aryl halide keto acid

L.
-

Br o)}
@/ H'D\”)‘\_/ME m i Me

0 photocat. aryl
Ni' ketone

O o)

'D\n)-l\/nne — SET — .lLVME

0 accepts electron

Photoredox —> (a) decarboxylation (b) A Ni oxidation state

Ni' —SET - Ni°

donates electron

B F+EMN = FrEE R
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Reaction condition optimization

(8] photocat. 1 0
.L;KHD &= )
e o Ni cat. 12 - O Q
base, DMF
aryl halide keto acid aryl ketone
Entry Base Light source H,O [equiv] Yield [%]
1 Cs,CO; blue LED strips 0 13
2 Li,CO, blue LED strips 0 38
3 Li,CO, 34 W blue LED 0 60
4l Li,CO, 34 W blue LED 0 74
50°] Li,CO, 34 W blue LED 2 84 ?
61 Li,CO, 34 W blue LED 3 54
71l Li,CO, 34 W blue LED 2 88

[a] Yield determined by '"H NMR spectroscopy using 1,3-bis (trifluoro-
methyl)-5-bromobenzene as an internal standard. [b] Reaction time:
72 h. [c] 2 mol % of the photocatalyst.

“presumably owing to
protonolysis of the
putative Ni' aryl
complex at high H20
concentration”

“AIReR BT RER
Ni'"J5 & YE S
H,0 WE N KERT
griE”
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Scope of substrates

o] photocat. 1 O
I HO C .
/©/ ® + — ®
Me o Ni rcat. 12 -
LIZCG;;
iodotoluene keto acids aryl ketone
o]

Me

Me

Me

Me

U

13 88% yield

0

15 60% yield

oy

17 88% vield

19 90% yield

(o] Me
I Me I
14 92% yield

8]
Me I I OMe

16  65% yield

Me Me

Q

Me
18  80% vyield

o
Me

Me
20 91% yield

R o] photocat. 1 0
R
ﬁ\n X Ho a & - r\x
A =~ o] Nicat. 12 AI -
LioCO4
aryl halides keto acid diaryl ketone

X=1

Q O

ShS

13 88% yield

Me

74% yield CF,

&
(D

24 70% yield®

0]
CFy

26 88% yield

9]

Q

®

30 81% vyield

32 80% yield

CO.Me

8]
B
N
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Metallaphotoredox decarboxylation and its application.

a) Carbonyl C(sp?)-Olefin Coupling to Generate Vinyl Ketones

N
Me o 1 Me O
)*Br Ho\n)‘\/ Bu wllﬂ.lr )VJ\/
Me " -
5 photocat. Ja IR
vinyl halide keto acid 73% yield vinyl ketone

b) Carbonyl C(sp®)-Alkyl Halide Coupling —> Dialkyl Ketones

0
@]

alkyl halide keto acid

c) Metallaphotoredox Decarboxylative Coupling

tricarbonyl acid

MB Me
MB

Ni”
- j i
il fBu
photocat. ] J:% %{ﬁ
88% yield

dialkyl ketone

—» Fenofibrate

RS

2 steps commercial
JEvE DUAE: YRIT R LR
3 steps in total photocat. 1
o \IR( Ni cat. 12
Ma fenofibrate 71% yield 25




LETTER Nature, 536, 322-325 (2016)

doi:10.1038/nature19056

Metallaphotoredox-catalysed sp>-sp? cross-
coupling of carboxylic acids with alkyl halides

CraigP.J ohnston'*, Russell T. Smith'*, Simon Allmendingerl & David W. C. MacMillan'

M 5 Commonly used =.. R
4
©/ Br sp°-sp?/sp® coupling ©/\/ *’Lg}\;-:sp3_sp3% E{J 7'-\‘ :l:%
)
M Underexploited R > B-H.‘{ﬁl}/%
(j/ Bre " 3_sp3 ing (j/\J
sp -sp* coupling 0

© > OAE

>

73
N

CO.H ® Abundant
O/ B Inexpensive

0] m Bench-stable S Fati : .
ynergistic catalysis N

l
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Proposed mechanism

Carboxylic acid ~H*, -CO,

o Q _

*Ir'" (2) Ir'" (5)
Oxidant Photoredox Reductant
catalytic 6
cycle L Ni®
ET
-Br-
Nickel
‘u‘|5|ble light 11 L Ni — Br catalytic Alk — NiL, 7
cycle
Br
[
o - Alk — Ni"L | R 8
sp3-sp® coupled product ‘) Alkyl
9 halide
R

“At present, we cannot rule
out the possibility of an
alternative mechanism that
involves Ni’>-mediated
oxidative addition and
trapping of the alkyl radical
4 by a Ni" species”

ANHEER Fe AN AR A AT i
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Scope of substrates

a 2 mol% Ir photocatalyst 1 Catalyst combination

10 mol% NiCl,-glyme

FiC -
PRy | i
P|4 F
- Ilr '

MeD t-Bu ]
- COoH " 10 mol% 4,4’-dOMe-bpy v . . T
| 1 | | Mi
L J Br L J =N v = N £
S K,CO,4H,0 JMeCN, RT, T~ MeO —== t-Bu = N
. . . blu ,48 h \| )
Carboxylic acid Alkyl halide spi-sp® coupled product F.C

b Alkyl halides

{ X~
\
Boc

(#)-12 85% vyield

M
’ﬁ
Boc
(+)-18 83% yield

€ o-heteroatom acids

(j\A/Ph
N

|
Boc

(£)-30 61% vyield

(£)-33 71% yield

20 eq H,0: /D HE R R ?

|
Boc

(£)-13 65% yield

%O
7
Boc

(£)-19 62% yield

&/\/Fh

/!
Boc

(B)-31 70% yield

e T Vo
MeO

34 61% vyield

LA~
|
Boc
(#)-14 84% yield
\
Boc
(£)-20 75% vyield
Me
N )j\/\/
Ph
#
Boc

(H)-32 72% vyield

(A~
o}

(1)-35 74% yield

&A,CozEt
N

|
Cbz

(£)-15 64% yield

(#)-21 52% yield

(£)-16 96% yield

e

Boc

(£)-22 84% yield

()\/\/OH
N
|
Boc

{H)-17 86% yield

(£)-23 62% yield

d o-alkyl acids

g\/\ Ph (\/r\/\ Ph U\/\ Ph
CbzN

o
36 62% yield (£)-37 66% vyield 38 52% vyield
BocHN /\(\/\Ph K\/\/\ Ph Bh
Me | COMe
(£)-39 58% yield 40 43% vyield 41 40% vyield

EFEMER

e
2%, ER
R
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Communication
pubs.acs.org/JACS
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Alcohols as Latent Coupling Fragments for Metallaphotoredox
Catalysis: sp>—sp? Cross-Coupling of Oxalates with Aryl Halides
Xiaheng Zhang and David W. C. MacMillan* J. Am. Chem. Soc. 2016, 138, 13862-13865

Merck Center for Catalysis at Princeton University, Princeton, New Jersey 08544, United States

© Supporting Information

Metallaphotoredox-mediated alcohol cross-coupling via oxalates

== M Light-mediated C-0 Bond Cleavage
PhBr |

OH [ o] 1
{}\1)\ # . - M No Purification Needed for Oxalate
— OH — L IF Y NiYy—
L S N
C/ O B Broad Scope in Alcohol
‘I il

alcohol add oxalyl chioride, cross-coupled
without purification product

W Naturally Occuring Functionality

ERR 9T %, TIRRAAERK
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Background

Alcohols as a class of native nucleophiles Challenge: C-0O
o bond activation
HO L~ -Me Me
Me OH
OH Me O/\_,-\
6 96 kcal/mol
HO high energetic barrier
= simple = abundant = commercial to cleavage
Not yet commercial Commercially available
B(OR), B(OR), OH OH
o I-Pr (b A iPr @
- C & - /O/ N
Me Bocf Me Boc'f
B(OR); OH
- B(OR), x OH
Me\'\(J\ Me\t’))\
Q Me N Me
MeO,C Boc 7 MeO,C Boc 7
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Proposed mechanism

sp3-sp? coupling via alcohols
~ OH
f' - - T/ 5 A-..
%

r

1

L
] L

alcohol product 10 N-Nil- Ar ‘_\i

N-N]I"—Ar
N
Nickel ¢
5 Catalytic
- dtbbpy)Ni'L,, Cycle
" Y \H)J\OH e
; ) 11
S 0
M (5)  —\
3 reductant SET o~ (dtbbpy)Ni°L,,
\ / \ 6 Br
i \ Photoredox I (1) \O
_ 2C0, S/ICT Catalytic —
Cycle
_ y bromide 7
I"’ﬂ\':_ ‘/ 7
L, 3 ' (2) Ty mw
oxidant blue LED

alkyl nucleophile 4
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Reaction Condition Optimization

OCOCOH CO;Me CO.Me .
00, > FHEMUBRS BE X
-
WL == =N
= | B, FUAER AR
I Boc
Boc Br CsHCO,, 4 h sp®-sp? €. BE : SE=
oxalate aryl halide arylation product > 716“"‘ PC. Ni, Wi’am
N,
Z .
entry conditions solvent temp. (°C) yield (%)b M\ ~ ﬁ E(J ’
| wshown  DMSO 50 > MEREERRMA .
2 as shown THP 25 8 ——
3 as shown THP/DMSO 5:1 25 39 r" Vg el -
4 as shown THP/DMSO 5:1 50 52 P
5 as shown THP/DMSO 5:1 70 65
6 as shown dioxane,/DMSO 5:1 70 62
7 no photocatalyst ~ THP/DMSO 5:1 70 0
8 no Ni catalyst THP/DMSO 5:1 70 0
9 no base THP/DMSO 5:1 70 0
10 no light THP/DMSO 5:1 70 0

“Performed with photocatalyst 1 (1 mol %), NiBr,-dtbbpy 12 (5 mol ; _
%), aryl halide (1.0 equiv), oxalate (1.3 equiv) and CsHCO; (1.5
equiv). “Yields were obtained by '"H NMR analysis of the crude U4%T: 80°C; PiAT: 70 °C;

reaction mixtures using an internal standard. 37



J. Am. Chem. Soc. 2018, 140, 5701-5705

Communication

' t \ ( ; S #®, Cite This: /. Am. Chem. Soc. 2018, 140, 57015705

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Decarboxylative Hydroalkylation of Alkynes
Nicholas A. Till, Russell T. Smith, and David W. C. MacMillan*

Merck Center for Catalysis at Princeton University, Princeton, New Jersey 08544, United States

this work: sfereoselective radical addition fo unactivated alkynes

radical capture migratory insertion
R
=T, &=
= ML, R L Ni =]
|

{}

carboxylic acid alkyne stereodefined olefin

pREE H N R

pubs.acs.org/JACS
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Proposed mechanism

O\ 4_\. light-mediated AR GEREE:

Pi' CO-H i ,;, 4 radical generation %— %7% %@E *@@ J: % ﬁ% %’
anonpesca |\ o] 55— 2 1 ph e
/ \ (K, =109s71, -133°C)
s o Eﬁ\m”"‘f" (E-EZNTE L STI0R
Photoredox — X $E P 1
R BE AR LT85 FE ORI
o Bemit  Clsp)fE.

X
O e LnNi".::

+
. I (1) SET A o
e 10 })ﬁ?,f’t O\FH—F’T
/ . o0

: Boc n-Pr Et:rr.: Me

visible f"wt

light 6 LoNi—X Nickel ”—ﬂ" ()-21, 60% vield (£)-22, 71% yield

; Catalytic Cycle 9 =20:1 E:Z =20:1 r.1.
5 u“"j
L E, ;" [Ir'"/Ir"] = -1.37 V vs SCE in MeCN
red[Nill i01 = i
X E,/, "¢[Ni"/Ni®] = -1.2 V vs SCE in DMF
L Ni*
nickel-mediated . A ——n-pentyl

radical addition
alkyne 8
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J. Am. Chem. Soc. 2015, 137, 37, 11938-11941

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Fragment Couplings via CO, Extrusion—Recombination: Expansion of
a Classic Bond-Forming Strategy via Metallaphotoredox

Chi “Chip” Le and David W. C. MacMillan*

Merck Center for Catalysis at Princeton University, Princeton, New Jersey 08544, United States

Metallaphotoredox: Anhydrides to Ketones using CO,ExR (Eq 4)
(X Y
Q10 WK

A 0 B
O O

- ) 0
1] ”‘!

mixed anhydride ~CO, fragment-coupled ketone
trivial C-O formation challenging C-C formation

JRAL A SR B

Metal insertion—-decarboxylation-recombination

35



Background

198

Conventional Metal-mediated sp2-sp? Fragment Coupling (Eq 1)

Transition Metal
- o — roen:

M = ZnX, B(OR),

Fragment 2 — X

X = halide
0
Tsuji-Saegusa CO,-Extrusion-Recombination: Enolate Allylation (Eq 2)
o) o Transition Metal
OM CO,-Extrusion N =

-

Recombination

General CO,-Extrusion-Recombination (CO;ExR) Coupling (Eq 3)

Fragment 1

O CO,-Extrusion

0]
Fragment 2 -~

Recombination

Metallaphotoredox: Anhydrides to Ketones using CO,ExR (Eq 4)

;_.-' "-\I I./__. I r —-\.\I
I\\_A J G - ‘\E"‘J U w \_‘ﬁ 1‘ \‘? ___,J'I
> = °

)

mixed anhydride _co,
trivial C—O formation

fragment-coupled ketone
challenging C-C formation

JEHEE R SR AL

— BRI JRALTE BB BT
Fig . A H IR ES

BB N
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Proposed mechanism

co,
N D\I(\ Me Extrusion N Me
- |
' Boc ©

Boc O o Recombination

amino acid anhydride 1 (%)-c-amino ketone 2

NilL,,

visible light I (7)

m """ ( I (9) E)_Nlm_l_

’B{JC 1Al (8)
O
o- NI” L,
4
‘3' g
pre-oxidation traceless
complex byproduct

E,,d*I/Irf] = +1.21 V vs SCE in MeCN

BUOR S *IM B 55 AL
P, TETEEUNI"F T,
HF AR LB R
FE L R e 22 Pt 2L N 455
=X/



Proposed Mechanism

ﬁ& » A_XW cHpn @D () (M)

AT L_Xn/
. C,H4Ph
- |

CO

Boc O base, MeCN, 25 °C Boc O DBU
anhydride (formed in situ) NiClzrligand, 16 h (+)-CO-ExR ketone :ﬁ%&:
entry conditions base ligand  byproduct 10°  ketone
1 as shown Cs,CO, 11 20% 40% 4 Initial experiment
2 as shown DBU 11 14% 70%
3 as shown DBU 12 3% 84%
4 no photocatalyst DBU 12 0% 0%
5 no Ni catalyst DBU - 0% 0% W
6 no base — 12 0% 0% I.I'l III
Boc ©O Boc

7 no light DBU 12 0% 0%

- byproduct (10)
8 as shown DBU 12 5% 73%

“Reactions performed using photocatalyst 7 (1 mol% ), NiCl,-glyme (5 T A R ?
mol%), bipyridine ligand (5 mol%), hydrocinnamoyl chloride (0.10
mmol), N-Boc-L-proline (0.13 mmol), and base (0.13 mmol). Ylelds
determined by GC analysis using an internal standard. Ma]nr
byproduct. “Anhydride was synthesized and isolated prior to reaction. 38



-

7T 2
[] i EI |
L OH o
‘:"'t/\]/ \Tlf
o (8]

carboxylic acid acyl ehloride

acyl chloride scope with A-Boc-L-prolina®

o
Ph
% Wum
I 3
Boc O

Boc O
(£)-14, 865 yield

W N
Boc O

|
Boc O

(£)-15, 77% yield

(£)-17, B6% yield

(}YD
Bac O

(£)-20, 85% yield

0
"
Boc O

(£)-23, TB%: yield

(£)-18, 83% yield

(N
Boc O

(£)-21, 79% yield

M
Boz O

(£)-24, 65% yield

(VAR AP

Me
ke
Me
M N Me

I Me I
Boc O Me Boz O

(£)-26, 50% yield (£)-27, 32% vicld

M
Z
N

Boc O
(£)-16, 83% yield

W
Boz O

(£)-19, T1% vield

\
Boz O

(£)-22, B2% vield

g%#?
Boz © Boc

(£)-25, 0% yield®

Ohde
N
Boc ©

(£)-28, 72% vield

o 34 W blue LED, 38h, 25 °C o
anhydride (formed in siu)

& mal% ligand 12 -
5 mol% MiCl-glyme L '

1 mole photocat, 7 or 13

(t)-coupled ketone

aming acid scope with hydrocinnamoyl chloride®

F
CHPh ; b... _CaHaPh C.HPh
N H T "
0 Bac o

Boc Boc

e

29, T0% yield® (=20:1 dr) 30, 82% yield® (8:1 dr)

CaH P Qrcz“fh
I
: Boc O

(=)-31, B0% yield®

CHaPh
M
Boc O

bl

Boc O
(%)-32, 76% yield (#£)-33, 69% vield (£)-34, 40% vield
P Cy +-Bu
Hxnj\ﬂ/czu_ﬁ. H‘Nﬁ/cﬁfh HH_N)\H/G;,H_,Ph
| I |
Boc O Boc O Boc O
(£)-35, 55% yield (£)-36, 58% vyield (#)-37, 59% vield
Me._ _Me Me.__Me e »ﬁz FHEZ M) /)N
H-"illrﬂﬂ"ﬁ Me._ TLrﬂﬂ'hPh Bn mrﬁ)ﬁrcaﬁ'f‘h
Boc O Boc O Boc O
(£)-38, 64% vield (£)-39, 75% vield (£)-40, 80% vield

other compatible dialkyl substrates

A g JEE R

8] 8]

<

(£)-41, 65% vield® 42, 46% yield®d 43, 49% yieldbd
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Mechanism research

Rearrangement of Cyclopropylacetic Anhydride Substrate (Eq 5)

Y oY
( ) 0 AN,
AV, - S
éoc 0 @] mlliifll éOC O —1 /). — Yy »
> FALRFICIER T &R
a4, Q =13¢ QO =12¢ 45, 82% yield, 85% 12C )\B‘]@:ﬁo ?EIK/]?J:, fﬁ)\
S LA g A AL AR X
Extrusion Recombination with 13C-labeled Mixed Anhydride (Eq 6) ﬁiiﬁ%‘[‘iﬂ‘] ’ Wﬁ%‘ 2_—71% Bf]‘ fj]
L ), o Ph @ @ O\W/\/Ph SENIFEFEARE, B
NN —= BB R N R AR TR —
Boc O O &= Boc O fﬂﬂo
46, O =13c O =12¢C 47, 86% vyield, 85% 12C

Proposed Mechanism Based on Cyclopropyl 13C-labeling Studies (Eq 7)
0 O S
() 0 AN — () o A > HUERHEN: 2 5 B
G i y PSR, AR
2 ’ ‘ IE=Ei;SER

carbonylation T

Boc ©O

l decarbonylation
ring

O 49 opening 50
BNV, VIR g A E

Boc O OCO Boc O Oco 40
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Native functionality in triple catalytic
cross-coupling: sp® C-H bonds as
latent nucleophiles

Megan H. Shaw,” Valerie W. Shurtleff,* Jack A. Terrett,*
James D. Cuthbertson, David W. C. MacMillant

Science, 352, 1304-1308 (2016)

Catalyst Controls Selectivity Among Multiple sp3 C-H Bonds in Cross-Coupling /J?/ 5
Ac
H R H H e H A:'N G ;
HiC” N7 H /_V/_\ HC” N electrophilic nature
— .—h..
D’&o Qﬂ/ Ni o/J\-m
/|\ \_/ ,{\ selective abstraction
HiC “ | “CH, HaC” | “CH, )
Hy triple catalytic CHs of electron-rich C—H

activation bonds
- single C—-H functionalization

19 sp® C-H bonds

Photoredox, HAT, and nickel-catalyzed cross-coupling
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Proposed mechanism

1 mol% NiBry+3H;0, 1 mol% 4,7-dOMe-phen

3-acetoxyquinuclidine (1.1 equiv.)
1 mol% Ir[dF{CF 3)ppy]z(dtbbpy)PFg

i H: Br
nickel catalyst N \©\
[
R COMe
MeO .
NJ"'Ni B C-H nucleophile aryl halide
N’F" ., Br
MeO
N-Boc
pyrrolidine
HAT catalyst

Oen
ﬂjmﬂ 3 N H
ZN Boc

HAT

F7

photocatalyst

Organocatalytic
Cycle

=]

BB AL

\\://

5*@
s COMe

C—H arylated product

H-0 (40 equiv.), DMSO (0.25 M)
34 W blue LEDs, fan

visible light —
Al (2) %\Cogﬂe
ettt 1
oxidant =i
Photoredox
Catalytic -
Cycle LNi' —Br
SET SET
=Br-
Ir! (4) Nickel 12 B
reductant Catalytic AIh—NI"'L
L Ni? 9 Cycle
3
@,UAG
A
Br
10 \@ L, Nl"—.ﬂ.r
CDEME‘
|
aryl bromide Boc

E, /" [*Ir"/Ir'"] = +1.21 V vs Ag/AgCl in CH,CN

E,/," quinuclidine = +1.1 V vs Ag/AgCl in CH,CN
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Scope of substrates

(>—®fcozma
N

(+)-35 58% yield

I 3-acetoxyquinuclidine (1.1 equiv.)
{ H e 1 mol% If{dF(CF 3)ppyl2(dtbbpy)PF ¢
M 1 mol% NiBrs+3H50, 1 mol% 4,7-dOMe-phen
ém CO,Me -
H-O (40 equiv.), DMSO (0.25 M)
C-H nucleophile aryl halide 34 Whblue LEDs, fan
aryl bromides
N N N N
I I ] 1 o
Boc ~ Boc Boc SOMe Boc
F o
(£)-15 B4% yield (=)-16 71% yield (=)-17 78% yield (=)-18 76% yield
amines
" N N
R écn Bos I%
e COzMe CO.Me =
(£)-14 R=Boc 81% yield (£)-33 42% yield (£)-34 69% yield
(£)-30 R=Piv  79% vield
methyl vs. methylene methyl vs, methine methylene vs. methine
CaHy Me
Boc |
B coMe e COMe CoMe)
48 T8% yield 49 82% yield (£)-50 62% yield, 1:1 dur. :
4:1 ra? single regioisomer single regioisomer :

> AR RY B X &%
> o-FEMFEC-HP R EH

I
Boc
CO Me

C-H arylated product

arvl chlorides

: (£)-27 81% yield

OH
N
|
Boc

(£)-36 45% yield, >20:1 d.r.

ethers

benzylic C-H

()51 n=2 76% yield
(£)-52 n=1 53% yield

53 54% yield®
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Application

L

=
o
6
%J-—Z

— W

decarboxylative arylation

1 mol%e photocatalyst 1
10 mol% NiClsglyme

15 mol% dtbbpy, Cs,CO,
DMF, 26 W CFL light, 23 °C

HAT arylation
66% yield, 4:1 d.r.

- HO

then LiOH, HoO/THF
90% yield, 6:1 d.r.

HO,C

PG

HO.C™ N R
| TRy
HAT arylation (this work) G

3-acetoxyquinuclidine (1.1 equiv.)
1 mol% Ir[dF(CF 3)ppyl2{dtbbpy)PFg

decarboxylative
arylation

73% yield, 4:1 d.r.

1 mol% NiBr2*3H,0, 1 mol% 4,7-dOMe-phen

H,0 (40 equiv.), DMSO (0.25 M)
34 W blue LEDs, fan

dual cross-coupling
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S LETTER Nature, 547, 79-83 (2017)

doi:10.1038/nature22813

Selective sp> C-H alkylation via polarity-match-
based cross-coupling

Chip Le'*, Yufan Liang'*, Ryan W. Evans'*, Ximing Li' & David W. C. MacMillan’

Direct sp® C-H alkylation

FaC FaC
_Me
N » N
Elsuc Single-site alkylation IBc:lc:

N-Boc-Prozac Aj Alkylated N-Boc-Prozac
/N

o

Polarity-matched hydrogen-atom transfer (HAT), alkyl halide
oxidative addition, and reductive elimination to enable alkyl-alkyl
fragment coupling.




Polarity-matched hydrogenatom transfer (HAT)

electrophilic nature
.' Polarity-matched HAT

E"Z‘Eﬂﬁﬁﬂiﬁ ?ﬁghty b AR PEILED?
feC-HEFHATELL
7| AR P I LG,

@A\A ,J<H oy | BRBRIOBREEAT %

@ et || gl A3
86 kel mor! -9 Kol mor” BRERE A7

X ETEE B HIC-H

Weak, acidic C-H Strong, neutral C-H Strong, hydridic C-H % °
Inert Inert Active
o
H Me H 5 H H
=z H H
O O O e
ST ARk EHRT

A DG e R 25 — AN FEE Bt R HATIE F2 7 5K = B (1) 3 ) 22 Bk !

il
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Proposed mechanism

=H*

/—\\ :—'\ . Lan 0 —A|k1 &
|
[N Boc .
an 3 Alkyl bromide
8
L A? 7
H

Alk,
Organocatalytic L,Ni(0) 9 Nickel catalytic _
cycle Ir{i) (5) cycle Alkq I'i.li{:u}L”
\.—. Reductant 11 Br
N/.
! SET -Br

SET
Boc HAT
£+N 4 Photoredox catalytic L Ni() —Br
N

*Ir(i) (2) |
Selective HAT D( v Ox; Ay (i) (1) é . ia
: e

™ N H i Y C-H alkylated
polarity matching F!!cc 6 \\—/* % @ ¢ Visible light p;dx; 3

E, /" [*Ir"/Ir'"] = +1.21 V vs Ag/AgCl in CH,CN
E,/," quinuclidine = +1.1 V vs Ag/AgCl in CH,CN



' A ‘ S pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY J. Am. Chem. Soc. 2017’ 139' 11353-11356
Direct Aldehyde C—H Arylation and Alkylation via the Combination
of Nickel, Hydrogen Atom Transfer, and Photoredox Catalysis
Xiaheng Zhang and David W. C. MacMillan*

Merck Center for Catalysis at Princeton University, Princeton, New Jersey 08544, United States

This work: Photoredox-Enabled Direct Aldehyde C=H Arylation

; 0O '
T 0 e 0 | = ek

via photoredox
This work: Photoredox-Enabled Direct Aldehyde C—H Alkylation

0 0O o
O/L\O—*O*O =) BREA

via photoredox

aldehyde alkyl bromide alkyl ketone

o
|

KNAD Polarity-matched HAT E““’O/

‘ R [ 2
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Scope of substrates

1 mol% Ir photocatalyst
10 mol% Ni catalyst
10 mol% quinuclidine

KoCQ,, dioxane, r.t., 20 h

0
A .
R R
_J

n@j‘ai:z Efﬁ

triple catalytic combination

t-Bu

(ni'
S

Ao

34 W blue LEDs t-Bu
aldehyde aryl bromide aryl ketone
Aryl Bromide Scope
0 0 0 0 0 o] 0
Me MeO Ac MeO,C NC FsC Me0;S
15, 82% yield 16, 81% vyield 17, 92% yield 18, 91% yield 19, 90% yield 20, 88% yield 21, 92% yield
Vinyl and Alkyl Bromide Scope
Me O Me O o] o e Me o] Me
= [, Me
Me NC\/\)'\/kME Me [f‘\/kme
NBoc Me NBoc NBoc ) @
+-Bu
36, 72% yield® 37. 74% yield® 38. 56% yield?« 39, 55% vyield 40, 56% vield 41, 56% yield
Aldehyde Scope
Aldehyde Product Aldehyde Product Aldehyde Product Aldehyde Product
0 o] o o] o o
0 0 NHCbz El
= n-hexyl = Et = =
% [ cmHN\M:lLH (] ™ . o i V)J\H ®
Fi&™ N FaC” N Et FiC” TN FaC” N
42, 92% yield 46. 71% yield 50. 91% yield 54, 81% yield
o) o] o]
0 Q o] o}
)‘L S rpropyl 0 B = =
n-propyl H | = | : L I = H | =
H
FsC” N 2 R0 NP FiC” TN FsC” N

43, 90% yield

47, 81% yield

51, 90% yield

55. 73% yield!

Ja Bk IR
fe kIR

g
75 Bl
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Communications

A" /?. __; __ — y ’l .
rnserm!w%_ y Chemfe

International Edition: DOI: 10.1002/anie.201800749

LTI YA LI Hot Paper Eaivian Edition:

DOI: 10.1002/ange.201800749

Selective Hydrogen Atom Abstraction through Induced Bond
Polarization: Direct a-Arylation of Alcohols through Photoredox,

HAT, and Nickel Catalysis

Angew. Chem. Int. Ed. 2018, 57, 5369 -5373

Jack Twilton, Melodie Christensen, Daniel A. DiRocco, Rebecca T. Ruck, Ian W. Davies, and
David W. C. MacMillan*

In Situ Metal Alkoxide Activation

H O‘M oM activation of
C-H over O-H alcohol C-H
activation over
N* .
H'P \M amine C-H

This work: Lewis acid-mediated alcohol C—H activation

o A -
Br v
SRS O
Lewis Acid
alcohol aryl bromide ZnC|2 a-C-OH coupled product

1 5 = ) A FE A
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Proposed mechanism

ickel OH
il comntynt a  ZnCl, visible light :
Me 0"“’ LA OH %) e u\m
e nou A o neu ko 7 N\ o
hor H H
=N g e I (2) "
Me in-situ formed alkoxide alcohol 6 R I (1)
Me 16 7 Photoredox
[fj “ore et
photocatalyst / ‘\
HAT SET
FiC \ E PFg B \/g P
OLA - I () Nickel
8 talytic reductant ca‘tﬂl}fﬂﬂ A]k-—-—N L“
Cycle

Ir . LN 11 Cycle A 13
F3C \V [.-.hi% /\

1 R=F H v//
B 5 B PR i AR 5
e 5 R 5 REE AL bR T W7 St b B AT
YEH: BB T Rk E 5 ?
OFEIERFafiC-H ( hydridic character ) ; QiR 57 E
FCAz ps; O HANARRTE, MNa-EEMa-EEKIC-H, 51

LnNIH —-ﬁ.l'

aryl bromide 12



LETTER Nature, 560, 70-75 (2018) o

https://doi.org/10.1038/s41586-018-0366-x

Direct arylation of strong aliphatic C-H bonds

Ian B. Perry"?, Thomas F. Brewer!?, Patrick J. Sarver', Danielle M. Schultz?, Daniel A. DiRocco? & David W. C. MacMillan™*

¢ Catalytic
manifold
g D 010 M
39 C-H nucleophiles Single-step C-H arylation

-
f,,,,x:bb_l‘”ﬁ”m V0T RT3 EE (tetrabutylammonium decatungstate, TBADT)

w’i__ D_ij=o —MEZE&BEBRE (polyoxometalates, POMs) . 1ENEZHIHAT
}n O_Vfc‘oc{ e, BAEREEKS, BEMEERIA100 keal mol™, BRE
°=W--..0_Tr;;,’jo—o-;”=0 55 ns, AT AMEM. R LHINRE RN .

o HR5TESBERES
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Background

RIEWHEC-H

: 4

Boc
l O NHAr H
N H
O H :
Polarity-matched EDE-driven Directed Strong, neutral
92 keal mol™ 89 kcal mol ™ 99 kcal mol™' 99 kcal mal™

L4 ®
Ellr;nc O MHAF A
g Q\’Ar 1ﬁ,r
Elusive
transformation

WAEILEE R AR SN ?
Vi ol
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Proposed mechanism

~Z

3 Br
C-H nucleophile .
HAT Aryl bromide

[Wmoszi =N

Catalytic combination - : R
~
W { Ni |
®® A LE] ﬁb

[WIDDSQ]E'H* LNi® Lan —Alk .
t-Bu— — | 8
== _-N,, _PBr ~HBr
pr - -Ni S “W1Oss]* Decatungstate Electron Nickel
B
1By — ) : oxidant catalytic cycle relay catalytic cycle
2
Ni(dtbbpy)Brs Br
4 [""‘-"moaﬂ"' LnNi"’ ~Ar
o launy J wononors W1gOsal®2H* Ak 10
" i,.,._a-.'Wiuh,,___O w reductant
Fo:1 | © . \
O=W o;l—w=0 R .
‘l"".'_o—w%o,l 4Z</@,UJI‘.J/$\N|I
o 9]
I A ) R e Light-enabled
= 0'_ _'_:N=O : * Light-ena
\*\O__w x / H = 1 mol% TBADT, 5 mol% Ni(dtbbpy)Br, |
: | 1°0 + | 7 - NP4 \ .
e B = 1.1 equiv. KzPO,, acetonitrile (0.1 M) * Mild conditions
o 34 W 390 nm Kessil lamp, fan
TBADT, 1 C-H nucleophile (hetero)aryl bromide Arylated product 11 =Bigad'scope

(5 equiv.)

E,/,red([W,,05,]>/[W4405,]%)= -1.52 V vs Ag/AgCl in CH,CN
Ep (Niii/Ni%)= -1.47 V vs Ag/AgCl in CH,CN
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Scope of substrates

C-H nucleophiles

L+] o]
I
W g —W
Dj o
od| -
¢l
O——w=0
o

M. _CF R R N. _CF _
H "% 13 57% n=0 N (£}17 49%° R=Me
| P 14 B6% n=1 o | (2)-1B 56%° R =Obc
15 B5% n=2 = (2)-19 44%: R=0CI
n 16 70% n=3 the (+-20 41%° R=Br
n
Ny -CFa .
. H | H\ N Ve Ny -CFs 23 69% R=p-Me
q = {£)-21 51%* n=0 | | | 24 72% H=oMe
n ()22 B5%' n=1 P H = = 25 62% HA=p-Cl
n
M. ~CFs M. _CF
_N._CFa| © H | " | =
H | © = O, =
= N,
Boc N\'
Boc
(2}-26 B196%9 {£}-31 48%I (£}-36 53%°
Ny -CFa
M cra| © H
Br Br &= 2 | M. _.CF
0 - Baoc 3
H | e 4 N w
M Me™
B
Br
(£}-27T BT%3 {s}-32 53%/ 37 68%
M. _CF
M_ _CF M. _CF 1
o] o o 2 a 0] = 2 o H | =
H | H Pl » o P
= Ma Me e, ::I
8 )
n
a
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Silyl Radical Activation of Alkyl Halides in Metallaphotoredox
Catalysis: A Unique Pathway for Cross-Electrophile Coupling

Patricia Zhang, Chi “Chip” Le, and David W. C. MacMillan*

Merck Center for Catalysis at Princeton University, Princeton, New Jersey 08544, United States

This Work: Use of Alkyl Halides via Photoredox (Eq. 2)

v rd"‘ 1“‘1
-"'h,,/ar N Br Ni catalyst . :
:’ | a _: Ir catalyst N _
(S = — - R
~ (Me4Si)4SiH -
alkyl halide aryl halide = spi-sp? product

. TMS .
TMS—Si. ‘
'~ TMS O
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Background

gnAe] e A ek
Shiip- i

Known Halogen Atom Abstraction via Silyl Radical (Eq. 1)

BRE-RTHREELS

AIBN ' Brly Csp3-Br
R3SiH —ab R3Si \Q BDE = 69 kcal/mol

silane silyl radical alkyl halide

Fast and Efficient

108 M-1s-" AT, PUE,
=> i

Activation of Alkyl Halides

| < nucleophilic
R3Si—Br + O carbon-centered

BDE = 96 kcal/mol radical
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Proposed mechanism

®

Visible » »
Lght  HW 7 oxidant E, 0" [*IF"/1F'"] = +1.21 V vs Ag/AgCl in CH,CN
§ \ “" E,;,"[Br/Br-]=+0.80 V vs SCE in DME
O/ Photoredox /
It (1) Catalytic SET
vt /k SR B — B, (BR
s H XH 2 H
i, <\ | o EE) Msi-HEEHRERI SR T
10 SET N — ra-;ruci::;nt >
N Emission Quenching of *Ir(lll) by LiBr
(dtbbpyINI'L,
Nickel 15
~ Catalytic 3‘5
,I_ Br Cycle &j 3
M=M= Ar L v= 18214 105429
N :

12 >\—' N—H‘?:'Ir—m sp®-sp? product 14 2 1:
Y
13 "1
O + (TRS)5S] —Br Silyl Radical OZ
alkyl re;dical 9 m'—‘""?dfﬂﬂféﬁﬁﬁf-"]‘ Generation | Quen;;;r conué);ntratiglrl (mM[))‘
avore
= FHR K
|z | e AT B B RTEE, (EWEEE
s -Her R ER 5 Si-H EReRAER M, fFE
8 silyl radical 7 5 HAT*IL%IJ . *ﬂﬂﬁziﬂf—"}fﬁﬁ . 58




Scope of substrates

o~ B L 1 mol% photocatalyst 1 " Room Temperature
P n 0.5 mol% Ni catalyst 2 .o’
R gl = I ” - HLK - Direct Use of Alkyl Bromide
= TTMSS, Na,CO; or LIOH L
blue LEDS, 6 h Robust Standard Conditions
alkyl bromide aryl bromide alkyl-aryl product
aryl bromides
o 0 o Me 0 0 o
Ma MeO
Me MeO
1, 79% yield 2, B2% yield 3, B0% yield 4, 83% yield 5, 82% yield 6, 77% yield
alkyl bromides
Me
N—Cbz
n-neyl
Me0,C MeO,C MeO,C Me0.C MeO,C
25, 66% yield 26, 72% yield (£)-27, 80% yield (£)-28. 75% vyield 29, 61% yield
e P CN COEt
a 2
MeO,C Me0.C Me0,C MeQC Mel,C
30, 32% vyield 31, 92% yield 32, T2% vield 33, 82% vield M, 92% vield
i Me
OMe Me ] Me
o e Me
MeQ,C MeQ MeQ
o oC MeO,C MeO,C
35, 58% yield® 36, 77% yield 37, 62% yield* 38, 52% yieldid 39, 62% vield*it 59
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ifluoromethylation German Edition:  DOI: 10.1002/ange.201807629

Metallaphotoredox Difluoromethylation of Aryl Bromides

Viad Bacauanu®, Sébastien Cardinal’, Motoshi Yamauchi®, Masaru Kondo, David F. Fernandez,

Richard Remy, and David W. C. MacMillan* Angew. Chem. Int. Ed. 2018, 57, 12543 -12548

H L Br o C-Br: BDE = 69 kcalmol-!
7{ ; S{_TMS - H"\EF — _ 4
S ™S halogen Si-Br: BDE = 96 kcalmol
commercially abstraction CF.H
available radical

— Silane-Mediated Difluoromethylation of Aryl Bromides —

Me N Br E F Ir 11 Ni L Si- Me N CF.H

LA e A N = E

-

aryl bromide CF;H source difluoromethylarene
1 mol% Ir photocatalyst 1
5 mol% NiBr,+dtbbpy

(TMS)5SiH, 2,6-lutidine
DME, blue LEDs, 18 h 60
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A Metallaphotoredox Strategy for the Cross-Electrophile Coupling of
a-Chloro Carbonyls with Aryl Halides

Tiffany Q. Chen and David W. C. MacMillan* Angew. Chem. Int. Ed. 2019, 58, 14584 —14588

| | : i 7
i e N |
L, U4 N . 3 S
....‘1"R I D D
R=Siwg CI\)J\' . )J\.
halogen atom abstraction alkyl radical

narrow range of C—Cl BDEs for activated alkyl halides

o o o
':'\-'/Lkmmz m\)kml 'cl\"J\DME Si-Cl: BDE > 80 kcalmol?

77.0 kcal/mol 74.3 kcal/mol 72.1 keal/mol
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Cross-Electrophile Coupling of Unactivated Alkyl Chlorides
Holt A. Sakai,” Wei Liu,” Chi “Chip” Le, and David W. C. MacMillan*

*Y Cite This: J. Am. Chem. Soc. 2020, 142, 11691-11697 Read Online

(TMS)sSix,

5 0

Previously unknown: cross-electrophile coupling of organochlorides

cl cl Ir (I Ni 7 Si o)

B alkyl chlorides: broadly underutilized  ® bench-stable reagents & substrates

[
| Y - SRR SR
Z o visible Z
aryl unactivated alkyl v gt Csp3—Cop2 .
chloride chloride product )I\
Sy e

TMG

AR RS R FE AR R
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Background

A A% DL P SR 5 AR RUR T e B IR 1 2 R R

Previously unknown: cross-electrophile coupling of organochlorides

ir '(Ni Y[ si '
SANNeS -
O visible =
aryl unactivated alkyl v light Cop3—Cgp?
chiloride chloride product

B alkyl chlorides: broadly underutilized ™ bench-stable reagents & substrates

Unactivated C(sp®)-Cl| bonds are generally inert toward activation

.,..--'-—-'--,._*

=5 [ 0 e 0
.TMS

k. (at 20 °C) 0.4 0.0 <0.003

challenging silane-mediated abstraction of unactivated alkyl chlorides

_—y -

*Ir'” ':2} il {4]
SET
/ —H* \
™S radical
|TMS SI aza-Brook ™S ) s
H Si-. 2 aTms Tt et
-~ M —_— N—35Sij
NN TS N Mrus R” ~TMms
Flt TMS R

3 5

DU B (A B B i I L

silyl radical (6)

Engaging unactivated alkyl chlorides via polarity-matching

t
X X

I - Vst & pH X H H

s.h - m—{ fﬂ- - -Cl- - -{ TMS‘l.Si—GI

™S TMS Cy ™S

™S Cy TMS Cy

i EWG
favorable \ &t polarity
Si---Cl .
thermodynamics ™S | mismatched

(AG"= —30 kcal/mal)

\qh*“ . polarity

Si===Cl

How can we overcome TMSY | matched
™S

this kinefic barrier?

= EDG = OR, SR, NR,, etc.

® reagent design: n-donating EDG stabilizes charge buildup in TS

?i{TMS}a ?i(m S)y ?i[TMS]a ?i{TMS}a
OH NHy NH(Me) MNH(i-Pr) (TMS),Si., _H
N
more electron-rich Si center, more nucleophilic Si
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Metallaphotoredox-Catalyzed Cross-Electrophile C,,>—C;,*> Coupling
of Aliphatic Bromides

Russell T. Smitb;-r'ﬁ' Xiaheng Zhang,?’ﬁ _T_]uan A. Rincén,*'i____]avier Agejas,j: Carlos Mateos,i_l_
Mario Barberis,” Susana Garcia-Cerrada,” Oscar de Frutos,” and David W. C. MacMillan*"'

This work: development of cross-electrophile Cg,3—Cg,3 coupling

Boc
N o r, (Ni) () F
: ) v Cgp3—Cgps .Ph
] products 5_7
Br (TMS),SiOH -

= (= ERE) HE

Ellcx: II3-::-::
N M
Br Br Me TsO Ph .Ph
Me
Me Me
Me

commercial alkyl electrophiles

fre 2 IRAL DRI I 2 R Y
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Proposed mechanism

TMS\
TMS —;Si —0OH
T™S

—H*
supersilanol 3 \ SET // 5

Ir (2)

visible light

TMS(lj
TMS— Sli'
TMS

N

Ir' (4
Photoredox
Catalytic Cycle
_.,--"' LaNi?

~7

T o 3= 5
)
"R
Jit. 57 T+ E A+ R AL
silyl radical
activation

|
,

A

13 L Nil—X Nickel L,NI—Ak 9
Catalytic Cycle

Me
T
R

coupled product 12

Me ==Me 1

volatile dimer

LNill”

e o | T TEIBEE (TBAB) JEAIARK
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excess

(via MeOTs)
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Iterative Coupling Sequence

8] o
o0 e o
- Me a v Me
B -
Br (TMS)5SiH N Br
(£)-51 B
Em—NCL o (4)-52 61% yield
ﬁ.:; >20:1 rr.
i @t
access fo molecular 0”7 ™ Br
complexity via Me (TMS),Si0OH
iterative coupling
N7 ()53 N
Boc Ir I'kNI J,
50% yield® o~ v

51EL 77 B I i 7 1 IR X P I i 1 A B

XS 2 HAn )
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- LETTER Nature, 524, 330-334 (2015)

Switching on elusive organometallic mechanisms
with photoredox catalysis

Jack A. Terrett!, James D. Cuthbertson', Valerie W. Shurtleff' & David W. C. MacMillan'

SR SN =05 o

alcohol aryl bromide aryl ether

doi:10.1038/naturel4875

- e
L Bt L-'.l wak
C il 1 OR - C il OR

Inert to reductive “Irl Ir! Facile reductive
alimination elimination

LI

fEC-OB MIBRAR: NI e B) 44 (1) A B
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Proposed mechanism

Alcohol B —0H r\@x Aryl bromide
B P32 b T A % g ‘%

Ni(u) RO—NIL, 3 1 LN NiO)
Ar

e
“|r (5) —_ = (4)
Oxidant

-

p—

1_ Catalytic

Photoredox
cycle
If (7)
reductant

MNi(im) HO—Nl'”L Nickel L Ni'Br Ni()

Ar catalytic cycle 8

E1/2red[*Irlll/Irll] = +1.21 V vs Ag/AgCl in CH3CN,
E1/2red [Nilll/Nill] = +0.71 V vs Ag/AgCl in CH2CI2 R

VD@
—X
Aryl ether = 68



Reaction Condition Optimization

Br
n-pent ~oH \©\
A

1 mol% photocatalyst

5 mol% nickel, 5 mol% dtbbpy n-hex -0
-
10 mol%: quinuclidine Ac

KoCOs MeCN, rt, 24 h

hexanol 4-bromoacetophenone light source aryl ether

entry photocatalvst nickel source light source yield
1 None Ni({COD), blue LEDs 0%
24 Ir[dF(CF;)ppv]s(dibbpy)PF, Ni(COD}), blue LEDs B

3 Ir[dF(CF; yppy | (dibbpy ) PF, N COD), blue LEDs RO
4 Ir[dFiCF;)ppy]s(dtbbpy)PE, NiBryrdiglyme blue LEDs RO

Ir[dF{CEF 5 )ppv |+ dibbpy i PE, MiCl*glvme blue LED= 91%

b Ir[dF{CF;)ppy|5(dtbbpy ) PF, NiCl,#glyme blue LEDs 0%
7 Ir[dF{CF;)ppy |(dtbbpy)PF, None blue LEDs 0%
g Ir[dF(CF;)ppy|+(dtbbpy)PF, NiClysglyme blue LEDs 0%

9 None NiCl,#glyme blue LEDs 0%
10 Ir[dF(CF;)ppy | +(ditbbpy ) PF, NiCl*glyme None 050
1 Ir[dF(CF;)ppy |-(dibbpy ) PF, NiCl,#glyme 26W CFL K6

Figure S1. Optimization and control experiments in the photoredox—nickel catalyzed C—O coupling.
Yields determined by 'H NMR analysis using 1,3-benzodioxole as internal standard. Reactions
performed using 1.5 equiv. hexanol on 0.25 mmol scale. “Reaction performed in the absence of

quinuclidine. ’Reaction performed in the absence of 4,4'-di-tert-butyl-2,2'-dipyridyl.

amine base/reductant yield

PhyN 0%
DMAP 1%
i-PryNEt 20%
DABCO 34%
Cy,NEL A4%

EiyN 54%

quinuclidine 90%

!

As a sacrificial
reductant and
electron shuttle

ZTIMEA:

> ZETINE5HK
ERNE L

> B
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Scope of substrates

Catalyst combination FiC F
1 mol% Ir photocatalyst 4 |

-~ Br - - o t-Bu t-Bu
PR \@ . 5 mol% NiICl,*glyme, 5 mol% dtbbpy T | = N, .
' X - = ! ! —R i
L L L a - ~

-~ A“‘“OH = 10 mol% quinuclidine T = t-Bu B cl -Bu
KECOS, MeCHN, room temperature, 24 h

Alcohol Aryl bromide blue LEDs Aryl ether a4

Aryl bromides

o]
n-hex” \O\ n-hex ™
A

9 91% yield

CF

10 90% vyield

o F
f-hex” \C[
CN

11 91% yield

0
n=-hax” \©\
SO,Me

12 93% yield

o
n-hex” @\ n-hex -0 CFa
CO,Me

F

13 88% yield 14 96% yield

Primary alcohols

Q\”m

82% yield

30 3

el

77% yield

33 R=CH, 87% yield
34 R=CD, 81% yield

A
36
RCF@\ \@0 O._ .0 M o
o T
v X
Ac a5 o il o HD\(r Ac
Me

wl T A,

89% yield 82% yield
NHBOC
F4C VD :
i ™ AC A
78% yield 77% yield

(o]
M Me  829% yield
L]
ye 71% yield, 6:11r

4

Secondary alcohols

38 R=Me 82% vyield
86% yield 39 R=Ph 79% yield
40 R = CH,OCH, 83% yield
Me Me

42 N-Boc fluoxetine

82% yield Q/

E Me
74% yield O A

Water
L L
Ac CHN
65% yield 629% yield
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Mechanistic studies

a = b
'.J Room temperature, 24 h -2.0
! CFs —
> Bu— ( ;t -1.6
/ No photocatalyst = N"'N'" A0 5 1o
N ! ';
CF4 o S - -0.8
tBU— é FaC CFs £ -04
©
= N:.'Ni" 0 Ir photocatalyst 4 N 5 o0
= N - Complex 45 recovered O
t-Bu No light, room temperature, 24 h 0.4
FaC CF3 0 0.5 1.0 1.5 2.0
""""""""""""""" Potential (V)
Ni(ll)dtbbpy aryl 47
alkoxide 45 \ Ir photocatalyst 4 Fi€. 0O CF3
> t-Bu— =
= o o =N "'Li'""o Transient Ni(u) complex required
v Floom temperature, 24 ’ ’ B =N for C-O reductive elimination
-Bu
Aryl ether 46 59% vyield FaC CF;

Figure 4 | Mechanistic studies support the intermediacy of transient Ni(1m)
complex to enable C-O reductive elimination. a, Reductive elimination
to form C-O bond only occurs in the presence of photocatalyst and light.
Reactions performed on 5.55 pimol scale with 41 mol% photocatalyst 1 and blue

Emission Quenching of *Ir(lll) by Ni Complex 45

y=1.7725x + 4.6606
R* =0.99807

In((1,/1)-1)

-3.5 -1.5 -1 0.5

In(Q)

LEDs. See Supplementary Information for experimental details. b, Cyclic
voltammogram of 45 shows Ni"'/Ni"' couple at +0.83 V versus SCE in CH;CN
with 0.1 M tetrabutylammonium hexafluorophosphate as the supporting
electrolyte at 100 mVs ..

E1/2red[*Irlll/Irll] = +1.21 V vs SCE in CH3CN

s | P ﬁ%@%igﬁﬁf‘:% %Nill%ﬁ

YIASW EFE T,  *Irll ) R B 558
FEFEAK o

> ZEOE. 44T R-2,2-B
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PHOTOCHEMISTRY Science 355, 380-385 (2017)

Photosensitized, energy
transfer-mediated organometallic
catalysis through electronically
excited nickel(II)

Eric R. Welin,! Chip Le,! Daniela M. Arias-Rotondo,?
James K. McCusker,?* David W. C. MacMillan™*

Ph OH Br 5 mol% (dtbbpy)Niscod, t-BuNHL-Pr Ph YD 3
\ﬂ/ + T 0
0 CO.Me DMF, temp., photocat., visible light CO.Me

3 4

*
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{.‘llk

SET
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catalytic ground state readily

accessed; prevalent in solution

)

Energy

Transfer

N

SET = ground state activation

%

Excited-State Catalysis: underutilized

C Reactivity of aryinickel(ll) carboxylate is strongly dependent on photocatalyst Ey

BzOH (3) + — 1 mol
il [Irippy)ligand]PFg
ArBrd + — _f N™ -
(dtbbpy)Ni%cod \Qcozm DMF, :f::‘r CFL
catalytic resting state
ligand yield 5 Etikecal) Eq V1 (V) Eq"WNY (V)
ppy (1) 85% 53.6 0.13 0.77
5,5'-Mesbpy 80% 49.0 0.61 1.26
4,4'-(MeQ) bpy 70% 47.7 0.58 1.22
4,4'-Mesbpy 65% 47.6 0.59 1.25
bpy 50% 46.3 0.61 1.28
4 4'-Cl.bpy 3% 42.6 0.72 1.32
4,4'-(COsMe)bpy 0% 39.7 0.70 1.34
4,4'-(F4C).bpy 0% 39.2 0.74 1.37
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Mechanism studies

A Stoichiometric studies with aryinickel{ll) acetate complex 9

0 Me DAc 0.625 mol%: 1
Meﬂ-fi“ﬂ.—p‘ TC Fs FiC CFs 10 observed by
T _ona ‘ 19F NMR in{ 30 min
=N anri O
Mgc:.-'L;-‘-.“'.--"" | l i, 10
9 FaC 40 W blue LED reductive no phﬂtﬂﬂa[.
elimination

robust complex, thermally
stable to reductive
efimination

product

10 aobserved
19F NMR i 60 hr

B Determining the likelihood of a redox pathway

9 + Irjppy); — SET —= 8% + [Ir(ppy)s]-

oxidation by Ir{lll)*

AGgr = +20.0 kealimol is unfavorable

9 + [V} —SET —= 9  [Ir(ppy)s]

oxidation by Ir(1V)

' = +5.3 keal/maol
AGer * is unfavorable

C UV-Visible Spectrum (5:1 Ni:lr)

0.2 4
B A; + Ag (calculated)
11 \ B A, + Ay (observed)
= i
1
.
g 0.1 I'. \\‘.
I'I ;_
‘ 'u.\q_\_’”_i— - /\\\
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FiC
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o RE ¢
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E:; ~N* ) — T
Mal ~ | y 10

energy transfer induces reductive elimination

D  Stern-Volmer Quenching Study

2.0 4
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[ |
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Proposed mechanism

1 mol% Ir 0 Catalyst Combination N
Bt (PPY)3 )L |
9 5 mol% NiBrzsdiglyme o P
)J\ x > 3 HBU~ = N
x  OH | 7 19 ditbb i X N, A Ilr
s 5 mol% dtbbpy, t-BuNH~Pr | Ly ] N,N.\ N Ty
DMF, 26 W CFL, 40 °C, 18 hr ~ e~ - @’@
carbn_xylrc aryl bromide O-aryl ester 1
acid
B Proposed Catalytic Cycle 5. _Ph + B20
T ——
Y — i N.r.._ _.I-Br Fi
( N.l'.,_ _u‘D .B - Br_ (
[Ir(ppy)al® 17

Mil!
Nl N™ m
N'f'
@‘ CO Me
GOEME

Photo- Nickel a =
Catalytic - Tf::;f::- . k Catalytic Cycle L J. Am. Chem. Soc. 2020,
Cycle o 142, 4555-4559
. . i} N,
/ ot G, e i ERMBRALAIR

Ir(ppy)s 1 _ , j 2
PPY)3 (:;Ni“_ko\ 8 ﬁ 6 — MRS TERE, RE
18!
COMe |

FENI"E S VI K &
/@’D\fph BRESLE

» underexploited mechanism of organometallic activation Aryl Ester 5

& )\

« Ir-to-Ni energy transfer induces C-0 reductive elimination
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Ph [ Lot P International Edition: DOI: 10.1002/anie.201800699
2 otocatalysis palllguads German Edition:  DOI: 10.1002/ange.201800699

Sulfonamidation of Aryl and Heteroaryl Halides through
Photosensitized Nickel Catalysis  Angew. Chem. Int. Ed. 2018, 57, 3488 —3492
Taehoon Kim®, Stefan J. McCarver', Chulbom Lee, and David W. C. MacMillan*
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\ excited state Nil' product
TR complex
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starting materials m Ir | Ni transfer mechanism
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Proposed mechanism

L"f &

Nt
1" TwAr
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L Ar
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Mechanism studies:

Energy-transfer
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Aryl amination using ligand-free
Ni(II) salts and photoredox catalysis

Emily B. Corcoran,’ Michael T. Pirnot,” Shishi Lin,” Spencer D. Dreher,*
Daniel A. DiRocco,” Ian W. Davies,” Stephen L. Buchwald,** David W. C. MacMillan"*

Science, 353, 279-283 (2016)
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palladium catalysis transition metal metallaphotoredox catalysis
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Proposed mechanism

Br

L Ni'-Br [ )
N
FEC H

aryl bromide V’ « pyrrolidine
r““a/ e \/ 3 Q—} B3 4 B R AL
- Nickel Catalytic

Photoredox L

*[Ir(ln]* 2 Catalytic SET Gt L,Ni —N

A\ Cycle With ligand: 72% yield
> B No ligand: 96% yield
L.Ni'-Br 9
Ir(ll)y 8 %
© s J. Am. Chem. Soc. 2020,
0 L Nl'”—N 142, 15830-15841
@’” ; Gk FeMEALZENIFING
S ST — ch [ A e A o A %
reguctive elimination
aniline product from Nil complex %'ﬂgﬁﬁ °
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Scope of substrates

5 mol% NiX,~glyme FaC g PFPFe
AL 0.02 mol% photocatalyst 1 i t-Bu %
H | - u S - / i Fr N 'y ITI oY N

> R R' R | i .

Y DABCO, DMA, rt or 55 °C > NT I g
Y t-Bu N N

) blue LED - |
aryl bromide amine aniline product 1 r. F
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Fig. 3. Metallaphotoredox-catalyzed amination: amine and arene scope. For each entry number (in bold), data are reported as percent isolated yield, R: H,
alkyl, or aryl substrate; ¥: C, CH, or N; X: Cl or Br; DABCO: 1 4-diazabicyclo[2.2.2]octane; DMA, N.N-dimethylacetamide; rt, room temperature; LED: light-emitting
diode; Me: methyl; n-pent: n-pentyl; Boc: tert-butoxycarbonyl. *Run at ambient temperature. TReaction heated to 55°C. *DMSO (dimethy! sulfoxide) used as
solvent. MTBD (7-methyl-1.5,7-triazabicyclo[4.4.0]dec-5-ene) used as base. 10.002 mol % 1 used. "10 mol % pyrrolidine included. #See supplementary materials

for details.
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