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An explosion of interest in organocatalyst 1. Introduction
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Publications on organocatalysis

Year

Enantioselective organocatalyst was
found in 2000 (by MacMillan)

U

Organocatalyst is one of the most
important catalyst in organic chemistry

MacMillan, D. C. Nature, 2008, 455, 304-308

v’ Insensitive to oxygen & moisture

v Non-toxic

v Inexpensive and easy to prepare

v"_A wide variety of organic reagent

o




Prof. David W. C. MacMillan ! Introducion

The pioneer of organocatalyst
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: 2000-2006 the Department of Chemistry at the California Institute of Technology 1
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: 2011-present James S. McDonnell Distinguished University Professor of :
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Aldehyde activation 1. Introduction

4 main types of aldehyde activation

(LUMO-activation \ /HOMO-activation \
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2. HOMO, LUMO-activation



The birth of MacMillan catalyst 2. HOMO, LUMO-activation

LUMO-activated Diels-Alder reaction

chiral-amine
catalyst
10 mol%
N
MeOH/H,0, 23 °C | ]
CHO Ph

endo exo

catalysts 0 A

a2 / R Me ] Me \
# N N
& MEIT:IEQ COaMe N Me ﬁ&m\ %&\“‘
L] -. N
Ma(isl w N ,“J‘-n N'}f N Ph
H
s |

COaMe E'-I‘Iﬂ N Bn PH

H A H Me
Ph Ph
unfavored favored
entry catalyst time (h) vield (%) exoendo exo ee (%)*? (2) (E)

1 (S5)-Pro-OMe-HCl 27 81 271 48 (2R) Selectivity of iminium cation formation
2 (S)}-Abr-OMe-HCl 10 30 231 59(28) \ /
3 5 23 92 261  5T(2R)
4 6 84 82 361  T4(2R)
3 7 8 09 1.3:1 93 (25)°

Me *5 mol% cat. (entry 5)

\,

NH

@)
é::
1] P

OH
(S)-Abrine MacMillan, et al., J. Am. Chem. Soc., 2000, 722 4243-4244



LUMO-activation by imidazolidinone = # oMo, LUMO-activation

H . g O
Mukaiyama Michael addition /%N,Me
N%
TMSO Ph H o
i (@)

amine cat 20 mol% H

RWO 7 O 3 N K _0 .

= CH,CIy/H,0 77-87% yield
0,

-70~-20 °C, 11-30 h R 84-99% ee

MacMillan, et al., J. Am. Chem. Soc., 2003, 725, 1192-1194

Hydride reduction

H H
N

Et0,C_X_ _CO,Et i )
"lll
N . 6
N
H

”I

Ra amine cat 20 mol% R, H
- 74-95% yield
Ry:large, Ry:small Hantzch ester CHCls, -30 °C 90-97% ee

(hydride source)

MacMillan, et al., J. Am. Chem. Soc., 2005, 727, 32-33

Amine addition 0

rd
3
we y
PG OTBS
N o’ N 6

RSP H R 20
amine cat 20 mol% \(\/ 69-92% vield
PG=Cbz, Boc, Fmoc e ey

N
CHCl3, -20 °C, 16 h TBSO” “PG 87-97% ee

MacMillan, et al., J. Am. Chem. Soc., 2006, 728, 9328-9329



HOMO-activation by proline

2. HOMO, LUMO-activation

Homo aldol
Q‘COOH
H
Q L-Proline 10 mol% Q  OH
2 HJ\/ HJj\/k/ 91% yield
DMF, 4 °C, 11 h H anti/syn = 3/1
= 99% ee
Cross aldol
QCOOH
o JOL H O OH
HJ\/ H” Sk L-Proline 10 mol% HJJ\)\R 80-88% yield
T H anti/syn = 24~3/1 —F+ iDrp
donor acceptor DMF, 4 °C, 11 h = >99~97% ee R=ELPr,iBu,Cy,Ph
MacMillan, et al., J. Am. Chem. Soc., 2002, 7124, 6798-6799
Oxidation
Q\COOH
H
0 ﬁ L-Proline 5 mol% 0
,U\/R No — O« _Ph
H Ph CHCl3, 4 °C, 4 h T N 60-97% yield
R 97-99% ee

MacMillan, et al., J. Am.

Chem. Soc., 2003, 725, 10808-10809
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HOMO-activation by imidazolidinone 2 HOMO. LUMO-activation

Chlorination Fluorination
Q Chlorinati & 0 i
J-k/ orinating 5 mol% catalyst J\/ H + NFSI 20 mol% catalyst
H n-Hex reagent H - friex H solvent+ 10% iPrOH
1.2 equiv. 0.5M CHCl, : F
ol
enfry catalyst reagent  temp (°C)  tme(h)  %conversion® % ee® temp fime % %
entry catalyst solvent {°C) {n) CONVrsne geb
1 Lproline  NCS 4 6 2 2 i iproline THF 23 4 79 26
2 3 NCS 4 6 20 19 p 3 THF 23 03 96 63
34 NCs 4 6 60 10 3 1 THF 2 05 73 08
4 Lproline 1 4 12 44 2 4 1 CHCN 23 3 75 96
5  Lprolme 1 —30 30 NR NA 5 1  EtOAc 23 0.5 84 96
6 3 1 =30 g 91 92 6 1 acetone 23 1 89 97
7 4 1 =30 6 78 42 7 1 CHCl; 23 1 73 96
8 1  THF 4 6 97 98
o o o e e o 9 1  THF -10 12 98 98

cl Y
e N e N TRA
~u Me% Me O Me O
N e N )
] O, 0 \ \
“ 1':' Pn T TFA “we " en W/ ‘é’/o " N—X -pCA N=X -TFA
e,

c catalyst 3 catalyst 4 Ph” N7 “Ph A Me N

| Me H Me N
Ph Me Ph

NFSI catalyst 1 catalyst 3

not 6-membered ring TS
... imidazolidinone catalyst

MacMillan, ef al., J. Am. Chem. Soc., 2004, 7126, 4108-4109
MacMillan, et al., J. Am. Chem. Soc., 2005, 127 8826-8828 0



2. HOMO, LUMO-activation

HOMO, LUMO-activation

enantioselective ...

/éb W‘)\

TBso’ PG
amine addition

LUMO-activation

cyclo addition

~

hydrlde reduction Mukaiyama-Michael
addition /

HOMO-activation
Jj\/'\ Jl\,o\ P

O N
H H cross aldol oxidation
! 0] O
R R )k:/R )IYR

Cl F
chlorination fluorination /




Organocascade reaction

2. HOMO, LUMO-activation

enantioselective C-Nu and C-E bond formation in one-pot reaction

N
R/\/§O
+
Nu- E*

2 chiral carbon

catalyst E
temp: -60~-40 °C yield: 67-97%
:1 } dr: >25~9:1 ee: 99%
Bn

Nu-

Me
™y Y \ B N'g\
Me/Q Meo’Q ©jg> MG/Q\OTMS Ph/qo OTIPS

E+

Cl

Cl

0

Cl

Cl

Cl

Cl

=ClI"

00,0
O\\S// \\S// = F* tBu-O O-tBu _
Ph” N7 Ph | | =H
|

O HH O

Me N Me
F H

MacMillan, ef al., J. Am. Chem. Soc., 2005, 727, 15051-15053



Cascade cycle

Nu™ SR
O ’Me
N
,: tBu Im
cycle

------------------

------------------

pse
Y

i)‘tBu

J&»
73

2. HOMO, LUMO-activation

O ,Me .
N E

NI
En Ar\jg)‘tBu
cycle E/,,ﬁ'

NoY SR
(@] Me
/
L
N tBu
Ar H

--------------------



Problem of organocascade reaction =~ 2 oM. tMO-actvation

Problem: diastereoselectivity

O N,Me R
rt)\tgu Nu)\‘/§o Nu NO
Al H obtained

catalyst

m
1] Py
Ml

not obtained

"o
m
/,
O

NI
r?; )thu Q‘(O jl> Cycle specific
H

H  OH organocascade reaction
LUMO-activation HOMO-activation

14



Cycle-specific organocascade reaction

catalyst combination A

O HH O
Jj\ Ph

2. HOMO, LUMO-activation

Me
)%/\ talyst combination B
Ph \O catalyst compination b

CHCI3/DMSO
-23°Cto23°C
H Me NHPMP
A
80% yield
CO2Et  42:1°q.r.
99% ee

(@11

O-tBu
HO

CO,Et

1y Me NHPMP
86% yield A X tBu-O |
14:1d.r. CO2Et
99% ee CHO Me H Me H
Nu E
catalyst combination A catalyst combination B
both catalyslts added together toth calalysts added together
E added after consumption of Nu E added after consumption of Nu
@] Me (8] Me
\ N ‘ \§—N/ s
Yoo i Z “ & e R )
N K ‘N/\CO»H N [< N COM
H Me H H Me H
Me Me
10 moi% 30 moi% 10 mol% 30 mol%
(R)-catalyst 3 (S)-proline (R)catalyst 3 (R)-proline
MacMillan, et al., Angew. Chem. Int. Ed., 2009, 48, 4349-4353

15



Limitation of electrophile

O Me

/

N

)‘tBu
Ar

LUMO-activation

N
H

Q‘(o

H
HOMO-activation

—

—

2. HOMO, LUMO-activation

/

\

Me Q@ HH S
I\i Me
Boo., OTBS ©:/) /E—\S\ Bu-0” T o
H Ph™N\o” NoTIPS Me” N7 Me
wide range of nucleophile /
PMP - cbe 0
)Oj\ )Nj\ \N=N\ “
N
Cbz Ph
6-membered TS electrophile /

\_
r

\_

Cl

Cl

not 6-membered TS

n Cl
cl 0\\8{9 O\\S{P
Ph” \l;l’ “Ph
Cl L
Cl

~

J

Q N,Me
N)\ﬁ
PH H

imidazolidinone
HOMO-activation

16



Application Of Cascade reaCtion 2. HOMO, LUMO-activation

= )

MesN NMes Q N,Me
Y 0
Y
C|vR|u—\ x tBu N
Ph Ph H

H OH
PCy3

\Ru catalyst (1 mol%) Im catalyst (20 mol%) En catalyst (30 mol%)j

64% yield (-)-aromadendranediol
5:1d.r., 99% ee

Timeline
MesN NMes 0 Me
V4
N
Clim o) ¢
R TMSO
cIv |U:\Ph \@/ rt Bu QY
PCys pn H H  OH o)
0
A\ A e -
WO \J \J \J <
40 °C -50 °C rt. g H OH

MacMillan, et al., Angew. Chem. Int. Ed., 2009, 48, 4349-4353



Summary of organocascade reaction # HOM®, HUMO-actvation

enantioselective...

imidazolidinone only /Nu \
LUMO-activation Hydride reduction
Friedel-Crafts
O Mukaiyama-Michael

y +
— organocascade E Chlorination

o) k Fluorination /

HOMO-activation I H /N
u

0O R Hydride reduction
Friedel-Crafts
H Mukaiyama-Michael

+

Aldol reaction
Mannich reaction
Oxidation

cyclic specific catalysts K Amination /




3. SOMO-activation



3. SOMO activation

The concept of SOMO-activation

ﬁ iminium catalysis enamine catalysis SOMO catalysis
H” N i LUMO activation HOMO activation SOMO activation
aldehyde

g Gl e L. e Gk

! " ) )

amine ‘ 5 | ‘ R R
catalyst |

low ionization potential of enamine ... 3 electron system and radicalic addition
MacMillan, et al., Science, 2007, 376, 582-585

SOMO-activation
Nk

@) O O
N ‘\\\\\¢ ‘\\\\\Ir ‘\\\\©
H O

R allylation enolation arylation

20



3. SOMO activation

SOMO-activation by CAN

0

CAN (2 eq) p/
P H yield 70-88%
R ee 87-95%

@) Me
O R, N'
TMS
HJH )\/ N)‘tBu
H NaHCO3, 24 h
Ph DME, -20 °C
aldehyde allylsilane 20 mol% ’
0 CAN = (NH4)2CeV(NO3)6 a-allylated aldehyde
1e- oxidant (Ce'V -> Ce'l')
O CAN (2 eq)
</ \) amine cat 20 mol% l S aminc(:epz:':t(.22gqraol% CHE) Y
H <
Eoc NaHCO3, 24 h Boc / P '
DME, -20 °C CeH13 THF, 10 °C
85%, ee 84% 85%, dr >8:1, ee 95%
cyclization

CeH13

CAN (2 eq) JJ\/C H
H 3 oNo,

OMe
amine cat. 20 mol% -
> H
Z
Ph

OMe 65%

NaHCO3, 24 h

0O
JI\/CSH13 A
H X ey
dg-acetone, -20 °C

radical clock
MacMillan, ef al., Science, 2007, 376, 582-585



Catalytic cycle of SOMO-activation 3. SOMO activation

v Il
0 ,I\/Ie Ce Ce o

Me
i ) N’Me \j_N >_< \j_N,
Ph .. Ph +.
HJH ft)‘tBU N)‘tBu N)‘tBu
H —~——
or H/ H/
IP=9.8¢eV IP=8.8eV

TMS
\/§
IP=72eV ; .
IP = ionization potential © enantlogglect|ve
addition

O ,Me
(o) H N
; 120 \j_
. Ph + )‘
H :\_/ IN tBu
SM i : Q. Me TMS/\/\)
------------ N L ] é
/‘ “{Bu
N
Ph H ce!
Hzo Celll
) - \}_N,Me
----------------- N
* Ph + S‘

------------------

TMS-Nu  Nu

MacMillan, et al., Angew. Chem. Int. Ed., 2010, 49, 6106-6110



MeChaniStiC StUdy 3. SOMO activation
2eqH,0 without H,O
3 features of SOMO-activation by CAN

»Enamine selective oxidation 0.00010

»Water concentration is critical (2 eq is good)
»Kinetic role of CAN is masked (heterogeneous)

0.00008 -
0.00006 -

v/ms-! 0.00004

Enamine formation
+: Lewis acidity of Cerium cation
—: hydrolysis by H,0

0.00002 -

0.00000 T ‘
0 0.1 0.2
[1]1/™m

CAN
Ce(NO,);-6H,0 } same reactivity for enamine formation

Figure 1. Rate vs. concentration of 1 for anhydrous same excess
experiments for run1 (A) and run 2 (A) and same excess experiments
with H,0O for run 3 (@) and run 4 (0).

concentration of CAN: 0.03M (anhydrous), 0.39M (water 2 eq)

The role of water: hydrolysis of enamine, solve CAN

23
MacMillan, et al., Angew. Chem. Int. Ed., 2010, 49, 6106-6110



Combination with photoredox catalyst 3. SOMO activation

Representative Representative
Transformations Organo- Photoredox Utility

H,0 Catalysis Catalysis Light
Aldol

H» Production
Friedel-Crafts

Vinylation O» Production
Allylation o
Enolation CH, Production
Enal Reduction

‘ . Energy Storage
Diels-Alder Asymmetric One-Electron Mediated

Organic Transformations

v'First report of photoredox catalyst in organic chemistry
v'Catalytic amount of redox reagent (CAN: 2 eq)

MacMillan, ef al., Science, 2008, 322 77-80 24



About photoredox catalyst

3. SOMO activation
activation by visible light and 2 types of quenching route

Ru(bpy)s**
% E Gg D

oxidant 1

*

Oxidative
E " = 41,20V
Ein"

Quenching 'm =-081V
Cycle
D
= +0.77 V 1
* == |
% = % 29
Ru(bpy);*

Ru(bpy),*
I

m@
‘g, ‘l‘l\

—= *Ru(bpy),>*

Amax = 452 nm

A D
reductant S ﬂ' Reductive
L * I . EpM=-133V Quenching
ISC
ST
Ru(bpy)s™*

Eiz" =4077V
Cycle
ot
29 A D
“Ru(bY)s™* Ru(bpy)s** .
Ground State Excited State Rufbpy)s
MLCT=metal to ligand charge transfer
ISC=intersystemcrossing

A=1e- accepter, D=1e- donor

MacMillan, et al, Chem. Rev., 2013, 113, 5322-5363  2°



OC'aIKYIatiOn 3. SOMO activation

0 organocatalyst 20 mol% 0O ”
R1 Ru(bpy)sCl, 0.5 mol% ""
r )""tB ‘N
H . H
Br EWG 15 W fluorescent light
R 2,6'|Utidine, DMF, 23 °C organocatalyst

photoredoxcatalyst

4 - )

O CO,Et O  CO,Et O  CO,Et o
9 COEt
H CO,Et H CO,Et H CO,Et H N
CeH1s & H CO,Et
(¢ Ph o CeH13
93%, 90% ee N Et 92%, 90% ee R=H 84%, 96% ee 80%. 88% ee
R=OMe 87%, 96% ee ’
86%, 90% ee R=NO, 84%, 95% ee

. J

v'Olefin, benzyl tolerate (Ru cat don’t produce allylic radical and benzyl radical)
v'Wide scope of substituent of phenyl moiety
v'Addition of tertially alkyl moiety to a-position of C=0

MacMillan, ef al., Science, 2008, 322 77-80 26



Catalytic cycle

s

R
aldehyde 7

o] Me
7/
)‘N
Me N)""t-Bu
H

. o _FG
: Siface ¥
Organocatalytic open J
catalyst 6 Cycle radical 5
g
(@) A
J\l/\ e, 0 Me, o
H I FG AN 10 9 N
BN Me g goq gy HT N e
enantioenriched /\)j\ S .
a-alkylated aldehyde FG s e FG
: : R / \ )
+1.29V
Ru(bpy)s™ (3) ‘Ru(bpy)s** (2)
reductant oxidant
alkyl halide FG\ /8(
4 = Photoredox Catalytic
Cycle
-0.49V -1.33V
FG._ s B . '
o N
electron-::zf;zzr: Ru (bpy)sz .
photoredox catalyst 1 Photon Source

Fig. 2. Merging photoredox catalysis with organocatalysis. Proposed mechanism. ¢-Bu, tert-butyl.

3. SOMO activation

Blue & Red ... Egq (V)
M* + e ->M + E g

E,.q(0xidant side) — E, 4(reductant side)

>0 : proceed
<0:NR

MacMillan, ef al, Science, 2008, 322 77-80 2/




Ir(ppy); catalyst

Ir cat. passes reductive quenching route

O 0.5 mol% fac-r(ppy)s O
20 molS: catalyst«HOTF
H Erﬁﬁr - H)K(.\Ar
n-hex 2 equiv 2,6-lutidine n-hex
. 26 W fluorescent light
octanal benzyl bromide DMSO. RT o-benzyl aldehyde
(8} Me (8] _Me
:Z‘ z be
) K Me N):"Me Bn N)“'Me
Ma H H
caralysr 9 catalyst 10 catalyst 4
entry Ar catalyst % yield® % ee”
1 Phenyl 9 0 ND
2 2,4-(NO,),CgH;4 9 74 97
3 2,4-(NO4),CgH;4 10 93 82
4 2,4-(NO,),C:H; - 04 02
5¢ 4-Pyridinyl 9 0 ND
6° 4-Pyridinyl 10 81 78
7 4-Pyridinyl 4 86 90

“Isolated yields. ” Enantiomeric excess determined by chiral HPLC.
“ 4(Bromomethyl)pyridine added as the hydrobromic acid salt with an ad-
ditional equivalent of 2,6-lutidine.

3. SOMO activation

I
e 4
0 Doy = A

Bn N
N/
”J\ I"?"

DFT-5
; /" ’ 4
#
aldehyde R -
0 Me p

N d Pl .
) Organocatalytic Siface «
Bn N Me

Cycle open  ™u

catalyst 4 radical 3

e f\\zj =t/
e T T

a-benzyl aldehyde
fac-Ir(ppy)s 1

fac¥(ppy)s* 7

oxidant photoredox
Photoredox Catalytic ~ “*'2"*!
radical3  Ar s Br ---\\ Cycle
e- dificient Ar is good SET -1.73V
Ar=Ph ... -1.85 V (NR) J
benzyl halide Ar . Br fac-*I'"(ppy)s 2 household
reductant light

Figure 1. Proposed catalytic cycle for aldehyde a-benzylation.

MacMillan, et al., J. Am. Chem. Soc., 2010, 732, 13600-13603 28



SOMO-B-aCtivation 3. SOMO activation

New type of enamine activation é

Ir(ppy)s 1 Mol% NJ\ ' ARL
~
amine cat. 20 mol% H ©/\H 1 7|
-
DABCO, AcOH amine catalyst

H,O, DMPU, 23 °C

26W light source Ir(ppy)
CN ’

MacMillan, et al., Science, 2013, 339, 1593-1596

SOMO-B-activation

~ H ng -

H™ S PH Ph
o , v-hydroxyketone radicalic
R arylat|0n formation Michael addition

0
5ne” radical coupling with Ph)'\Ph 5re” radical addition to ZOEWG

29



B-allylation - mechanism

CN CHN
CN CN >
dicyanobenzene (4)
Arene Coupling
Partner -1.61V
~__ SET

[I'¥(ppy)sl* (6)
-1.73V oxidant

*Ir'{ppy)s (3)

reductant +0.77V

Photoredox
Catalytic

Cycle

I (ppy)s (1)

photoredox catalyst

-

b

v

Househaold Light Bulb

3. SOMO activation

0

7 f-Aryl Aldehyde
H)kl

Me
Aldehyde

stable Aryl radical

1 \ : : 2
HEDq —CN-
M
”‘___,..-- N

N

e Amine
8 Catalyst

Me

-0.05V
Organocatalytic
Cycle

¥ o/ ,

T
ME\"--._.

—H*
| —
CN

Radical-Radical Coupling

Fig. 2. Photoredox C—H B-arylation: Proposed mechanistic pathway (Me, methyl).

MacMillan, et al., Science, 2013, 339, 1593-1596 30



Michael addition of SOMO-B-activation

3. SOMO activation

a ]
S ewa Michael
H EWG acceptor
. ] ¢, )
[i=alkyl aldehyde HZO, H+
. SET
‘—’/
B h 7
N4 Organocatalytic "R
o Cycle

A

gaturated
aldehyde

A & o

0 1 mal¥: photocatalyst
y /,;L-CD& 20 moi%% onganocalalyst ﬂl)\
DABCO, TFA, H,0
r-peant DME, 23 °C, 24 h n-pent CO-Bn
octanal acrylate light source [+-alkyl product
light yield”
entry photocatalyst organocatalyst  source ( %)
1 Ir(ppy), i-Bu,NH 26 W CFL 7
2 Ru(bpy),Cl, i-Bu,NH 26 W CFL 50
3 Ir(ppy).(dtbbpy)PE, i-Bu,NH 26 W CFL 52
4 Ir(ppy).(dtbbpy)PE, i-Bu.NH blue LEDs 64
5 Ir(ppy).(dtbbpy)PE, pyrrolidine blue LEDs é
6 Ir(ppy),(dtbbpy)PE, i-Pr,NH blue LEDs 77
7 Ir(ppy ). (dtbbpy )P Cy;NH blue LEDs 80
8 Ir(dtbppy).(dtbbpy)PF, Cy,NH blue LEDs 56
9" Ir(dmppy),(dtbbpy )PF, Cy;NH blue LEDs B4
10° Ir(dmppy),(dtbbpy )PF, Cy,NH blue LEDs 0
11 Ir(dmppy),(dtbbpy )PF, Cy;NH none 0
12 none Cy;NH blue LEDs 0
13 Ir(dmppy),(dtbbpy )PE, none blue LEDs 0
entry9: reaction time12 h / entry10: without DABCO
Bu e
PFg
¥ % - % ¥ %
: T E " 1Bu w T We

EEN, L. ﬂ, 1. E:ﬁ )
F"r p"r . ..rr
E T WY
\"‘\\ B Q"I}E’PEU f-Buy . r.'n-N LT

1:Bu Ma

Irippy) A dibbpy Py Irdibpey) o(dibbpyiPFg Ir{dmppy) (dibbpy)PFg (1)

i 3,
7 SET i A

el 2 Photoredox K3

oxidant Catalytic Cycle reductant

/
.-’
household
light

[«]

[ |
reduction of
| !
mﬂ:’n v phatoredox catal:,rst -cantared
Infdmppy)a{dtbbpy)PFg radical

MacMillan, et al., J. Am. Chem. Soc., 2014, 136, 6858-6861
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Limitation of B-allylation

\"',\]/
-H*
NN E

electrophilic radical

3. SOMO activation

\N/

N

nucleophiliclic radical

/ SOMO-B-accepter

-
- —
NC—<Z>—CN oh

\_

@)

&

Ph

\

0

T
L,

Michael accepter
(not radical)

» Accepter should stabilize radical anion. (EWG aryl / ketyl radical)

»Not radical accepter (alkylation)

32



4. Metal-free SOMO-activation



Environmental friendly photocatalyst 4. Metal-free SOMO activation

»HOMO, LUMO-activation ... imidazolidinone or proline catalyst (organocatalyst)
»SOMO-activation ... imidazolidinone + photoredoxcatalyst (Ru, Ir)

potentially toxic for environment

i
i i i
1 1 1
1 1 1
O O | HO 0 0 -
Uy, . II:\’ u 2‘:\ 1 : :
7| N : i Z |
Q/Q : o S
i i i
1 1 1
1 1 1
1 1 1
i i '
| i i

[ ™9

Use organic dye for photoredox catalyst

v'low cost
v'non toxic (= environmental friendly)
v'activated by visible light (especially green light)

34



Alkylation by oranic dye catalyst

O CO,Et

(0] Me
V4
Dg
N)""tBu
H
20 mol%
0.5 mol% Eosin Y

JK/H\/ * /k
H /) Br CO,Et

lutidine 2 eq, DMF, r.t.

hv (530 nm), 18 h

Entry Variation from the standard conditions!

Yield [%]"  ee [96]

1 none 63 77
23W fluorescent bulb instead of LED 78 20
3 23W fluorescent bulb instead of LED and 75 76
[Ru(bpy)sICl; (8)
4 T=0°C 70 81
5 T=-5°C 85 it
6 sunlight (T=30°C)1¥ 77 76
o] CO,Et
H CO,Et
J,
" 85% ®
B 8% ee \N
O  CO.Et o
H CO,Et H’u)/fCFEhCFa H
)
Ph M ® eraldl
T6% 56%19
20 86% oo 21 969 0o

[a] Standard conditions as described above. [b] Yield of isolated
products. [c] Enantiomeric excess was determined as reported in
Ref. [8a]. [d] Full conversion was reached after approximately 4 h.
[e] Reaction was performed at +5°C; p-NO,-phenacyl bromide was
used. [f] Phenylpropionaldehyde was used instead of octanal. [g] Reac-

tion was performed at —15°C; 1-iodoperfluorobutane was used instead

of diethyl bromomalonate.

>t
EtO,C

4. Metal-free SOMO activation

S TN N N -
/ A
[ Br Br ‘I
1 1
| HO o 0 .
: :
Z
: Br Br :
1 1
H COOH i
: gl 1
\ Eosin'Y ,I
\ U
N e e e e e e 7

Dye -

@
NS
N

H )kr R3|ky| Br

s

OHCY Ralky!
R

Konig, B. ef al., Angew. Chem. Int. Ed., 2011, 50, 951-954 35



COnSGCUtive PET 4. Metal-free SOMO activation

PDI gains high reductivity from photoactivation by two photons

i Me\
! Me N
X . Hooo X | Q
PDI (5 mol%), NEt3 (8 eq) : N PDI (10 mol%), NEt; (8 eq)
R - » R ' R + “ /7 » R
DMF, 40 °C, 455nm | DMSO, 40 °C, 455nm
X=Cl,Br,| 45-98% i X=CI,Br,| 52-70%
|PrO O|Pr -1.5~2.0V - o Ar=AF
Ar—X Q_\-/ //Ar -H
Oi Pr \\
Ar’
\ perylene diimide (PDI) / Ar—-X \ S-H
\ ( .
/._\\-/(S
Et:N '\l >~ Ar-H
X
Fig. 4. Proposed catalytic mechanism. S—-H, solvents. NEtQ

» Stability of PDI"- is important for second activation
»Exceeds reduction energy of PDI"- to Ar-Cl (high reduction energy)
»Potential to stronger photoredox catalyst than Ru, Ir
»R =EWG only
Konig, B. et al., Science, 2014, 346, 725-728 36



5. Summary



Summary

(I_UMO-activation\

N\t

N <

- J

Y
N

-

organocascade

\JL@R

"

/Imidazolidinone activation

Diels-Alder,
Hydride reduction

Mukaiyama-Michael

/

(HOMO-activation\ / \
~. Proline activation

(6-membered ring TS)

Imidazolidinone activation
(not 6-membered ring TS)

/

Imidazolidinone only
—HCI, HF addition

Cyclic specific catlyst
—Hydride reduction

+aldol, oxidation, amination

4

SOMO-activation

\’,’\]/
A

N

SOMO-B-activation

\N/

N

Q.

R

R

5. Summary

CAN (2 eq) activation
low IP of enamine
addition of water
allylation

Photoredox

Ru(bpy),Cl,, Ir(ppy)s
alkylation

Ir(ppy)s
stable radical anion partner

B-arylation
v-hydroxyketone
radicalic Michael addition

38



Summary-Z 5. Summary

photoredox catalyst

|PrO OiPr,
\ HO
I/ Il/ I o
‘N
COOH |PrO OiPr

Eosin Y perylene diimide (PDI)

u(bpy);Cl, DDY)s

k Metal photoredox / k Metal-free photoredox /

i v'high reactivity i T i
i v'easy to change reactivity | i v’low cost i
| (ligand modification) i i v'non toxic (= environmental friendly) |
i <high cost i | estability (catalyst is radical reactant) !
| *potential toxic | b e e e e e l
S ]

39



Appendix



Synthesis of imidazolidinone from amino acid

| e EEEEEEEm——— =1
1 1
| CH3NH T CH3)3CCHO i i
! HEH\JLGEHa I HEN\J\N,CHJ (CHal: -8 N o
LN, = | Mg=0,, CHoCls + |

I HsC . HaO H Gk, H.C H I
i 1 2 !
1 1
1 1
1 1
1 1
: 1

1
: :E!.uavw\gL -CH; _ CHCOCI }} -HCl |

™~  HC A
i Ha EtOH ? u :
i 3 i
1 1
e o o o o o o o o e - J
0 CHs CH3 0
N
Ho [ S3eH E‘ 3y LH EtoH EBu. N _CHa
“ 1 — k M
HaC M i-Bu i-Bu "
2 HiL H H
H *HCI b *HC
3 4
major Mringr
OEt o
H HaC "H #

MacMillan, et al., Org. Synth., 2011, 88, 42-53



Hyd ride red U CtiOn Of E/Z m iXtU re Table 3. Effect of Aldehyde Substituents on EOHR

EtO.C CO,E

R o 20 mol% R, o
1W H (A)-2-TFA \/\.‘5’
Re Mem N M Cuoy a0 Ry
Eand Z isomers hydrogen source product
entry EZ roduct time (h) % vield G ee?
Y substrate P ¥ e
) . b
E only E=91% yield, 93% ee ()  (2) bzl ©\/\;0 299
o //_\ 2 > 20:1 : 48 79 ggbe
“_.r“ -
o Me
Me
ME\N o 3 = 20:1 QVVO 16 T4 94
~ f 0 S
'Bu

N - cl Me
H *TCA Y
Me = =0 Me 4 =201 o : 0 16 92 97

+ Hantzch ester same enantiomer (S)

Me
Zonly u Z - 90% yield, 87% ee (S)  (3) 5 51 O\ND 10 91 96"
Me
50:50 E/Z mix as above mix = 88% yield, 90% ee (S)  (4) 6 21 O\/\’PD o5 o

Me
. . . . . . o
amine cat accelerate isomerization of E/Z intermediate 7 520 A0 2 s o
MeO T
Me
8 >20:1 T|psowo 72 74 90
Me

9 =20:1 0.5 g5d g7°

5 5
?5
W
Q

Me

42



Imidazolidinone & imidazolidinone cascade

Ve O catalyst
= combination A
Ph H - {5}
CHCI,
N &th 0 THF/EPIOH 16:1 anti:syn
P NT CPh 99%ee B81% yield
|
F
catalyst H Me O
0O Hpy O combination B )
- = H (6)
CHCIy E
THF/PrOH 91 syranti

00% aa  B2% yield

catalyst combination B

enaming catalyst and E
added after consumption of Nu

catalyst combination A

enamine catalystand E
added afler consumption of Nu

0, Me Q. Me o, Me Q, Me
N "\ e \ z;" Me
D _Me }" D Me }"‘

H }FMe H Me H ﬂFMe I H e
e Ph Me Ph
{5A)-iminium {25)-enamine {5 H)-iminium (2M)-enamine
catalyst catalyst catahyst catalyst
(7.5 mols) (30 mol%) (7.5 mol%) (30 mol<s)

-20°C30h--10°C12h



Aldol reaction by imidazolidinone catalyst

O IME *TFA
N
Me
| ﬁ Me
1

Q 10 mol% catalyst 1 o 0
J—I\/Ma ", _Me Table 1: Imidazolidinone-catalyzed direct aldol condensation: reaction
H Et.0, 4 °C HO "

scope.

i 0 0 MeO  OH

3 equiv (AB.C) Me MmN, 1020mo% 1, E60.4°C; :
o] ; ; g g H R? MeQ R?
4 4:1 anti'syn, 94% ee Amberlyst-15, MeOH
A+B y J\/Me donor acceptor R’

catalyst 1 C Amberlyst-15 | MeOH Entry R R Product Yield anti] ee

[26]  spnltl  [op]Ed

MeO  OH

MeO CH :

© ?H : Me 1 Me Me Meo)\lf\/’“e 86 41 94
HJJ\I/\/ Me MeQ Me
MeOQ OH

Me :
Me 3 . - e
5 BB% vield, 4:1 anti/syn, 94% ee 2 Me iPr MeO % 5195

Scheme 3. Imidazolidinone-catalyzed aldol reaction: initial results. MeQ  OH

3 Me ¢CeHy  MeO 81 51 97
Mer

aldol reaction ... proceeds at 4 °C s e Meokl/i\@ o a1 e
Me

MacMillan, ef al., Angew. Chem. Int. Ed., 2004, 43, 6722-6724 44



Redox potential of photoredox catalysts

Table 1. Redox Potentials and Selected Photophysical Properties of Commonly Utilized Visible Light Photocatalysts®

Ein Ein Eip Ein excited-state lifetime, excitation 4, emission A .,
entry photocatalyst (M*/M*) (M*/M™) (M*/M) (M/M™) t (ns) {nm) (nm) ref

1 Ru(bpm),* -021 +0.99 +1.69 -091 131% 454 639" 161

2 Ru(bpz);” —0.26 +1.45 +1.86 —0.80 740 43 591 55

3 Ru(bpy),” —0.81 +0.77 +1.29 -1.33 1100 452 615 1,3

4 Ru(phen),™ —0.87 +0.82 +1.26 —1.36 500 422 610° 1, 129
5  Ir[dF(CF,) —0.89 +1.21 +1.69 -1.37 2300 380 470 77

ppyla(dtbbpy)”

6  Ir(ppy).(dtbbpy)* —0.96 +0.66 +1.21 —-151 557 581 58, 77
7 Cu(dap),” -143 +0.62 270 6707 33

8  faclIr(ppy)s —-1.73 +0.31 +0.77 -219 1900 375 494° 38

“All potentials are given in volts versus the saturated calomel electrode (SCE). Measurements were performed in acetonitrile at room temperature
unless otherwise noted. “Determined in propylene carbonate. “Determined in aqueous solution. “Determined in dichloromethane. “Determined in
1:1 ethanol/methanol glass at 77 K.

MacMillan, et. al., Chem. Rev., 2013, 113, 5322-5363

Ground state redox potentials obtained:

Ep™T= 1479 V vs. Ag/AgCl (-1.524 V vs. SCE) cyclic voltammetry date of Ir(dmppy)2(dtbppy)2

EpV ™M =+1253Vvs. Ag/AgCl (+1.208 V vs. SCE)

Excited state redox potentials calculated from ground-state potentials and Aya(emission) = 597
nm

Eoo=2.076 eV
En ™= 10552V vs. SCE

Erp V™M =_0.868 V vs. SCE MacMillan, et al., J. Am. Chem. Soc., 2014, 136, 6858-6861 45



o-alkylation

organocatalyst 20 mol%

O Q Ru(bpy)sCl, 0.5 mol% Q
HJJ\/CGHH Br\)LPh fluorescent light > o

2,6-lutidine, DMF, 23 °C, 6 h CeH130

entry light Ru(bpy);Cl, yield

1 15-W fluorescent bulb o 84%
2 - © no rxn

3 15-W fluorescent bulb - <10%

4 UV (300-350 nm) - >80%

5 MLCT absorption band (465 nm) o 84% *

6 MLCT absorption band - <5%

MacMillan, ef al., Science, 2008, 322 77-80

*90min
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Deprotonation of -position

Enargy (kcakimad)

A

DS O sohvation correclicns

% &1
OABCD .
,r*:-

.4

DAaBCO-HY AE" = +13.7 kealtmal
DARCO-H?Y AE® = #12.1 kaaldmal
ABCO-H \E¥ = 437 kcalimo

a2

Aaaclion cosrdinala

L)
s

®
Q.

54
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Benzydrol addtion to allylic radical

A

o) hy 0 H OH /-
Ph)LPh > Ph)\ \© . Ph/!\% @ .

cyclohexene " Ph

rt., 68 h

allylic radical

OH

Ph
Ph

27%

J. S. Bradshow, J. Org. Chem, 1966, 31, 237-240

/ 0\

\—/
(\O
J
3
¥

hv O

Ph Ph benzene, r.t., 50 h

(-
Yo
Y

10%

Ph

OH

15%

Ph
Ph

H. Nozaki, et al., Tetrahedron, 1968, 24, 6557-6562
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Searching for metal-free photoredox catalyst

R=H fluorescein (1)

A=450nm; E'= 122V

=Br eosin¥ (2) A=539nm; E°=-106V

o] OH
O

alizarin red 3 (4)

A=420nm; E°=-0.28V

[Ru(bpy)*”

Et,N o o Et:N
g
SO.Na

A=450 nm; E'=-1.33V

nile red (5)

0;"” °
2 a {
O 0

perylene 3
A=524nm; E'ca: 0.8V

A=543 nm; E'=-1.02V

[Ir{ppy):(dtb-bpy)]”

rhodamine B (6)
A=524nm; E°- 08V

A=418 nm; E’=-151V

BIEHIZHEEDAIEmmol LD EER T
Ru(bpy)2ClI2 $62.5

Ir(ppy)
EosinY

3 $630
$2.66

Table 1: Dehalogenation of a-bromoacetophencne.

EtO,C CO,Et
w Al
O 11 equwINI 0
H 7
2.5 mol% catalyst

Br 2 equiv DIPEA, DMF, RTF H
hv {4 =1530 nm), 18 h

Entry*! Dye catalyst Yield [%6]
1 none 40
2 [Ru(bpy):**] (8)" 100
3 alizarinred S (4) 36
4 perylene 3 100
5 nile red (5) 100
6 fluorescein (1) 100
7 eosin'Y (2) 100
8 eosin Y (2) 3
9 eosin Y (2) 80F
10 rhodamine B (6) 20

[a] Standard conditions as described above. [b] GC yield determined
using a calibrated internal standard. [c]A blue high-power LED
(4==455 nm) was used instead. [d] Reaction was performed in the dark.
[e] Reaction was conducted in sunlight; full conversion was reached after
1 h of irradiation.

entry3,5,10 ... degradation observed
entry4,6,7-9 ... stable under light

IFIUNEBMEREEE

TEEEBLTWAIENDIAD U EFIAL AL

Konig, AC/E, 2011, 50, 951-954 49



Metal-free catalytic SOMO-activation

Meerwein reaction A
EosinY ~=~rnoH

HI' '\._\..".__.-'-"\. P '-.-":H-":--\.--" Hr

e e,

=

m

T
=

)

¥

4
i

HO™F 07 Y 0 P
R io- + I/ Br Br R i ““j/ \
] . - - T
= b
.z DMSO = 40-86%

¥ =0, & NBoc visible light, 20°C

Fa
eosin Y* eosin Y 13
z 5 MNzBF 4
visible D\O C
light
gosin Y
H 1'1 y

1

i transition metals : CuCl, TiCl,, Pd

1

1

1

1

1

1

1

1

|

1 . . .
Radca Prpogain ] R is electron rich ... low yield

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

mechanism : radicalic intermediate

2k electron poor ... high yirld
13
aF.,
l -HBF
F) R B. Konig, efal., J. Am. Chem. Soc., 2012, 134, 2958-2961
A 50
16



Reduction potential of aryl chloride

Table 2. Fragmentation Rate Constants and Standard Potentials
for Aryl Chlondes in DMF

_EDAr}l'.'.ﬁr:ll"
AICI log ks (s~") (V vs SCE)

2-chloronitrobenzene —204+01° 0.99=
4-chloromitrobenzene —20x01° 1.059
9.10-dichloroanthracene 124+0.1%8 1.478
4 4’-dichlorobenzophenone 0.8+0.15 1.55%
2-chlorobenzaldehyde 234015 1.56%
3-chlorobenzophenone 1.65 £ 0107 1.64
9-chloroanthracene 215+ 0.03¢ 1.714
1-chloroanthracene 0.90 + 0.04¢ 1.732
2-chloroanthracene 1.35 £ 0.04¢ 1.80°
3-chloroacetophenone 1.0+£0.1° 1.834
4-[2-(4-chlorophenyl)ethenyl]-pyridine 1.5+£0.1s 1.84a
4-chloroquinoleine 38+ 0067 1.894
4’-chloroacetophenone 35+£006° 1.90°
2-chloroquinoleine 58+ 067 1.924a
ethyl 4-chlorobenzoate 71+0.1% 2.028
4-chlorobenzomitrile 82067 2082
1-chloronaphthalene 724+ 0624 2267
2-chloronaphthalene 80+£006° 2304

7.24 2309
3-chloropyndine 9.5+ 0.15% 2.36%
3-chlorobiphenyl 5.854 236°
2-chloropyndine 9.6+ 0.14% 2.37%
4-chlorobiphenyl 8.65 + 0.024 2.43¢
2-chlorobiphenyl 10.854 2.59¢

J-M. Saveant, et al., J. Am. Chem. Soc., 2004, 726, 16051-16057



PDI photocatalyst substrate

3, _ PDI {10 mal®:), EtzN (8 equiv)
ﬂ J + Trapping reagent = Product
- OMS0, 40 °C, 455 nm

X, X=1,Br.Cl 2550 equiv

Subsirate Praduct Yiekd, time : Substrate Praduct Yield, tima "
1| “N O, 0 0. 0.
i E:]/ - 72%, 22h I} | B0%, 20h
Er 1 N
Q ]
K] b 52%, 24h (4) & G4, 24h
Br N-
M M
11 Iy
(5) 64%. 24h 8) bl 70%, 12h
54%, 18h T
M M
I ] HM
m 1%, 16h ) Cl 71%, 14h
N Q1
il N
) 54%, 24h {10) | ol 74%, 19h
M
Br Br
[11) BA%, 1d4h 12 265%, 48h
Br Br

Br

* |olated vield. T Reaction was performed with commercially available catalyst, F Reaction was performed in D8F.



MeChanism StUdy 4. Metal-free SOMO activation

radical trap by TEMPO

COCH;

PDI (10 mol%),

O L
Q
+ N Et;N (8 equiv) +
> 0
DMSO, 40 °C, N
Br

1 equiv 455 nm

HRMS: calculated for [M+H]" C;;H,6NO,™ 276.1964: found 276.1959.

chemical production of PDI radical

(@)
B
(NH4)2S204 r‘@‘«

PDI . . PDI y NO rxn
chemical reducdant in dark condition
of PDI

B. Konig, et al., Science, 2014, 346, 725-728 33



Evidence of PDI radical anion photoactivation

E° in DMF vs Fc¢/Fc™: E°(PDI"/PDI) = —0.88 V., E°(PDI*/PDI") =—-1.18 V.

COCH3
O .
o 0]
i PDI (10 mol%),
+ N EtsN (8 equiv) +
> 0
DMSOQ, 40 °C, "N ] ]
Br lequiv  455nm Aryl radical trapping
HRMS: calculated for [M+H]" Cy;H,sNO," 276.1964; found 276.1959.
A e A 0}
2108} oLl
kel ° -, L |
500 600 )/ nm ; .
Addition o | | @ i | :E
of EtgN ~'F }f\j | N
1.106 L 0 7:'\1—/‘./v L ‘L L } ‘ i k
00 400 500 €00 ,“ 3 ; \
\ (i) ' '-g“ PN
op | il 1Y : J¥
0300;:\336{:5'(;0 Ls—c;o' : 3 % g :
800 ' 800 700, 800 1000

Alnm A nm

PDI radical anion production by addition of (Et2N)4S204 (= chemical reductant of PDI)
... no reduction of 4-Br-acetophenone

B. Konig, et al., Science, 2014, 346, 725-728 34



Q&A



CDIEDHKLENEAD ?

REDEEDHADFERATRILEA- ExdlZESEE LK photoredox catalyst
(Fatom economyP R ELBBEYWEEAXICKVWEVWS A TREEROBZVEK
EZEABEICLTVEYT, REFEhhSsZAHAVERRBONVUI—> 32 &1EX
LTVBERREEEEASNETH, RENICEE2E/K EEGRERICEWVT
D=2 BERBTEEBIUTACEICHDOTRBEVWABZERBVET,

Ru,IrbA %L Tphotoredox catalyst& 22 flid & 3 ?

Photoredox catalystldRu,Iri’ fEH N3 FENFEEAET, TUADT—A
TRIAZDDODEISBBENEONDT—RAEHVY)ETH, CuefE>EHXE
LEXTRBEHYET,

O3N
Cu(dap)2(BF4)2 (2 mol%)
EtsN (2 eq), visible light

DCM
2 om—@ >
Br

J. Chem. Soc. Chem. Commun., 1987, 546 NO,

dap



P26 TTILTE RO EZEIHLBEVDAH ?

MacMillan5 DERZHABDICT IR HFN R DTHEVCEN BHAVET,
TNOEMBE L Tlkamine catalysti BB DO T IILTFE RICKELICK<<&Z>TV
BENETSNBDOTRBVWHAEZEZASKETET, RO TILTERKYIL
EHISBATVWRERMA T IV ORBICMEN HBDLOAIRITFIOD
AN mTFsn, FRELTTEIMAXICARNICKVWEVLSTOEMNEZZSNE
j-o

RuslrQEWVD HHE

AppendixPp4sDxRESZEICKMREBENTHSBILW/NAEVE) O IXRILF—Z=
EEBTMNAEHEYDIRINF—Z2HXNTHDE, RuURBILHNADIXRIL
F—AREL, ’IFETHNAODIZRILF—HFRKEVNZEN DLV ET,
TOLEHERELTEAD CERFEBABRILENICKVEENf D EZEFERUD
FHBYT, BERe i< VEEBNHZEERFIFBYITHZDEVWSZETT,
il 2 (Ep28 DSOMO-activationDHITlEAHY 7V IN— R F—HFERENICL
WESRUEEATIIcRSZEEL TVWET,



SOMO-activation & SOMO-B-activationDiEWN G EC A TD DA ?

SOMO-activationlc & T3 H Y 7' > )N— KN F—IEphotoredox catalystlc & 2 T
—BFEAENEFRLZEZTZDAITIFIICHLTI<KERLTLES EE
A5NET, —H TSOMO-B-activationDFEEHY 7V I N— N F—AIHNZ
SHNZLZFENTRDROIBERE (EFKSIE ) ZHEODCETIFHFI AN
FFlEnBd T, TFIVAIKCHE7TORN D ENBBA4ELULEOTREVWAL
EZASNET, (2FY, BREMKETREVHERVWET)

F 7=, SOMO-activationDFBEICEWVWTIFIOBMLICEI > TS HIL O
AR P TVWBREVSERERDPSET NI BEOARLZEE N RIOEICEE
LTWVWBENRRENET,

SOMO-B-activationDBHICZ P AN EU D #EEE ?

ZASNDEBELTRUTORSBREDHNETSINET,

\1t/ \1/ \ 7/ \ 7

NA N N N
K\bjABco — ﬁ - ﬁ - ﬁ

H



