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David W.C. MacMillan: A Brief InErqduction

B Career

B Title

1968 Born in Bellshill, Scotland.
orn in Betishitl, scotian B James S. McDonnell Distinguished University

1987-1991 Undergraduate degree in chemistry at Professor of Chemistry at Princeton University.

the University of Glasgow.
B Chairperson of the Department of Chemistry

1991-1996 Doctoral studies with Professor Larry E. at Princeton University,

Overman at the University of California, Irvine.

B Director of the Merck Center for Catalysis at

1996-1998 Postdoctoral studies with Professor David : . .
Princeton University.

Evans at the Harvard University.

July 1998 Dave began his independent research

career at the University of California, Berkeley. 2010 - Present Chemical Science

June 2000 Joined the department of chemistry at CIT [Editor-in-Chief]

June 2006 Appointed as the A. Barton Hepburn
Professor of Chemistry at Princeton University.
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The First Highly Enantioselective Organocatalytic Diels-Alder Reactions

B two way to lower the LUMO of the enal system

substrate catalyst LUMO—activation
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B designed reaction cycle

il
Diels-Alder 1 %ﬂﬁ
cycloaddition 3
H™ JNR'R? dienophile
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J. Am. Chem. Soc. 2000, 122, 4243-4244



The First Highly Enantioselective Organocatalytic Diels-Alder Reactions

catalysis ' e
& Meﬂ;{g CsMe 'H},Me
MeO:C™ N7 TCOMe  pn” N “En N %
5 +HLI Fh = .HC
H
12 examples,
85-96% ee,

72-99% vyield

observad (84% ee)

J. Am. Chem. Soc. 2000, 122, 4243-4244



The First Highly Enantioselective Organocatalytic Diels-Alder Reactions

catalysts 0

Me
N TCOpMa - N E

00" o H an H Me
R
20 molve 7 ~aHO 12 examples,
7 Ny TR - ‘ fnco 85-96% ee,
X © 23°C . adduct 72-99% yield
q..:':.

M origin of chiral control

Shield the Re face

sitace observed (94% ea)

J. Am. Chem. Soc. 2000, 122, 4243-4244



The First Highly Enantioselective Organocatalytic Diels-Alder Reactions

B synthesis of Solanapyrone

/ 20 mol%
CCC\HO catalyst 2
Y a -
Me  5°C, CH,CN

15

16, 71% yield
> 20:1 dr, 90% ee

OMe

Solanapyrone
D (18)

“Key: (a) Methyl acetoacetate bis(trimethylsilyl) enol ether, TiCly,
CH,Cl,, —78 °C, 75%. (b) Dess—Martin Periodinane, CH,Cl,, 71%. (¢)
DBU, benzene, 60 °C, 87%. (d) Methyl p-toluenesulfonate, K,COs3, DMF,
room temperature, 81%. (¢) LDA, THF, —78 °C to 0 °C; methyl formate,
—78 °C, 57% (91% based on recovered starting material).

O Me
N
&( Me
N
H Me
Ph Me
catalyst 2

J. Am. Chem. Soc., 2005, 127, 11616-11617




Highly enantioselective [3+2] cycloaddition reaction

B nitrone as the sustrate

- N’ _
2“ 2;] \\\\\Me . HC|O4 E\\ zx
+ N__"'\ Me MN—=0 M=
_Gf g Ph H
* -~ RSN, U"Ry R "R
M CH3NQo=H-0 ()
Ry © —20 °C enda CHO exo  CHO
B screening of catalyst - o _Me
N
S JR— 3 HCl- Me Bn Bn
_‘I"’N—\ 3 3 \N—O \N_O
O Ph N e
+ H - Ph (Sf;uMe Ph “iMe
X 20 mol%, +4 °C,
MEMO CH3NO,-H,O  endo4 CHO exo-4 CHO

entty  R—(catalyst) Time (h) %vyield exoiendo %ce (endo P

I CHPhda) 72 70 88:12 o3
2 Ph (1b) 70 73 78:22 44
3 I-Pr (1¢) 60 68 58:32 42
4 Bu (1d) 70 45 33:66 20
5 CH,2-napthyl (1e) 48 62 78:22 86
6 CH,C,H,OMe4 (1f) 48 77 79:21 89
7  CH,CHPh(lg) 48 72 50:50 69

J. Am. Chem. Soc. 2000, 122, 9874-9875



Highly enantioselective [3+2] cycloaddition reaction

B nitrone as the sustrate

- N’ _
4, (2; eMe.cio,  Z, Z
+ N= Me MN—=0 M=
- \H pp H
+ ~ AR "“Ri R "R,
A, CHsNO2-H0 (S
Ry © —20 °C enda CHO exo  CHO
B screening of catalyst - o _Me
N
W— 3 HCI Me  Bn Bn
_‘I"’N—\ 3 3 \N—O \N_O
o Ph N %
+ H - Ph (Sf;uMe Ph “iMe
X 20 mol%, +4 °C,
MEMO CH3NO,-H,O  endo4 CHO exo-4 CHO

entty  R—(catalyst) Time (h) %vyield exoiendo %ce (endo P

I CHPhda) 72 70 88:12 o3
2 Ph (1b) 70 73 78:22 44
3 I-Pr (1¢) 60 68 58:32 42
4 Bu (1d) 70 45 33:66 20
5 CH,2-napthyl (1e) 48 62 78:22 86
6 CH,C,H,OMe4 (1f) 48 77 79:21 89
7  CH,CHPh(lg) 48 72 50:50 69

J. Am. Chem. Soc. 2000, 122, 9874-9875



Highly enantioselective [3+2] cycloaddition reaction

B nitrone as the sustrate

- N’ _
4, (2; eMe.cio,  Z, Z
+ N= Me MN—=0 M=
- \H pp H
+ ~ R "“Ri R "R,
A, CHsNO2-H0 (S
Ry © —20 °C enda CHO exo  CHO
B screening of catalyst - o _Me
N
W— 3 HCI Me  Bn Bn
_‘I"’N—\ 3 3 \N—O \N_O
o Ph N %
+ H - Ph (‘Sfj-'uMe Ph “iMe
X 20 mol%, +4 °C,
MEMO CH3NO,-H,O  endo4 CHO exo-4 CHO

entty  R—(catalyst) Time (h) %vyield exoiendo %ce (endo P

I CHPhda) 72 70 88:12 o3
2 Ph (1b) 70 73 78:22 44
3 I-Pr (1¢) 60 68 58:32 42
4 Bu (1d) 70 45 33:66 20
5 CH,2-napthyl (1e) 48 62 78:22 86
6 CH,C,H,OMe4 (1f) 48 77 79:21 89
7 _CH,CH,Ph(lg) 48 72 50:50 69

J. Am. Chem. Soc. 2000, 122, 9874-9875



Highly enantioselective [3+2] cycloaddition reaction

B nitrone as the sustrate

O 'Me

_ N _

£ WMe

\ QM'® < HClo £ Z,

+ N= (?rj)\Me ) “N—0 N—0

- r Ph

+ CHaNOg 10 - =Dl S’;"m R iR,
I 3NUo— (
R g —20°C endo CHO exo  CHO

B screening of the acid cocatalyst
[, e

B e
TN eh )’ N—O N—O
0! Ph N™ %

+ e o Ph““kl)”“Me Ph&RH“Me
S 20 mol%, =10 °C, ®)
Me” g CH3NOz—H0 endo-4 CHO exo-4 CHO

entry  HXco-catalyst Time(h) %yield endoexo %ee (endo)

1 HClI (1a) 108 70 88:12 95
2 TfOH (5) 101 88 89:11 90
3 TFA (6) 80 65 72:28 86
4 HBr (7) 80 77 94:6 93
5 HCIO, (8) 80 86 94:6 90
6 HCIO, 8) 100 98 94:6 94b

J. Am. Chem. Soc. 2000, 122, 9874-9875



The First Enantioselective Organocatalytic Friedel-Crafts Alkylation

0, Me
M
20 mol3s 1 /8 HX- f Me
E/ “'5 + PhMD S N = =0 Bn NMME
N THF=H,0 y!
Me & Ph 3 H

catalyst 1

M very sensitive to the cocatalyst

entry H-Xcocatalyst  Temp (°C) Time(hy % yield % eeb®

]  NCCH,COH (la) 23 32 10 80
2 CLCHCO,H (1b) 23 32 62 80
3 Cl;CCO,H (1¢) 23 3 64 81
4 TFA (1d) 23 3 78 81
5 TFA (1d) —30 42 87 93

J. Am. Chem. Soc. 2001, 123, 4370-4371



The First Enantioselective Organocatalytic Friedel-Crafts Alkylation

o, Me
H X N

/ ‘\. 2":' mﬂ'l% 1 ff ]\ (=) ] f J\ME

{ E + PhMD . e an H )\ME

N THF=H,0 Mo .
Fh
catalyst 1
M 1,2-addtion is highly prohibited by the catalyst

g ’ 0] Me

N/

\ f +lee
,)/L N Me
Ph
; -
o° ¢ J)L
\r/ Me 2
MM3-2 A
g I\ o

XN Si-face u
Q/ Me

calculated iminium ion model
J. Am. Chem. Soc. 2001, 123, 4370-4371



Enantioselective Indole Alkylation

O Me
N cocatalysts =
“Me
)‘\ a=TFA
H Me b=pTSA
h

P ¢ = 2-NO,PhCO,H
catalyst 1
M previous reaction
Pyrrole Alkylation
K ¥
! E 20 mol%
‘Q\:“ \ YMD -
lil catalyst 1a
R High yield
m initial trial Good ee value J. Am. Chem. Soc. 2001, 123, 4370-4371
Indole Alkylation
Me
20 mol% - o
=}
N MEMO - N
N catalyst 1a N
Me CHClp, 10 *C Ve

Sluggish reaction
Poor ee value

J. Am. Chem. Soc., 2002, 124, 1172-1173



Enantioselective Indole Alkylation

0 Me
cocatalysts = N

O Me
N
“Me
2‘ R N
e
h N b=pTSA N Me

P ¢ = 2-NO,PhCO,H Ph Me
catalyst 1 catalyst 2
M previous reaction
Pyrrole Alkylation
K f
. E 20 mol%
Iil catalyst 1a
R High yield
Good ee value
Indole Alkylation
Me
N e 20 mol% N ~o
Me/wo -
N caialyst 1a N
Me CH,Clp, =40 °C Ve

Sluggish reaction
Poor ee value

J. Am. Chem. Soc., 2002, 124, 1172-1173



Computational model of catalyst 1 Computational model of catalyst 2

O /Me
N
(TN Me
H
h

P

j catalyst 1
CHB -lone palr t../
interaction lone pair exposed —
O /Me
N
. ,\<Me
N
H Me
Ph Me
catalyst 2

B faster iminium formation

J. Am. Chem. Soc., 2002, 124, 1172-1173



Computational model of catalyst 1

CHjs -lone pair
Interaction t"/

Computational model of iminium 3

Effective Si-face coverage
Reface CH 5 -substrate interaction
Diminished substrate addition rate

Computational model of catalyst 2

O /Me
N
(TN Me
H
h

P
catalyst 1
lone pair exposed —
0 _Me
N
Computational model of iminium /\<Me
N
0 H Me
MM3_4 Ph Me

Lo
Og ’E)g catalyst 2

B faster iminium formation

0 TT—— B increased Si-face coverage

ko N & unhindered Re-face
I
2 0

Increased Si-face coverage
Re-face addition unhindered

Increased substrate additionrate ; Am. Chem. Soc., 2002, 124, 1172-1173



Enantioselective Indole Alkylation

O _Me
N
m with new catalyst N&(MG
H Me
Ph Me
catalyst 2 R
20 mol%s :
catalyst 2a ~o
L) >~ - (O
N CHoClo—-ProH N
Y
Me Me
entry R temp °C time (h) % Yyield % eed
1 Me —83 19 82 92%
2 Pr —60 6 80 93
3 i-Pr —50 32 74 93
4 CH,OBz —83 18 84 96%
5 Ph —55 45 84 90
6 CO;Me —83 21 89 91

J. Am. Chem. Soc., 2002, 124, 1172-1173



Other Enantioselective Friedel-Crafts Type Alkylations

- _ O Me
B aniline as nucleophile N  «Hcl
H)ﬁ<Me
Ph Me
£ Me
(10 mol%)
+ XMO
R,N CH,Cly, 1.0 M RoN

20 °C, -10°Cor-20°C
25 examples, 66-97% yield, 84-97 % ee

J. Am. Chem. Soc., 2002, 124, 7894-7895



Other Enantioselective Friedel-Crafts Type Alkylations

- _ O Me
B aniline as nucleophile N  «Hcl
H)*MG
Ph M
£ Me ©
(10 mol%)
+ XMO
R,N CH,Cly, 1.0 M RoN
20 °C, -10°Cor-20 °C
25 examples, 66-97% yield, 84-97 % ee
J. Am. Chem. Soc., 2002, 124, 7894-7895
: _ @) Me
B silyloxy furan as nucleophile N < DBNA
N)ﬁ<Me
ph M Me
Me ®) 0
o) (20 mol%) »Z
TMSOUZ NS e > | -0
CH,Cl,-H,0

-60 °C or -70 °C
DBNA = 2,4-dinitrobenzoic acid (DBNA)
12 examples, 80-93% yield, 90-99 % ee
J. Am. Chem. Soc., 2003, 125, 1192-1194



Other Enantioselective Friedel-Crafts Type Alkylations

M Trifluoroborate salts (Molander reagent) as nucleophile

A BEK A

*7 %7 TBFK B

Ph

91 % yield, 95 % ee

WMQ

20 mol%% 2+HCI

HF (1.0 equiv)
DME, -20 °C

e

Me
derived from n-system B

/A

OHC™ ™o

Me

0 _Me
N
Bn— N\ _# N)\l(me
H MeME
catalyst 2
0

85 % yield, 95 % ee

J. Am. Chem. Soc., 2007, 129, 15438-15439




The First General Enantioselective Catalytic Diels-Alder Reaction with Simple
a,B-Unsaturated Ketones

B reqular chiral metal catalyst is difficult to distinguish the two asymmetric lone pair

O

~'\'\“‘-)'ert —

— —————

-

MLy

melal catalysl

M catalyst screening

0

Me/vl\ Et

LM<

0 Me
N© *HCIOs
DA
J-—

Q,-Men

Et - Et
e

poor organizational control

N\ 7/

[4 + 2]

20 mol%, H,O, 0 °C

Q

Et

poor selectivity

’a
l&m

A

Et O

entry  cat. R, R, (Rs) time(h) %yield endoexo % ee3b
1 1 Bn Me (Me) 48 20¢ 7:1 0
2 2 Bn #-Bu(H) 48 27¢ 9:1 0
3 3 Ph  Ph (H) 22 38 21:1 47
4 4 Bn Ph(H) 42 ]3 23:1 3
5 5 Bn 5-Me-furyl (H) 22 89 25:1 9{}L|

78-92 % yield,
85-98 % ee

J. Am. Chem. Soc., 2002, 124, 2458-2460




Organic Catalyzed Reduction in Biological Systems

B NADH: Natures Reduction (Hydrogenation) Reagent (Coenzyme)

alanine transferase

0 H H
G CONH; WH,
M | | 3 NH; T /\EOH
N
i\ enzyme
methyl NADH catalyst  gjanine
pyruvate
HaN HN?/Ft
(0] H A o
— S Vg
N _ Me—g His )
- oii
o’ 2
\ H
N—— H  WH
active site HNx./ 2
NADH reduction \&HR 0

Selective reduction of pyruvate imines to create amino acids

Could this organocatalytic sequence be utilized in the redution of carbon—carbon double bonds
J. Am. Chem. Soc., 2005, 127, 32-33



Enantioselective Organocatalytic Hydride Reduction

B Hantzsch ester: analogue of NADH
EtO

O HH O

| | | OEt
Me H Me
Hantzsch ester

hydride source

B LUMO lowing amine catalyst: analogue of enzyme

Me O

"N
AKHIHK
Me>l/\
ke H

Me Ph
catalyst 1

=



Enantioselective Organocatalytic Hydride Reduction

O HH O
B Hantzsch ester: analogue of NADH 3

Me M Me

Hantzsch ester
hydride source

Me, O Me, o
_ _ A QY A G
B LUMO lowing amine catalyst: analogue of enzyme ME'>H\N ME)(kN
Me H Me H

Me Ph Me
. catalyst 1 catalyst 2
B catalyst screening
R R catalyst *HX
Ph ) 0]
W H @omole) NN (1)
Me Me H Me solvent, 4 °C Me
entry catalyst HX solvent time (h) % conversion? % eet
| L-proline  TFA toluene 5 47 15
2 1 TFA toluene 1 96 75
3 2 TFA toluene 1 95 88

J. Am. Chem. Soc., 2005, 127, 32-33



Enantioselective Organocatalytic Hydride Reduction
O HH O

B Hantzsch ester: analogue of NADH
EtO
Me M Me

Hantzsch ester
hydride source

I'I.I'Ieh O r..llle~~ O
N HX N HX
Me % Me %
M M
Me H Me H
Me Ph Me

B LUMO lowing amine catalyst: analogue of enzyme
catalyst 2

catalyst 1

B substrate scope research:

strong chiral control ability O, Me
LS.,
N "/,, Me

H

Hr,,' H /<Me
etooc. 2 _COOEt 5 ’ N:; O\/\/O
mo
| | ; s (20 mol%) Z
Me y CH4Cl
© .30 °C

Me N
H

/ [[[11]

Me
95 % yield, 91 % ee

J. Am. Chem. Soc., 2005, 127, 32-33



Enantioselective Organocatalytic Hydride Reduction

O HH O

B Hantzsch ester: analogue of NADH
EtO | OFEt

|

Me M Me

H
Hantzsch ester ~ © N;ME'
hydride source
N = )
: : H
B LUMO lowing amine catalyst: analogue of enzyme Ph A o
. Me
enone catalyst
B |n 2006, further expanded to cyclic enone substrate!
0
GDEELIt 20 mol%
amine 4 TCA
Me Et,0, 0°C "*;@
1.1 equiv product

12 examples (5-7 member rings)
70-89 % yield, 88-96 % ee

J. Am. Chem. Soc., 2006, 128, 12662-12663



Enantioselective Cyclopropanation Reaction

- 6
N | -Pr (COPh
N7 COH \V
H
Me O = =
I CHCl, 23°C CHO
Me™ N *Ph .
- | 78% conversion 94% ee, 27:1 dr
B Catalyst screening: Q Me 0 Me
N N
oo w O
e ' S
H Me H
TFA- PN 1ra. Me
imidazolidinone 2 imidazolidinone 3 L-proline {4)
0% conversion 0% conversion 72% conversion {46% ee)

only L-proline gives the desired product! Why?

J. Am. Chem. Soc., 2005, 127, 3240-3241



Enantioselective Cyclopropanation Reaction

- 6
N -Pr (COPh
N CO,H \V."
H
Me O = =
I CHCl;, 23°C CHO
Me™ N *Ph .
- § 78% conversion 94% ee, 27:1 dr
B Catalyst screening: Q Me 0 Me
N N
fo w 0.
e ' S
H Me H
TFA- PN 1ra. Me
imidazolidinone 2 imidazolidinone 3 L-proline {4)
0% conversion 0% conversion 72% conversion {46% ee)

only L-proline gives the desired product! Why?

(eor G g2ofibcin

2 N
| .

Hl @ (}—r( L
il —————
I/ | ylide d_c_ﬁfg\,\ \Gj\ electrostatic

Q o)

B P
S Sy 'ﬁ.ﬁ\&

=

poor Z/E @ *r:j—%..g directing effect
control (E)-5 12r5 bt
Zwitterionic iminium directed electrostatic activation
poor iminium control good reactivity, low % ee

J. Am. Chem. Soc., 2005, 127, 3240-3241



Enantioselective Cyclopropanation Reaction

6
N -Pr (COPh
N7 COH \V
H
Me O = =
I CHCl;, 23°C CHO
Me™ N *Ph .
- § 78% conversion 94% ee, 27:1 dr
B Catalyst screening: Q Me 0 Me
N N
fo w 0.
e ' S
H Me H
TFA- PN 1ra. Me
imidazolidinone 2 imidazolidinone 3 L-proline {4)
0% conversion 0% conversion 72% conversion {46% ee)

only L-proline gives the desired product! Why? B

3 @
yiide @ 0,0 7{)\%

+ -_— 7
Tl O, —> PQ"Q a :
H H N -

/ | é\?b\(}\K electrostatic
single Z o 9o directing effect
isomer 2 .

van der Waals forces lead to retain electrostalic activation
selective (Z)-iminium formation good reactivity, high % ee

J. Am. Chem. Soc., 2005, 127, 3240-3241



Enantioselective Cyclopropanation Reaction
_ solvent %conv %ee

- 6
r}PrM{} Pr COPh DMF 20 =30
N TCOH \V acetone 16 28
Me O - : THF 25 77
é\)l\ CHCl;, 23°C CHO CHCl, 85 95
P |
Me™ + 2 Ph 78% conversion 94% ee, 271 dr
B Catalyst screening: Q Me 0 Me
M N’
e " (I
" ' S
L H Me H
TFA- PN 1ra. Me
imidazolidinone 2 imidazolidinone 3 L-proline {4)
0% conversion 0% conversion 72% conversion {46% ee)

only L-proline gives the desired product! Why? B

QQ ®
ylide Q 9,0
Q ;

v \|

N ( -
‘Rp—b\Q\K electrostatic
O " directing effect

+ -

N CQO,
H k’
]

single Z
isomer i
van der Waals forces lead to retain electrostatic activation
selective (Z)-iminium formation good reactivity, high % ee

J. Am. Chem. Soc., 2005, 127, 3240-3241



Enantioselective Amination Reaction

B Iminum catalyzed amination requires selective amine partition

+ X +.Y
enal ()DN N7
Xo N | |

N

H

H -— NOT
X | | X
amine A amine B NH HN
e wr |
nucleophile only  catalyst only \!r R R Y

TS-1 productive  TS-2 non-productive
B Carbamate is good, but with poor nucleophilicity

J. Am. Chem. Soc., 2006, 128, 9328-9329



Enantioselective Amination Reaction

B Iminum catalyzed amination requires selective amine partition

+ Xo
enal (JDN
X’ 0/6 — |
N N
H

N
- NOT |
ami:a A amine B " | | N
l
nuclecphile only  catalyst only \E’ ~ R A

TS-1 productive  TS-2 non-productive
B Carbamate is good, but poor nucleophilicity
B Carbamate nucleophilicity enhanced by a-effect

0
HOMO H .o W Enphanced nucleophilicity
1 _OS
RO NH, '=sed> HDJLN" Ra
0 & m (N-H) pK, ~ 9.0
@) Me
N
Me )\ ° pTSA
Me N
Me Ph Cbz. .OTBS
Cbz\ /OTBS (20 mOl%) H
N + Me” X0 > Me” N0
H CHCl,
-20 °C

92 % yield, 92 % ee

J. Am. Chem. Soc., 2006, 128, 9328-9329
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Enantioselective Aldol Reaction

B Aldehyde dimerization
o OH

i 10 mol% L-Proline M/ME
H ,J\/ M H :

1M Sclvent, +4° C, 11 h =
Me

91 % yield, 3:1 dr, 99 % ee

J. Am. Chem. Soc., 2002, 124, 6798-6799



Enantioselective Aldol Reaction

B Aldehyde dimerization
o OH

i 10 mol% L-Proline M/ME
H ,J\/ M H :

1M Sclvent, +4° C, 11 h =
Me

91 % yield, 3:1 dr, 99 % ee

B Aldehyde cross-aldol reaction: with non-enaminizable aldehyde
O O

10 mol% L-Proline
H H -
T Me DMF, 4 °C

syringe pump 87 % yield, 14:1 dr, 99 % ee
addition

0 OH
Me

I;

Bu Me

81 % yield, 80 % yield,
3:1dr, 99 % ee 24:1 dr, 98 % ee

J. Am. Chem. Soc., 2002, 124, 6798-6799



Enantioselective Aldol Reaction: Further Expansion

B a-Oxy-aldehyde dimerization

ET>—COOH
N

e} H
(10 mol%)
: DMF
OBn RT. 24h

O OH
HJI\)\/OBH
OBn
73 % yield, 4:1 dr, 98 % ee

B Cross-aldol reaction: with non-enaminizable aldehyde

[T>—COOH
N

@) H
(10 mol%)

O OH

DMF

/I\ RT, 24h

Here as Aldol acceptor
Differs with metal mediated reaction

> A A otes

Me

75 % yield, 4:1 dr, 99 % ee

Angew. Chem. Int. Ed. 2004, 43, 2152 —2154
Angew. Chem. Int. Ed. 2004, 43, 6722-6724



Enantioselective Aldol Reaction: Further Expansion?

B monosaccharide synthesis!

OH

/ ‘e, D
TIPSO 4
O OH OSiMes MgBr,sEt,0 LI 79% yield
0~ - )\\/om TIPSO OA

solvent = Et,0 : ¢ 10:1 dr, 95% ee

TIPSG  OTIPS ; OH
2040 Glucose

Science, 2004, 305, 1752-1755



Enantioselective Aldol Reaction: Further Expansion?

B monosaccharide synthesis!

O OH

OSiMe;
H . H &/OAC
TIPSO OTIPS
< OH OSiMe,
H : H )i\/ohc
TIPSO OTIPS

MgBra*Et,0O

solvent = Et-0
-20to 4 °C

MgBra+Et,0

solvent = CH»Cl»
-20t04°C

.. _O. _OH
TIpso”” II:I
TIPSO” " “OAc

OH
Glucose

.. _O. _OH
TIPSO” U

TIPSO” " “'0Ac
OH
Mannose

79% yield
10:1 dr, 95% ee

87% vield
>19:1 dr, 95% ee

Science, 2004, 305, 1752-1755



Enantioselective Aldol Reaction: Further Expansion?

B monosaccharide synthesis!

O OH

OSi ME;;
H = H &/OAC
TIPSO  OTIPS
Q. OH OSiMes
H - H )‘\\/OAC
TIPSO  OTIPS
@ OH OSiMes,
H . > OAc
TIPSO OTIPS

MgBra*Et,0O

solvent = Et-0
-20to 4 °C

MgBra+Et,0

solvent = CH»Cl»
-20t04°C

TiCls, CHoClo

-78t0 -40 °C

.. _O. _OH
TIpso”” II:I
TIPSO” " “OAc
OH
Glucose
.. _O. .OH
TIPSO” U
TIPSO” " “'0Ac
OH
Mannose
: OH
TIpsO” "
TIPSO OAc
OH
Allose

79% yield
10:1 dr, 95% ee

87% vield
>19:1 dr, 95% ee

97% vyield
>19:1 dr, 95% ee

Science, 2004, 305, 1752-1755



HOMO Catalysis: other than

o-Oxidation of Aldehydes

A

R

z-l-

| (X
N PhNO
~H

L-Proline ~
R

Aldol

O

5 mol% L-Proline J\/
- oL

CHClz, 4 °C, 4 h :

NHPh

R 8examples,
76-95 % yield, 97-99 % ee

J. Am. Chem. Soc.,

2003, 125, 10808-10809



HOMO Catalysis: other than Aldol

o-Oxidation of Aldehydes

O

0
H/LH N
Ph”

5 mol% L-Proline J\/
- oL

CHCls, 4 °C, 4 h = NHPh
R 8examples,
76-95 % yield, 97-99 % ee
O\ +
PhNO ;\l )
R :J‘H 002
L-Proline o\
| Ph
H -
J. Am. Chem. Soc., 2003, 125, 10808-10809
o-Chlorination of Aldehydes
o O Me

N."’

O Cl 0 Me
Ql C 5 mol% 3 ){

H R . H R M e

° : H .,
cl cl acetone, =30 °C H Ph TFA

1 equiv. 1.2 equiv. ¢ catalyst 3
the Leckta quinone 7 examples,

71-92 % yield, 87-95 % ee

J. Am. Chem. Soc., 2004, 126, 4108-4109



HOMO Catalysis: other than Aldol

o-Fluorination of Aldehydes

O 0 0

00
JJ\/ \\é'/ \\Sf/
H R pn ™ N7 pn

I
F

(1) 20 mol% 1,
THF, i-PrOH, —10°C

(2) NaBH,, CH.Cl,

T

R
oY

F

Me\ O
NxDCA
Mei’%
N
Me H
Ph

catalyst 1

54-96% yield, 91-99% ee
J. Am. Chem. Soc., 2005, 127, 8826-8828

R4
For the a-Fluorination of cyclic ketone & H

using cinchonine-type catalyst, see: R®
J. Am. Chem. Soc., 2011, 133, 1738-1741



HOMO Catalysis: other than Aldol

o-Fluorination of Aldehydes

O 0 0

00
JJ\/ \\é'/ \\Sf/
H R pn ™ N7 pn

I
F

For the a-Fluorination of cyclic ketone

(1) 20 mol% 1,
THF, i-PrOH, —10°C

R
oY

(2) NaBH,, CH.Cl,

J. Am. Chem. Soc.,

g F

catalyst 1

54-96% yield, 91-99% ee

using cinchonine-type catalyst, see: R®

J. Am. Chem. Soc.,

a-Trifluoromethylation of Aldehydes

F3—I——O

20 mol% 3eTFA

2011,

133, 1738-1741 HoN

2005, 127, 8826-8828

é I
N H

0O O

Ao

Togni reagent

CuCl (5 mol%)
CHCls, —20 °C

J. Am. Chem. Soc.,

o H)#CFS

R Ph

70-87% yield, 93-97% ee

2010, 132, 4986-4987




HOMO Catalysis: other than Aldol

o-Oxidation of Aldehydes
0 Cat 1eHBF, Q
TEMPO (2 equiv) O
H -~ H N
FeCl,, NaNO,
R O, (1 atm), DMF R 1

49-80% yield, 32--90% ee

~ L X

H \ S=Fel
e




HOMO Catalysis: other than Aldol

o-Oxidation of Aldehydes

O Me
O Cat 1eHBF, Q N
TEMPO (2 equiv) oL Me
H » H N e N
FeClz, NaNO, N "Mé
R O, (1 atm), DMF R ] H
49-80% yield, 32--90% ee
Felll
=]
J— X
b Q&
—*{‘ \\ cu
T . ‘\ d \ Complex formation: Baerends, E. J. Inorg.
. \\ T X LUMO centered on Chem. 2009, 48, 11909

g g \\ TEMPO oxygen
% S 1 e e
J. Am. Chem. Soc., 2010, 132, 10012-10014



HOMO Catalysis: other than Aldol
a-Arylation of Aldehydes

giens

diphenyl iodonium

10 mol% 3+TCA 0 MB\N 0
% R 'j
10 mol% CuBr . HJ\I/ )\
toluene/Et,0 (2:1) Ph t-Bu H Ph
NaHCQO,, 23 °C

22 examples, 90-94% ee

J. Am. Chem. Soc., 2011, 133, 4260-4263




, OTf 10 mol% 3+TCA 0 Me o
I 10 mol% CuBr HJ\l/R N‘i
©/ \© toluene/Et,0 (2:1) Ph A

NaHCO;, 23 °C
22 examples, 90-94% ee

diphenyl iodonium

0 Me_ 0 B proposed mechanism
N
cat. 3 O AN
A el S P
t-Bu N i [ S
R N~/
aldehyde N / Y \
4 R —_— “N
Phwg, A
CuBr Br Blr 6
= Bh \Cu(lll) For studies on the mechanism
T S - ©/ \OTf of copper-catalyzed arylation,
see:
S (a) Lockhart, T. P. J. Am.

. . ) Chem. Soc. 1983, 105,
diphenyliodonium
triflate 1940.
(b) Beringer, F. M.; Geering, E.
J.;, Kuntz, I.; Mausner, M. J.

Mo, R Phys. Chem. 1956, 60,
O N
/\ 141.
H : t-Bu Kj Ph
/( reductive
Ph = cat 3 B Ph elimination R
- H
enantioenriched (
a-aryl aldehyde H F’h—?u(lil)

8 Ph 7 B J-Am. Chem. Soc., 2011, 133, 4260



, OTf 10 mol% 3+TCA "

I 10 mol% CuBr J\I/R Ai
- H
©/ \© toluene/Et,0 (2:1) Ph t-BuA

NaHCOj, 23 °C
diphenyl iodonium A 22 examples, 90-94% ee

B Further expansion to ester and amide substrate: the use of enolsilane

)\l ©/ @ ‘P
OTf

enolsilane chiral Cu(l) salt
X= OR, NRZ

no chiral amine catalyst

O 0
)j\/ Ph y
Ox 0 » Me

94% yield, 93% ee 79% yield, 90% ee

J. Am. Chem. Soc., 2011, 133, 13782-13785



Not belong to the HOMO catalysis, but stongly related:

B using indole as the nucleophile instead of enolsilane

NHEBn ~ASF, chiral Cu(l) salt
NEHCOa
\ ) Mes—I— Ar -
N + CH,Cl,
I -20 °C
Me aryliodonium

pyrroloindoline

B Similar mechanism:

g( MES_'_. S/N m N\> Q_g_/(

oxidative -
addition

1.""

a-facial coordination

.-Gu—-—N 0

—Cu (Box)OTf ' — H*
y/ NH - V/ NHR'
N reductive ’N ?’
elimination - I
OTf H" oTt R"

J. Am. Chem. Soc., 2012, 134, 10815-10818



HOMO catalysis: Further development

a-Arylation of Aldehydes
0 .o 10 mol% 3-TCA 0 Y (0
I % R
HJ\ 10 mol% CuBr _ HJ\I/ )\
R toluene/Et,0 (2:1) Ph t-Bu H Ph
_ - NaHCOs, 23 °C
diphenyl iodonium 22 examples, 90-94% ee
a-Vinylation of Aldehydes
0 . oTf 105mol‘|’/0;a(;ni;e3 O
| mol% CuBr X _-Ph
HJ\ N AT - H)H X
R Etzo, N82003 R
23°C 18 examples, 91-99% ee
B [dentical catalyst combination B Substrate scope
& CuBr Q 1
A HJ\ HJ\ X
t-Bu N Ph
H CeHis CeHs
B Vinyl hypervalent iodide 71% yield, 96% ee  91% yield, 94% ee

J. Am. Chem. Soc., 2012, 134, 9090-9093



frans- T~
N BOH)2 2 XBOHY, | merrenon HOMO catalysis: Further development
boronic acid \/_\_< B Combination of vinyl boronic acid and O,
3
« v o 20 mol% 5-TFA o
1 Cu'X, N T I JH HO_ B/\/’\ Ph 30 mol% Cu(OAc), S
ix,| H I > H Ph
e 5 OH 4 A mol. sieves L
1/2 Oy Copper culx 02’ EtOAcC 6113
Catalytic Cycle '
M
9 culX XQCU"‘/\/Y N ©
\ 4 &Me
Me
Me
Merging Copper Enantiofacial CO
Catalysis with 3 ) Coupling Step 5
Organocatalysis DFT-7 R ping
X—Cu \
/
Y
8 O Me o] Me
N \)—N
O Me 0
. N 1-N
1 Nap\/fN,\\!_Bu Organocatalytic w® Nxt-Bu Me e
Y | Cycle H X M H
N 6 e
| B\ / H o
(0] M . .
o \IN’ © 80% vyield, 95% ee 73% yield, 90% ee
o]
5 o ara |
enantioenriched catalyst 5
o-viny! aldehyde aldehyde J. Am. Chem. Soc., 2013, 135, 11756-11759




Not belong to the HOMO catalysis, but stongly related:

B Same strategy: Cu salt + organic feedstock + O, 0
H
0 N Me
Me N 10 mol% CuBr,
I I - N
L J
St air, DMSO, rt N
I I
S
B Proposed Mechanism: B Substrate scope
o HBr regenerates the catalyst;
water is the only by-product
xJ\/Me ! yoy-p o Br ) Me
carbonyl 2 Cu'Br,
2 Hz0 MeO H Me
N
1/2 O, + 2 HBr ENj E j
i l|3r i O O
TR Copper 91% vyield - 67% vyield
I Catalytic Cycle 2 CulBr
XJﬁ,Br 0
Me | Me
N
c-aminocarbonyl
HBr @
transient 0
electrophilic XJ\(ME L xJkrMa 90% yield
a-bromo B H N
bonyl '
carmony O O J. Am. Chem. Soc., 2013, 135, 16074-16077
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Cascade Catalysis: Merging HOMO and LUMO Activation

B Imidazolldinones: Organocatalysts for HOMO or LUMO Activation

substrate

Mﬂ

substrate

wﬂ

catalyst
O Me
Fd
N
/\<Ma
Ph H Me e
TFA C

imidazolidinone 1
=HNR,

LUMO—activation
fm— e ,;,,--:‘ (1)
R
HOMO-activation
oa— L )

B Cascade Catalysis: Merging HOMO and LUMO Activation with one catalyst

NUCIEDphﬂE (Nu)

Electraphﬂﬂ (E)

R ““~o

)\

Ar
catalyst

R

E
cascade cascade
catalysis product

J. Am. Chem. Soc., 2005, 127, 15051-15053



Cascade Catalysis: Merging HOMO and LUMO Activation

. 0 Me
W First step: N’ R
Iminium catalysis Ph Me .
N Me NN, — W e
B Second step: HX Me E
Enamine catalysis imidazolidinone
O ’MB 0 ,MB
N N
Ph &(Me Ph &(Me
e ) Me HX+ ] Mo +
o e
" / /l:)/ \ / _ \Q E
Nu R Nu R
Q Me o) Me O Me 0] Me
N N N’ N’
P *&’“‘B FistCyce +)ﬁ<’“e - +)\,<'”“e Second Cydle T~ *)Y”e
Irs cle econ Cle
|I"'l Me y i“ Me i“ Me y |N Me
PT Vi (im) n’ﬁ v Pr ve (En) Er :
R Nu Nu R

R
O Me
i X N’
&MB
N
| H Me
R Ph Me

P
Nu
% R
Nu)\/“\o

J. Am. Chem. Soc., 2005, 127, 15051-15053



Cascade Catalysis: Enantioselective B-aryl-a-chlorination

substrate

nucleophile

Cl Cl
Cl O

Cl Cl
Cl

electrophile

Me O
\N

Me Cl
MEXLH ! \ 20

Me Bnindole Me O

- Me
10 mol%
—50 °C, EtOAc 86% yield, 99% ee, 14:1 dr



Cascade Catalysis: Enantioselective B-aryl-a—chlorination

Cl 10 mol%
substrate nucleophile  electrophile —50 °C, EtOAc 86% yield, 99% ee, 14:1 dr

Large Bn-indole side chain:
Higher shield of the upward side
overcome the substrate control in the second catalytic circle



Cascade Catalysis: Enantioselective B—aryl—a—chlorination

XL

Bnindole

Me
Me” " M eﬂ
0 10 mol%
substrate nucleophile  electrophile —50 °C, EtOAc 86% yield, 99% ee, 14:1 dr
B Substrate scope
/@ o te C 71% yield
ESO Me _ | @ @ . X 0 syn:a;:ﬂ 251
MMG Me H 99% ee
Me
N cl, Cl O  Me 97% yield
I3 oS = e ik
TIPSO ] @ @ . 0 =0 symanti 91
o cl r):“ Me & 99% ee
MMD I =]
ME—' Me
: /5% yield
| oy oy || NaBH,; W .
) i, NaOH - symanti12:1
y e 99% ee
= ._“h‘ h“‘-D.

E-'

J. Am. Chem. Soc., 2005, 127, 15051-15053



Cascade Catalysis: More reaction types
B Modular combination of proline and Macmillan amine

catalyst combination A
both catalysts added together
E added after consumption of Nu

catalyst combination B
both catalysts added together
E added after consumption of Nu

s ju 8

GD H ““CO,H

l<Me N % FMe N *
10 mol% 30 mol% 10 mol% 30 mol%

(R)-catalyst 3 (S)-proline (R)-catalyst 3 (R)-proline

B Macmillan amine: Iminium catalyst
B Proline: Enamine catalyst

Angew. Chem. Int. Ed., 2009, 48, 4349-4353



Cascade Catalysis: More reaction types

B Modular combination of proline and Macmillan amine

catalyst combination A
both catalysts added together
E added after consumption of Nu

2;) '<Me N CDEH

catalyst combination B
both catalysts added together
E added after consumption of Nu

% (D

ﬁhﬂe H ““CO,H

10 mol% 30 mol% 10 mol® 30 mol%

(R)-catalyst 3 (S)-proline (R)-catalyst 3 (R)-proline

Me Me

|

CO.tBu 1
= {NU]

Combination A : R, R CombinationB: R, S

Elecirophile (E)
Angew. Chem. Int. Ed., 2009, 48, 4349-4353



Me
NS
~o
H H
tBuO,C < _CO,tBu
| 1 = ()
Combination A : R, R i

Electrophile (E)

Combination B : R, S

Combination A E + conditions

Combination B

Enantioselective Hydro-Amination:

Me
,Cbz
> 0 N=N —
CbzN
“"~NHcbz s
CH,Cl,
6:1 antisyn g
99% ee 75% yield
Enantioselective Hydro-Oxidation:
Me
Ph-N=0O
: H
i CHC|,/ODMSO —
OH
-201023°C
11:1 antilsyn then NaBH,MH,, Pd/C

99% ee 73% yield

Me
WO
CbzN
NHCbz

8:1 syn/anti
99% ee 82% yield

Me
CH
OH

10:1 syn/anti
99% ee 62% yield

Angew. Chem. Int. Ed.,
2009, 48, 4349
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HOMO catalyst: inefficient with some nucleophile

B Potential issues for enantioselective alkylation using HOMO catalysis

O

aldehyde

Jo SPa

enamine

catalyst

<
o
=L

T
:U{
1
e

aldehyde-aldehyde
aldol dominates

Mel

insufficient e-
density to react

“~e..«] with sp3-
ekectrophile

in comparison to sp2-aldehyde
Q o
H

sufficient e-
density to react
with sp2-

ekectrophile




New lIdea: SOMO catalysis after a SET process

o]
A n
H

aldehyde

(A

y

amine
catalyst

iminium catalysis
LUMO activation

— e
fQ

e =]
B R —

enamine catalysis
HOMO activation

O\ SET
N

‘ oxidant

/

D

Science, 2007, 316, 582-585



New lIdea: SOMO catalysis after a SET process

o]
A n
H

aldehyde

(A

y

amine
catalyst

iminium catalysis
LUMO activation

— e
fQ

enamine catalysis SOMO catalysis
HOMO activation SOMO activation

+2e D\ -16° C)\
N

— N —
3

b v

/

Science, 2007, 316, 582-585



New lIdea: SOMO catalysis after a SET process

LH iminium catalysis enamine catalysis SOMO catalysis
H LUMO activation HOMO activation SOMO activation
aldehyde

e
- -

s Gk s Ghe. ax Lok
0N N o 2

AR T
amine ‘ R | R ‘ | R
catalyst
HOMOphile SOMOphile
(allyl bromide) (allyl silane)

Science, 2007, 316, 582-585



New lIdea: SOMO catalysis after a SET process

o]
A n
H

aldehyde

(A

N

amine
catalyst

iminium catalysis
LUMO activation

~H,0

+2 8

e =]
-

enamine catalysis
HOMO activation

B a0 Lk
N Bt N

SOMO catalysis
SOMO activation

D

HOMOphile
(allyl bromide)

SOMOphile
(allyl silane)

B SOMO intermediate: same chiral control as HOMO intermediate

O L\,activated to

SOMO nucleophiles Science, 2007, 316, 582-585



SOMO catalysis: Enantioselective Aldehyde a-Allylation

B CAN: selective oxidant

e

propanal catalyst 1
IP=98eV IP=8.8eV
B Reaction condition:
0 R’

e

)\,Sih'lﬂa

N/
:.._n. ._&ME ﬂXIdﬂnt &
N
Me
Me

Me  enamine 2
IP=7.2eV SOMO-activated
O ,Me o
N°  + CF,COOH )
f?:&”“ O equh H’K/H
B H MEM& NaHCO3, 24 h \‘(
DME, —20 °C
20 mol% catalyst R

Science, 2007, 316, 582-585



SOMO catalysis: Enantioselective Aldehyde a-Allylation

B CAN: selective oxidant

5 A = A

oxidant ?kﬁ

Ph % Me Ph /
propanal catalyst 1 Me  enamine Me 2
IP=98eV IP=8.8eV IP=7.2eV SOMO-activated
B Reaction condition:
. Q ,Me o
0 R N°  + CFaCOOH )
Jon A LN omeam A
H :
M :
Ph H Mo e NaHCO3;, 24 h \]/
DME, —20 °C 1
R
Substrate scope: 20 mol% catalyst
o) o) o)
H 81% yield H 88% yield H 81% yield
Z 91% ee Me 91% ee CO,Et 90% ee
0] Me 0 0 NBoc
Z i % Vi 70% vyield
H 58% vyield H Ph 87% yield H y
94% ee Ph 90% ee = 93% ee

Science, 2007, 316, 582-585



SOMO catalysis: the proof of the machenism

0

—1e~ "_“-.Yg -;" | ‘< |
HJ\H | ng\j@,i/(?j? WSlMeg
RO

Me. (o)
O Me SOMO \N

jl\l* CyCIe i t“<+ te,

! Bu N Bn
H Bu
. X- R
o oxidant =—-1e~
cat A
N SiMe,
+H,O MG\N 0
- SiM83+ c(* i., ,/

'Bu*” “N” “Bn e

a-allyl aldehyde




SOMO catalysis: the proof of the machenism

0

— SiMeg*

A~V

a-allyl aldehyde

At N ’ ‘Bn
X_ u\Ei/\
5~ “SiMe,

B Radical-Cation Intermediate?



SOMO catalysis: the proof of the machenism

0 B d

A ;’:\ - Nt j? A~-SMes

0 Me SOMO N
N | (
t N n
H Bu )
Ph cat A oxidant=—-1e- “\Eﬁ/\
“siMe, B Radical-Cation Intermediate?
+H0 My Radical Clock Experiment 1:
— SiMeg* RS 0 _ i i
Bu* N Bn —e WSIM% H L
X R H > "
10% catalyst
0 .
SiMe 2 eq CAN Ph
G_) 3
y R Ph ONO™ PR
P 68 % observed
Radical Clock Experiment 2:
a-allyl aldehyde Ve 20 mol% cat. 1 OHC cl 85% yield

H = LiCl, 24 h

95% ee
THF, =10 °C



SOMO catalysis: the proof of the machenism B Radical or Carbocation?

O 3 _z—l
—l1e L e
.f-\..}—-\ 7 % . ( DMG
HJ\ 2N/ ' SiMe
o j? AN
L 2 E0 ¢ -
/ \Q "‘\_\ R Ph
\/’ 1S
o " Me_ O . .
\ e SOMO N radical clock & “cation clock”
cycle ( ,
)\ X 'Bu N 'Bn
Bu

a-allyl aldehyde




SOMO catalysis: the proof of the machenism B Radical or Carbocation?

0 Yo
—le” =
HJH o) j_(> X _ OMe
R }4 \f s AN ~ ~h
& Al |
\/’ h \Q H)J\i::} N ph | HTN®
\ |

Oy Me SOMO "N ¢ ¢
N
)\ cycle - (+ g N .
t ut NT Bn e OMe ™y~ { oMe
P

H Bu
: X R
' tA oxidant=—-1e~ “\E/\ H ) H/U\/\/{(
ca “ 1L}
SiMes itk & B

- SiMeg* e (_f J 0 ¢ o ¢

R @
H
%

a-allyl aldehyde




SOMO catalysis: the proof of the machenism B Radical or Carbocation?

0 3 2{
—le X
2 p—eC X OMe
H . -/ ;
9 S e AN R
Ph H ®

F. I.
K
I/
N

T

g

N\

V4

[i=T + +
N)\But Bu Bn e OMe =" { omMe
H . X R
Ph ‘A oxidant = —-1e~ “\E/\ H 9 H/U\/\/’_E(
ca “ 1L}
SiMe, 0 U @ Ph

+ H,O Me\N Y J ¢ ¢
—Si + ] i
SiMeg ‘Bu“‘<+ §

o %" TPh
H : ©
= Experiment result: radical-pathway product
OMe CAN (2 equiv), Q
a-allyl aldehyde
° 20 mol% cat. 1 HJK_/CBH” ONO,
H/l‘k/CaHm N - :
e g NaHCOg, —20 °C Z -
-aceton
octanal dg-acetone 65% yield ~ ©Me



SOMO catalysis: the proof of the machenism

0 1 bag
—l1e™ - 1
R s
HJH PV %% SiMe
i ;’j/;"_/’_ - \ ,/'\/ 3
A
*-;.f o \Q
\/» o
Me O
0 Me SOMO N
N cycle ‘.(+ .
)\ . Bu* N~ 'Bn
H Bu _
Ph cat A oxidant=—-1e~ X &
9~ B Second SET oxidation?
SiMes
+H,0  Meg 0 0 i Q
N—j SiMeg
_ SiMeS+ ‘<+ ) J /‘//'.\"v Jj\/\/
Bu' N7 “Bn p H > H :

X q gy 10% catalyst Bu
X eq CAN
0 |
SiMe
I h © 3
X eq CAN % Yield
s ——

o-allyl aldehyde 1.0 37%
1.5 61%
2.0 88%

3.0 87 %



SOMO catalysis: the proof of the machenism

0 1 g
—1e "\ 1
.f‘\’ﬁ—w 4\ . (
HJ\ 2N\ ' SiMe
_‘/\_ ‘\)._ + _'g ’/f\\/ 3
i ¢
o OJes \Q
\/’ 8
Me 0
0. Me SOMO N
"\ cycle ..<+ .
* t Bu* N ‘Bn
H Bu )
Ph oxidant =—1e~ X R
cat A ;
" SiMe;
+H,0 Me\N Y
— SiMes* L, ; ,/
3 Byt QN ““Bn e
X_ UIR/\
o 5 siMe

a-allyl aldehyde

SOMOphile:
electron rich nucleophile with the ability
to stablized a new generated radical

A.IJ.I-I.J.LJ CALLIWE

C—X (where X 1s a halogen) bond formations
(/5—19). Our analysis reveals the attractive
prospect of applying asymmetric SOMO catal-
ysis to important problems such as direct and
enantioselective allylic alkylation, enolation,
arylation, carbo-oxidation, vinylation, alkynyla-
tion, or intermolecular alkylation of aldehydes.

ALUAL\-‘MMJJ vAw W ey e T S R

To test this activation concent. we selected

For the intramolecular version, see:
Chem. Sci., 2011, 2, 1470-1473

For the SOMO allylation of cyclic ketone, see:
0

Proc. Nat. Acad. Sci. USA,

2010, 107, 20648-20651
Me



SOMO catalysis: More than allylation
Q

Aldehyde a-enolation Me
N « TFA
N)*Me
ph H Me
0O Me
OTMS (20 mol%)
H + »
Ph CAN, H,0, DTBP
hexyl
acetone, -20 °C
Aldehyde a-vinylation o, Me
N « TFA
N)*Me
ph H Me
9) Me
(20 mol%)
HJH v KFB Iy >
Vo CAN, H,0, NaHCO,
DME, -50 °C
Styrene carbo-oxidation
o T
(20 mol%)

CAN, H,0, NaHCO3
DME, -40 °C

el

hexyl

Ph
85% vyield, 90% ee

H
hexylO

J. Am. Chem. Soc., 2007, 129, 7004-7005

72% yield, 94% ee

O
Ph
HJJ\(%/

Me
J. Am. Chem. Soc., 2008, 130, 398-399

O
93% yield, 96% ee
2008, 130, 16494-16495

H N
ﬁexyIONOz

J. Am. Chem. Soc.,

For the styrene carbo-amination, see: J. Am. Chem. Soc., 2012, 134, 11400-11403



SOMO catalysis: More than aIIyIation

Epoxidation
) . TFA
o H

20 mol%) }<T
H wnH % vi 9
H L . Cu(TFA)(80 %), Licl, N323208 I 85% yield, 35% ee
919 CH3CN, 919
NaBH,, 0 °C, 15 min , 4
KOH, 23 °C. 30 min Angew. Chem. Int. Ed., 2009, 48, 5121-5124
o-Arylation O, Me
N « TFA
o OMe 1-naphth Ma Me o O
H (0mol%) o 86% yield, 95% ee
[Fe(phen);](PFg)3, H,O, NaHCO4
N HOPiv, MeCN, -20 °C N
o v J. Am. Chem. Soc., 2009, 131, 11640-11641
. . e
a-Nitroalkylation N . TEA
”)*Me
M
0 Me e M€ 0 NO,
= 20 mol%
OBz Srips CAN, H,0, NaHCO, OBz
° THF, -40°C > 73% yield, 87% ee, dr = 6:1

J. Am. Chem. Soc., 2009, 131, 11332-11334



SOMO catalysis: More than allylation

Polyene cyclization Q N:Me 11 contiguous stereocenters

Me * TFA

Me H
Me 1-naphth

Cu(OTf),, NaTFA/TFA

-y

o

+PrCN/DME
23 °C

62% yield
Enantioenriched polycyclo

B Propagating species is radical: alternating polarity favors cyclization

Me, O Me O Me, O

\N \N \N
Electron Electron
%ﬁ ( donating XLE ( withdrawing >ﬂ\ﬁ
Ar I Ar I Ar
Me CN —— Me CN —— MeCN
( — ‘%Me %Me Me
Electrophillic Nucleophillic )
J. Am. Chem. Soc., 2010, 132, 5027-5029

For an extremely similar intramolecular homo-ene reaction of aldehyde, see:
J. Am. Chem. Soc., 2013, 135, 9358-9361



SOMO catalysis: Nature of Intermediates in Organo-SOMO Catalysis
B Calculation study

SOMO
spin density Mulliken charge coefficients
0.42 -0.28 -0.71
O _ 0.33__®_ 0.33 D _
N N
0.60 H 008 0 15-H 03 +o.7s-‘) 1030
14*
@ @ oo
| > -
. = @ ¢
14a 14b 14c

B SOMO orbital is mainly on the 6-carbon

J. Am. Chem. Soc., 2010, 132, 6106-6110
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B Calculation study

SOMO
spin density Mulliken charge coefficients
0.42 -0.28 -0.71
O _ 0.33__®_ 0.33 D _
N N
0.60 H 008 0 15-H 03 +o.7s-‘) 1030
14*
@ @ oo
| > -
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14a 14b 14c

B SOMO orbital is mainly on the 6-carbon
B can be best characterized as an alkyl radical conjugated to an iminium cation
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SOMO catalysis: Nature of Intermediates in Organo-SOMO Catalysis
B Calculation study

SOMO
spin density Mulliken charge coefficients
0.42 -0.28 -0.71
O _ 0.33__®_ 0.33 D _
N N
0.60 H 008 0 15-H 03 +o.7s-‘) 1030
14*
@ @ oo
| > -
. = @ ¢
14a 14b 14c

B SOMO orbital is mainly on the 6-carbon
B can be best characterized as an alkyl radical conjugated to an iminium cation
B consistent with the previous mechanism hypothesis

J. Am. Chem. Soc., 2010, 132, 6106-6110
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New Catalysis: Merge the Organo Catalyst and the Photo Redox Catalyst

Representative Representative
Transformations Organo- Photoredox Utility
H,0 Catalysis Catalysis Light
Aldol

f H, Production

Friedel-Crafts

Vinylation O, Production
Allylation —>
Eiiation CH, Production
Enal Reduction
. . Energy Storage
Diels-Alder Asymmetric One-Electron Mediated
Organic Transformations
B Enantioselective Catalytic Carbonyl a-Alkylation: A brief design
o) O
organocatalysis
H/[H + B “FG g=y H/U\(\FG
R R
l l hv enantioenriched
a-alkylated aldehyde

Enamine i radical

(SOMOphile) Science, 2008, 322, 77-80




New Catalysis: Merge the Organo Catalyst and the Photo Redox Catalyst

X

aldehyde 7

Me

o
H)H/\FG
R

enantioenriched

“4Bu

catalyst 6

a-alkylated aldehyde

reductant

alkyl Zallde FG\/BI‘

N

G Br~
C
R

electron-deficient
radical 5

Organocatalytic
Cycle

Ru(bpy)s* (3)

Si-face
open J

e

*Ru(bpy);** (2)
oxidant

Photoredox Catalytic

Cycle

Ru(bpy)s?*
photoredox catalyst 1

oL FG

radical 5

T

]

L)

!

1

i

'] I
!

[}

I

!

I

I

Ligand-centered
orbital (')

. £
Ru(bpy)32+
excited ligand-based state

SN
AN

Photon Source

Science, 2008, 322, 77-80



New Catalysis: Merge the Organo Catalyst and the Photo Redox Catalyst

B Enantioselective Catalytic Carbonyl a-Alkylation
0

R fluorescent light O R
-
H )H 5 )\ Fa organacatalyst 6 H J%\ FG
r Ru(bpy)sCl, 1

hd i
2 G-lutidine, DMF,
aldehyde racemic 53 °C enantioenriched
a-bromocarbonyl w-alkylated aldehyde

Catalyst Combination

i—) « HOTI

m

Photon Source

SOV

e

ES¥

organocatalyst 6 (20 mol%%) Ru(bpy)2Cls 1 (0.5 mol2%) 15 W flucrescent light bulb

B Substrate scope

O  CO.Et 0 o)

I JW% Mc}c H,CFg
H COLEt H H

5{ s Hex O Hex O
93% yield, 90% ee 84% yield, 96% ee 80% yield, 92% ee

Science, 2008, 322, 77-80



Enantioselective Photo-redox Organo Catalysis

Enantioselective a-trifluoromethylation

Catalyst Combination

t-Bu
\ \
= ) 0.5 mol% 1+PFg Q TEA % i
H)H CFl = 20 mol% 2+TFA HJ\(CF:; ) L)\/Q

photocatalyst 1
(0.5 mol%)

“t-Bu
R 2,6-lutidine, DMF R
aldehyde 26 W household light -20°C a-CF3 aldehyde | organocatalyst 2
(20 mol%)
OMe
O o O
H < 4 H H
CF3 CF, n-hex
79% yield, 99% ee 61% yield, 93% ee 89% yield, 99% ee

J. Am. Chem. Soc.,

2009, 131, 10875-10877




Enantioselective Photo-redox Organo Catalysis

+
. . . . \ _I
Enantioselective a-trifluoromethylation CHIBly=HE o neLon
t-Bu
i ) 0.5 mol% 1+PFg Q TEA \E gl | B
H)k‘ CF3| = 20 mol% 2*TFA H)J\(CF3 ) “t By
R 2,6-lutidine, DMF R
aldehyde 26 W household light -20°C a-CF3 aldehyde organocatalyst 2 photocatalyst 1
(20 mol%) (0.5 mol%)
J. Am. Chem. Soc., 2009, 131, 10875-10877
Enantioselective a-benzylation Catalyst Combination
Q 9 N fac-Ir(ppy);
- 20 mol% cat 4*HOTf
H B Ar > H)I\f\ﬁnr )», ducti al
g 0.5 mol% photocat 1 Bn” N7 "Me Reductive potentia
n-hex 2 equiv 2,6-lutidine n-hex H for excited state:
octanal household light DMSO, RT a-benzyl aldehyde catalyst 4 E,,=-1.73V
B substrate: only electron deficient aromatic compound
entry Ar catalyst % yield? % eeb
Phenyl 0 ND
2 2,4-(NO,),CcH3 9 74 97

J. Am. Chem. Soc., 2010, 132, 13600-13603



Enantioselective Photo-redox Organo Catalysis

. . . . Catalyst Combinati \
Enantioselective a-trifluoromethylation s
t-Bu
\ \
9 ) 0.5 mol% 1+PFg Q j “TFA % i i ;
— = CF
H)H CF3| 20 mol% 2°TFA _ H)J\( 3 ) “+.Bu
R 2,6-lutidine, DMF R
aldehyde 26 W household light -20°C a-CF3 aldehyde | organocatalyst 2 photocatalyst 1
(20 mol%) (0.5 mol%)

Racemic a-trifluoromethylation: Start from enolsilane

J. Am. Chem. Soc., 2009, 131, 10875-10877

ha

OSiR, . O _ 7 |
iy 0.5 mol% 1+H,0
AR R @D T D ¢ E
R 4 . - R
R ¢ PProEtN, H,O a’ R ‘\
feedstock household THF, 23 °C
enolsilane reagent light «-CF4 ketone
amide ester ketone
O 0O @]
CF CF
Me,N CFs 0 ° ’
n-propyl
76 % 85 % 72 %

Angew. Chem. Int. Ed., 2011, 50, 6119-6122



Enantioselective Photo-redox Organo Catalysis
Enantioselective a-amination

o) O R Me\N o
Ro.. _CO.R; 30 mol% cat 11*HOTf A Et MQ\A
H II\] > H \002R1 ':-.' N
Bn ODNs 2,6-lutidine Bn H
15 °C, DMSO:CH,CN
56W CFL 18 examples, 86-94% ee Catalyst 11
B ODNs = 2,4-dinitrophenylsulfonyloxy, a photolabile LG
B CO,R, = CO,Me, CBz, Boc
B Mechanism: O Me Me, P
L 94
Me™ lL/\t-Bu t-Bu*’ ‘L rlq Ma
(RyOzC)RN ~ - T NRA{COR)
L5 LA 4 WH For the direct Coupling
,/ \ of a-Carbonyls with
o 7 o T Functionalized Amines,
onso. L onso_ see:
0 E ORy N ORi g J. Am. Chem. Soc.,
0=5-0 2 e 2013, 135, 16074-
NO, = 16077
— |3
NO, O OsN NO,
M 0
~ODNs SNEom, U o, A
) 58 N7 oR,
2 0" Yo |
2

carbamyl radical 1 amine reagent 3 J.

Am. Chem. Soc., 2013, 135, 11521-11524
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Photo-redox Catalysis: a different type & via high throughput screening

CN

CN

amine 1,4-DCB

Initial Result

2, 11%

Ir(ppy)2(dtbbpy)PFyg -
0.5 mol%
Na,CO5, DMF, 23 °C,
26 W Lamp

— 26 W fluorescent R3 [\
WJ light bulb _ Hzﬁr;l)\@\ ) TJ‘\
Ir(PpY)s (0.5-1.0 mol %) il o N7 [N N
NaOAc, DMA @/Q
23°C,12h a-aryl amine Ir(ppy)s
Me
N Me/\N
Ph Ph |
CN CN Ph -
1 96% + 94% 98%
Me
T %\
Ph Z i CO,E
87% 80%

Science, 2011 , 334, 1114-1117



Photo-redox Catalysis: a different type & via high throughput screening

CN
Ei)p req=—1.61V Flad(i:cal-Fll_adical
{ E oupling
CN S o N
¥_,/ Ilzi
9
CN
CN 7
Arene Coupling \—.SET Ir¥(ppy)s (6) T NaOAc N N
Partner oxidant R
1,4-DCB {_\/ 10
+a
N
Photoredox / IIR _
“rppy)s Catalytic I CN
Eijpox=—1.73V reductant Cycle SE\T 8
= W& / ® N
‘ Il (ppy)s (3) N L CN
26 W Fluorescent photoredox catalyst R 7 11
Bulb Amine Coupled Product

Science, 2011 , 334, 1114-1117



Photo-redox Catalysis: for B-functionalization

CN o] 1 mol% Ir(ppy)s

N ’ 20 mol% catalyst 13
EWG— =
N7 . DABCO, HOAc
H,0, DMPU, 23 °C
26 W light source

organocatalyst 13 (20 mol%)

arene aldehyde p-aryl aldehyde IF(ppY)s (1 MolI%)
3 (=]
N CN Q 2 Q" p-Aryl Aldehyde
A H -
Me
Aldeh
CN CN 5 dehyde o~
dicyanobenzene (4)
Arene Coupling 2
Partner ( 5 -
Z 5 \ P N H,0, -CN
~_ SET— H
[V (ppy)sl* (6) X Amine
oxidant 8 Catalyst [ 5
“IM"(ppy)s (3) Me N
reductant AN

Photoredox

Organocatalytic 11 CN
Catalytic SET Cycle
Cycle
: CN
N
{ 3 CN

IM(ppy)3 (1)
photoredox catalyst 9 X N

e\

CN

Science, 2013, 339, 1593-1596




Photo-redox Catalysis: for B-functionalization

CN o] 1 mol% Ir(ppy)s
/Jj JKL 20 mol% catalyst 13
| X H -
EWG—-
N7 . DABCO, HOAc
H,0, DMPU, 23 °C
26 W light source

,,,,,

( ] Catalyst Combination
Me
N/LMe
H

organocatalyst 13 (20 mol%)

arene aldehyde p-aryl aldehyde IppY)s (1 Mol%)
3 (=]
e CN Q2 Q  g-Aryl Aldehyde
H)H H 12
Me
Aldeh
CN CN 5 ehyde o
dicyanobenzene (4)
Arene Coupling 2
Partner { E ( 5 TRy
~___SET— N = ” -
[IrV(ppy)al* (6) S Amine
/ oxidant 8 Catalyst & 3
N
“IMppy)s (3) .
reductant AN
Photoredox Organocatalytic 1 CN
Catalytic SET Cycle
Cycle \
CN
I (ppy)3 (1) L) CN
photoredox catalyst CEEEAAN N A

— Me S+ = A
'wj 15 &5 ez

deprotonation prefer the
allyl position rather than
the a-position

Science, 2013, 339, 1593-1596




Photo-redox Catalysis: for B-functionalization

CN o] 1 mol% Ir(ppy)s
/Jj JH\ 20 mol% catalyst 13
| X H -
EWG—
N7 . DABCO, HOAc
H,0, DMPU, 23 °C
26 W light source
arene aldehyde

B Substrate scope

n-pentyl

Yo e

79 % 78 %

CN
(+)-36: 88%

p-aryl aldehyde

.

Ir(ppy)z (1 mol%)

( ] Catalyst Combination
- | ~ N: ©/\

organocatalyst 13 (20 mol%)

n-pentyl

ase

70 %

"

For cyclic ketone

azepane
(20 mol%)

Science, 2013, 339, 1593-1596




Photo-redox Catalysis: B-functionalization

photoredox
catalyst

amine
catalyst

8]
Al)l\ﬂ

Y

B For benzophenone substrate

0
(o]

PN

RT Ph

1 mol% Ir(ppy)s
20 mol% catalyst 3

R
HO Ar
t-hydroxyketone

DABCO, AcOH, LiAsFg
H,0, DMPU, rt
26 W CFL

B For arylalkylketone substrate

0]

Ar R

1 mol% Ir(p-MeO-ppy);
40 mol% catalyst 3

o

DABCO, AcOH
H,O, CH;CN
2x26 WCFL

Ph

HO Ph

Ar

HO R

J. Am. Chem. Soc. 2013, 135, 18323-18326

(o]
Ar/u\R
aryl ketone I (ppy) 3 (9)
/ reductant -
ser g
0" Household
a7 (-)\R Photoredox gt bulh
2 Catalytic Cycle
[Ir'V(ppy)a)* (10) IrM(ppy)s (8)
oxidant
o ——
Q> ()
N N
cyclo-
hexanone @ 4 5 ij\
H




Photo-redox Catalysis: B-functionalization

photoredox
catalyst

amine
catalyst

8]
Al)l\ﬂ

Y

B For benzophenone substrate

0
(o]

PN

RT Ph

1 mol% Ir(ppy)s
20 mol% catalyst 3

R
HO Ar
t-hydroxyketone

DABCO, AcOH, LiAsF
H,0, DMPU, rt
26 W CFL

B For arylalkylketone substrate

0]

Ar R

1 mol% Ir(p-MeO-ppy);
40 mol% catalyst 3

o

DABCO, AcOH
H,O, CH;CN
2x26 WCFL

Ph

HO Ph

Ar

HO R

J. Am. Chem. Soc. 2013, 135, 18323-18326

(o]
Ar/u\R
aryl ketone I (ppy) 3 (9)
/ reductant -
ser g
0" Household
a7 (-)\R Photoredox gt bulh
2 Catalytic Cycle
[Ir'V(ppy)a)* (10) IrM(ppy)s (8)
oxidant
o ——
Q> ()
N N
cyclo-
hexanone @ 4 5 ij\
H




Photo-redox Catalysis: B-functionalization

0 = - _
s
photoredox :N j o-
catalyst
- = ar TR
o amine R
)L catalyst 0
Ar A 1 2

B For benzophenone substrate

0 1 mol% Ir(ppy)s
)cl)\ 20 mol% catalyst 3
RT Ph Ph DABCO, AcOH, LiAsFg
H,O, DMPU, rt
26 W CFL

B For arylalkylketone substrate

e o 1 mol% Ir(p-MeO-ppy);
é ),L 40 mol% catalyst 3
Ar R >
DABCO, AcOH
H,0, CH3CN
2x26 W CFL

R

HO  Ar

-hydroxyketone

Ph

HO Ph

Ar

HO R

J. Am. Chem. Soc. 2013, 135, 18323-18326

B Substrate scope

0O
o)
Ph HO
o)

T
81 % 70 %

0
Me
Ph

HO Ph HO Me
65 % 79 %



Photo-redox Catalysis: Arene Trifluoromethylation

At H i A _CF
i& BI’ “j/ (;Es.?{)gctLEI—;iﬁeq;;.]} E_ﬁ\ Blf ,ir 3 CF,
onoca’ S -
x7 H ch Y R x” CF, Lc”
K,HPO,, MeCN, 23 °C
Five-atom Six-atom Unactivated 26-W light source Five-atom CF, Six-atom CF, CF, arenes

hetercarenes heteroarenes arenes heteroarenes heteroarenes

Photocatalyst = Ru(phen),Cl,
CF3 radical comes from CF;SO,CI

Nature, 2011, 480, 224-228



Photo-redox Catalysis: Arene Trifluoromethylation

O S R S W g
olocal s —
x” H L 7 y i A, P

Five-atom

c
K,HPO,, MeCN, 23 °C
Six-atom Unactivated 26-W light source Five-atom CF, Six-atom CF
hetercarenes heteroarenes arenes heteroarenes heteroarenes
i
B Proposed —G" FaC—S—Cl
mechanism: O , -
oy | Rupten
/ | reductant 2 &
— — -0.90V ra
CF.50,.Cl .
T2 . SET | Household
\ ""*~—f~7 light
A 'f Photoredox '\'
F “"\ 'F i ) ||
F catalysis
k_’ HU(phEHJSB"' HU[DhEﬂ]I32+
oxidant 3 photocatalyst 1
V) +1.31V
H

N \ / B CF,
R+ R—r
= =~= =
Arene / 01V CF, arene
3
"H

W Qf‘* e

@GFE

CF, arenes

Nature, 2011, 480, 224-228



Photo-redox Catalysis: Arene Trifluoromethylation

O

Five-atom
hetercarenes

Unactivated
arenes

Six-atom
heteroarenes

o O

CF;50,CI (14 equiv.)
Photocatalyst (1-2%)

K,HPO,, MeCN, 23 °C

B Substrate scope: hetereo arene & electron-rich arene

Q*CFS FECQ\CFS
H H

8: 88% 9:91%
/@ /@
Me o CF, Me s CF,
10: 87% 11:82%

Me Me
/n 5 @\
Me o CF, 5 CF
12: 80% 13: 76% (3:1)"
Me Me
N
i e
CF 8
S 3 @)
14: 70% 15: 84%

hi B~
N |

CF, : ,CF,

38: 75% (4:1)

39: 77% (2:1)*

40: 72% (2:1)

26-W light source Five-atom CF, Six-atom CF, CF, arenes
heteroarenes heteroarenes
Me OMe
N CF3 X Nl X CF3 NZ | CF3
>~ = NS
KN MeS)\N Meo)\N OMe
23: 74% Me 24: 85% 25:72% 26: 86%
Me I\I/Ie Me
5 = CF, N CF, 0] N CF y CF,
>~ | ~ N |
N OMe N OMe 0 (0] Me
28: 78% (3:1)" 29: 78% 30: 87% 31: 90%
c NHBoc SMe
(D/CF3 CF, ©/ CF,
4 4
33: 74% 34: 80% (3:1)" 35: 84% (2:1)" 36: 73% (2:1)"
Me Me 3
Br CF, 3 CF, f Fy I\/1eo:<j\rCF3
Me Me MeO Me

41: 92% (5:1)*



Photo-redox Catalysis: Arene Trifluoromethylation

O

Five-atom
hetercarenes

Unactivated
arenes
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heteroarenes

o O

CF;50,CI (14 equiv.)
Photocatalyst (1-2%)

K,HPO,, MeCN, 23 °C
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Q*CFS FECQ\CFS
H H

8:88% 9:91%
/@ /@
Me 0 CF, Me s CF,
10: 87% 11:82%

Me Me
/n 5 @\
Me 0 CF, s CF
12: 80% 13: 76% (3:1)*
Me Me
N
i e
CF 3
S 3 @]
14: 70% 15: 84%

hi B~
N |

CF, : ,CF,
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heteroarenes heteroarenes
Me OMe
N CF3 X Nl X CF3 NZ | CF3
>~ = NS
KN MeS)\N Meo)\N OMe
23: 74% Me 24: 85% 25:72% 26: 86%
Me I\I/Ie Me
5 = CF, N CF, 0] N CF y CF,
>~ | ~ N |
N OMe N OMe (@] (0] Me
28: 78% (3:1)" 29: 78% 30: 87% 31: 90%
c NHBoc SMe
(D/CF3 CF, ©/ CF,
4 4
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Me Me 3
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Photo-redox Catalysis: Arene Trifluoromethylation

O

Five-atom
hetercarenes

Six-atom

A H H
BT =
L

C
Unactivated
heteroarenes arenes

CF;50,CI (14 equiv.)
Photocatalyst (1-2%)

K,HPO,, MeCN, 23 °C

B Substrate scope: hetereo arene & electron-rich arene

Q*CFS FECQ\CFS
H H

8:88% 9:91%
AN
Me™ N~ ~CF, Me™ g~ ~CF,
10: 87% 11:82%

Me Me

Me/nCF 5 @\CF

0] 3 S 3

12: 80% 13: 76% (3:1)"
Me Me
N
i e
CF 8
) 3 o)
14: 70% 15: 84%

¥ _A._ _CF, CF,
;o\ o “j’
L;\GFS ILG.-’ ©I

26-W light source Five-atom CF, Six-atom CF, CF, arenes
heteroarenes heteroarenes
Me OMe
N CF, N N CF, NP | CF,
I
>~ = ~
KN MeS)\N Meo)\N OMe
23: 74% Me 24: 85% 25:72% 26: 86%
I\I/Ie Me
.
0] O Me
28: 78% (3:1)" 29: 78% 30: 87% 31: 90%
OMe OMe SMe
H CFy
CFj3
4
H CF3 35: 84% (2:1)" 36: 73% (2:1)"

conjugated cross-conjugated
(more stable) (less stable)

3
i I\/1eo:<j\rCF3
MeO Me
40: 72% (2:1) 41: 92% (5:1)*
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Q1

O O
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