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Enantioselective Organocatalysis (I): Organic Bases

l. Introduction

ADVANTAGES:
1. Reactions can be performed under aerobic atmosphere and wet solvents
2. Catalysts are inexpensive
3. Recovery is more simple than metal-based or bioorganic catalysts
4. More stable than metal-based or bioorganic analogous

5. They can be anchored to a solid support and reused

STEREOSELECTIVITY:
Well-organized transition state by passive or dynamic binding
- passive binding: hydrophobic, van der Waals and electrostatic interactions

- dynamic binding: interaction between catalyst and substrate at the reaction center

Hydrogen bonding



Enantioselective Organocatalysis (I): Organic Bases

[. Introduction

MECHANISMS:
1. Phase-transfer reactions:
- The chiral catalyst forms a host-guest complex with the substrate
- The catalyst does not required paralell regeneration
2. Activation of the reaction based on nucleophilic/electrophilic properties of the catalyst:
- The chiral catalyst is not consumed in the reaction
- The catalyst does not required parallel regeneration
3. Organic molecules form reactive intermediates:
- The chiral catalyst is consumed
- The catalyst requieres regeneration in a paralell catalytic cycle

4. Molecular-cavity-accelerated asymmetric transformations



Enantioselective Organocatalysis (I): Organic Bases

[. Introduction

| Organocatalysis .

(A. Covalent Catalysis j (B. Non-Covalent Catalysis]

N M B
N
Omcon KYNIK LY X X

e Mo
ﬁ\ Ph |O 2
g
jk N )I\A

enamines

iminium tons hydrogen bond chiral ion pairs: PTC catalysis



Enantioselective Organocatalysis (I): Organic Bases

I. Introduction: catalysts
Natural products
z
z
HO
N H
N
~
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Enantioselective Organocatalysis (I): Organic Bases

II. Nucleophilic Additions to C=0
lla. Hydrocyanation
lIb. Aldol reactions
llc. Morita-Baylis-Hillman reaction
[Id. Allylation reactions
lle. Epoxidation of aldehydes

IIf. Benzoin condensation



Enantioselective Organocatalysis (I): Organic Bases

lla. Nucleophilic Additions to C=0: Hydrocyanation

RL LOH RL OH R ,OH oH
2>< or 2>< 2>< or Rl”\/NHZ
R CN R CO,H R CHO R2
Wrolysis reduV
. _ OH
R o cyanation addition Rl/,\fo
—
2>= —_— 2
R R R3
Sn
1 = 1
R>{NU Nu N3 R>§NH2
rR2” YeN R? "CO,H

J.-M. Brunel, I. P. Holmes, Angew. Chem. Int. Ed. 2004, 43, 2752
M. North, Tetrahedron: Asymmetry 2003, 14, 147
R. J. H. Gregory, Chem. Rev. 1999, 99, 3649

Pharmaceuticals

OH
HOCH2:©)\/NHBut
HO
(-)-salbutamol
OH

HO NHBu!

HO

(-)-terbutalin




Enantioselective Organocatalysis (I): Organic Bases

lla. Nucleophilic Additions to C=0: Hydrocyanation

Aromatic aldehydes only!

OH
DKP (2 mol%) )\
ArCHO + HCN ' Ar CN Ar | Ph 3'MeOC6H4 4-MeC6H4
PhCHj, -20°C Phe| 97% (R)  97% (R) 96% (R)
ee <98%
Leu| 55%(S)  56% (S) 60% (S)
H
O
PN
(R)-Cyanohydrins (S)-Cyanohydrins - N—=H
O--
7
)\(N\
H- -

W. Hua et al., Tetrahedron: Asymmetry 1999, 10, 4715
M. North, Tetrahedron: Asymmetry 2003, 14, 147
J. Oku, S. Inoue, J. Chem. Soc., Chem. Commun. 1981, 229 v



Enantioselective Organocatalysis (I): Organic Bases

lla. Nucleophilic Additions to C=0: Hydrocyanation

o) 0 cat. (10-35 mol%)
.+ L - NCXOCOZEt Ketones only!
1 2 1 2
R™ 'R BtO™ CN " 240r-120C, 12 h-7 d R™ R

DHQD (R = 9-phenantryl): 80% 95% ee (S)

O
: % DHQON (R = anthraquinone): 66% 97% ee (R) % DHOQON (R = anthraquinone): 62% 91% ee (R)

DHQD (R = anthraquinone): 76% 95% ee (S) DHQD (R = anthraquinone): 53% 92% ee (S)

@)
EtO _ . 090, 9 EtO
o DHQN (R = 9-phenantryl): 99% 94% ee (R) EtO DHOQN (R = 9-phenantryl): 78% 96% ee (R)
0]

EtO,CCN
Et Et

Nl +N CN-

CO,Et

RIR?C(CN)OCO,Et R!R’CO

Deng et al. J. Am. Chem. Soc. 2001, 123, 6195




Enantioselective Organocatalysis (I): Organic Bases

lla. Nucleophilic Additions to C=0: Hydrocyanation

o . cat. (2-20 mol%) NC OTMS
g +  MesSICN > Ketones only!
Rl R2 Rl R2
-50 or -30°C, 16 h-8 d
yield: 81-99%
ee: 90-98%
0
O (LI
Ul
Nz
o)

DHQN DHQD

Deng et al. J. Am. Chem. Soc. 2003, 125, 9900

0O ) cat. (1 mol% NC
JU + MesSicN ( 0 XOTMS
R1” “H R1” “H

ether, -78°C, 5-60 min

=N N=

t-Bu OH LiO t-Bu

yield: 88-99%
ee: 77-97%

t-Bu t-Bu

Kagan et al. Tetrahedron Lett.. 2000, 41, 7453

Aromatic aldehydes only!
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Enantioselective Organocatalysis (I): Organic Bases

lla. Nucleophilic Additions to C=0: Hydrocyanation

o cat. (5 mol%)
JL +  MesSiCN > NC//, OTMS
L ) 1/< 2
R "R CF3CH,0H, CH,Cl, R* R
-78 °C, 12-48 h yield: 87-98%
ee: 89-98%
t
- N~ N
NN
@) NPr

No proposal about a possible mechanism
Catalyst recovery by column chromatography

Jacobsen et al. J. Am. Chem. Soc. 2005, 127, 8964

Aldehydes and Ketones

11



Enantioselective Organocatalysis (I): Organic Bases

lIb. Nucleophilic Additions to C=0: Aldol reactions

H.+.Enzyme_ H\N,Enzyme\

A

Class | o o )N\/ B
Aldolases )l\ Hw_s

|

IT:nzym(‘a IT:nzym(‘e
+.Zn(ll) B O,Zn(II) BH"

Class Il Q - S .
Aldglszfses )l\ )I\/H ‘j /§

T. D. Machajewski, C.-H. Wong, Angew. Chem. Int. Ed. 2000, 39, 1352

12



Enantioselective Organocatalysis (I): Organic Bases
lIb. Nucleophilic Additions to C=0: Aldol reactions

Intermolecular direct aldol reaction

5 Q organocat Q OH
Rl'u\Me * RZJLH . le\/kRg one sterogenic center

0 0 organocat Q o
2 . :
RIJJ\/R + R3JLH _— Rlﬂ\/kRg two sterogenic centers
R2
O @) O OH O OH

1 2 organocat. 1 2 regioisomers
reUR? + RS’U\H — s R R s €0

R2 Rl

Intramolecular direct aldol reaction

@) RlO Rlo Rlo
WRZ organocat. R2 -H,0O R2
0 R? ¢} R?
0”7 °R? OH

one stereogenic center

13



Enantioselective Organocatalysis (I): Organic Bases

lIb. Nucleophilic Additions to C=0: Aldol reactions

Intermolecular direct aldol reaction

Me Me R
DMSO, acetone

R\f’//o '\H\O 0
H

O OH

‘O, < ]

N

0]
acceptor R/U\H A

Reaction conditions and substrates

® Aromatic aldehydes: 60-70% ee

@ Tertiary aldehydes: 99% ee

® The presence of water accelerates the reaction

® Ketones: butanone, pentan-2-one, cycloalkanones, a-hydroxyacetone
(no reaction: acetophenone, pentan-3-one)

N
H

N
H

[
CONH‘S‘“Ph
OH

List et al. Acc. Chem. Res. 2004, 37, 548

)&/

CO,H

CO
aldol )l\/'\R 2 donor
Me
OH
H.0

@) 0] 0O
L-Pro (30 mol%)
I L AL,

O‘COZ

N

A

+

® Cyclohexanecarboxaldehyde, isobutiraldehyde: 96% ee (low yields) &
CO,H CO,H N =N N
HHNS N

N~ YCONHSO,Ar
H

14



Enantioselective Organocatalysis (I): Organic Bases
lIb. Nucleophilic Additions to C=0: Aldol reactions

Intermolecular direct aldol reaction

o L-Pro (10 mol%) o OH )\/ )\ @—CHO
\)j\ + )j\ - )j\/'\R cHo CHO
KA DMF, 4 °C z 88% 82% 81%
syn/anti: 1/3 syn/anti: 1/24 syn/anti: 1/3
anti: 97% ee anti: 99% ee anti: 99% ee
List et al. Org. Lett. 2001, 3, 573
Cl
Q Q L-Pro (20 mol%) o OH
+ - I _X
REH DMSO TR CHO CHO
OH OH CHO
60% 62% 95%
syn/anti: 1/20 syn/anti: 1/20 syn/anti: 1/2
Barbas I1l et al. J. Am. Chem. Soc. 2001, 123, 5260 anti: 95% ee anti: 99% ee anti: 67% ee
N
HO 0 S ’

HO= N:E
—» anti H7’\:\|/’/ —» syn
(@) O- —.‘H\ o)
H o R O

Barbas Il et al. J. Am. Chem. Soc. 2001, 123, 5260
Houk, List et al. J. Am. Chem. Soc. 2003, 125, 2475

15



Enantioselective Organocatalysis (I): Organic Bases
lIb. Nucleophilic Additions to C=0: Aldol reactions

Intermolecular aldol reaction

L-Pro (10-20 mol%)
PGO

1o
T

- PGO
DMF or DMSO, rt

<

(PG = Bn, PMB, MOM, TBDPS, TBS)

PGO

yield: 42-92%
anti/syn: 3/1-9/1
@]

ee: 88-98%
D. W. C. MacMillan, et al. Angew. Chem. Int. Ed. 2004, 43, 2152; Science 2004, 305, 1752
.

o)
H
N o)
BnO TMSO

B
0 OBn

E—
OBn
two steps

(-)-Littoralisone
—_——
yield: 51%

ee: 98%

D. W. C. MacMillan, et al. J. Am. Chem. Soc. 2005, 127, 3696

16



Enantioselective Organocatalysis (I): Organic Bases

lIb. Nucleophilic Additions to C=0: Aldol reactions

Intermolecular twofold iterative aldol reaction

J(i 0 L-Pro (10 mol%) OH Q D-Pro (10 mol%) oH 97 5

+ > > o1

R17NH HJ\H ME R H EtCHO R i H
R2 R2 DMF, rt, 16-24 h ~Z

[Rl = Et, i-Pr, i-Bu, Cy, BnOCHz] l

R? = Me, BnO
RY, O._OH
RZJ/\.J'/"//
OH
yield: 24-40%
OH ee: >99%
O
(S)-4-HO-Pro (10 mol%) O CH
H > ——> . Allose
BnO DMF, rt BnoO¥” Y~ “0OBn
OBn
yield: 28%
ee: >99%

A. Coérdova, et al. Angew. Chem. Int. Ed. 2005, 43, 1343

17



Enantioselective Organocatalysis (I): Organic Bases

lIb. Nucleophilic Additions to C=0: Aldol reactions

Intermolecular aldol reaction: imitating nature

O O OH
Q L-Pro (20-30 mol%)
)L + - R
R” ~H
Oxo DMF, 2-4 °C Oxo
R = CH,OBn, CH,OAc, CH(OMe),, NPht yield: 31-80%
anti/syn: 15/1-55/1
W\ N ee: 93-98%
HO o) H,N o) 0
X e X

L-ribulose, L- and D-psicose, D-tagatose, 1-amino-1-deoxy-D-lyxitol

C. F. Barbas Ill et al. Chem. Commun. 2002, 3024
D. Enders et al. Angew. Chem. Int. Ed. 2005, 44, 1210

18



Enantioselective Organocatalysis (I): Organic Bases

lIb. Nucleophilic Additions to C=0: Aldol reactions

Intermolecular direct aldol reaction: donor aldehyde

O O O OH
L-Pro (50 mol%)
HJH + Eto\[HHrOEt > HJK/%C%OEEJ[
= t
R o) o CH,ClI,, rt,1-3h R 2

yield: 81-98%
ee: 84-90%

-HO RCHO

N COzH
2

R

ER/'\/
M (S)-configuration

Re-facial attack

O
+ D\
H)H N~ "CO,H
H
R

K. A. Jorgensen et al., Chem. Commun. 2002, 620 19



Enantioselective Organocatalysis (I): Organic Bases

lIb. Nucleophilic Additions to C=0: Aldol reactions

Intramolecular direct aldol reaction: Hajos-Parrish-Eder-Sauer-Wiechert reaction

0 o 0

L-Pro (5 mol%) J/ijé H,SO, /I/ijé
~r — —ee
DMF, 16°C,120h O DMF,95°C,3h

0™ O OH

yield: 70-76%
ee: 94%

U. Eder, G. Sauer, R. Wiechert, Angew. Chem. Int. Ed. Engl. 1971, 10, 496

O 0]

L-Pro (3 mol%)
DME. 25 °C. 2 h> Wieland-Miescher ketone
(@) e} ’ 5 C, 0 o

99%, 93% ee

L-Pro solubility in DMF:
2.6 mg/100 g DMF

Hajos, Parrish et al. J. Org. Chem. 1974, 39, 1615

20



Enantioselective Organocatalysis (I): Organic Bases

lIb. Nucleophilic Additions to C=0: Aldol reactions

Intramolecular direct aldol reaction: Hajos-Parrish-Eder-Sauer-Wiechert reaction

OH

o O O
L-Pro O
D . 0
H_ -
o ') DMSO, rt, 120 h o o ’}l
N

+ o)
yield: 56%, ee: 70% Q .<

(>99% ee after recryst.) o

S. Danishefsky, P. Cain, J. Am. Chem. Soc. 1976, 98, 4975;
P. Buchschacher et al., OS, Vol. VI, 368

One-step reaction!

o] (0] (0]
z L-Pro (35 mol%)
+ > — > —_—
DMSO, 35°C
o : o) o
(@) 0] OH (0]

yield: 49%, ee: 76%

Barbas Il et al. Tetrahedron Lett. 2000, 41, 6951

21



Enantioselective Organocatalysis (I): Organic Bases

lIb. Nucleophilic Additions to C=0: Aldol reactions

Intramolecular direct aldol reaction: dialdehydes

OH
L-Pro (10 mol%) HOC,,,
/\/\/\/\
o” o >
CH,Cl,, 25°C, 12 h

yield: 95%
cisf/trans: 1/10
trans: 99% ee

O
N 1% o)

O-
A7 O
- N O~I:|~|\_|
endo aldolization H

methyl ketones

6-enol exo-aldolization

List et al. Angew. Chem. Int. Ed.. 2003, 42, 2785



Enantioselective Organocatalysis (I): Organic Bases

llc. Nucleophilic Additions to C=0: Morita-Baylis-Hillman reaction

R2_ _OH 6‘\,
O DABCO
ZF . Reco o N/

Rl
Rl DABCO
Mechanism
RSN/—-I-\/YO _ R3N+WO' + R NJRl
3
R! R!
2 -
RN RA._OH
R’CH
cHo RaN" © ifo + R3N
1
R R1

P. Langer, Angew. Chem. Int. Ed.. 2000, 39, 3049

23



Enantioselective Organocatalysis (I): Organic Bases

llc. Nucleophilic Additions to C=0: Morita-Baylis-Hillman reaction

OH O
cat. (10 mol%)

@)
/Y + ArCHO - Ar/HHLR

R NaBF,, MeCN,
-40 °C, 14-72 h

yield: 17-93%
ee: 21-72%

Ar O

favoured

A. G. M. Barrett et al., Chem. Commun. 1998, 2533

HO

Catalyst

24



Enantioselective Organocatalysis (I): Organic Bases

llc. Nucleophilic Additions to C=0: Morita-Baylis-Hillman reaction
o)

/YO + RCHO

R
OH O CFs z
0 N
cat. (10 mol%) - R)WHLO)\CF N o 0o Aliphatic and aromatic
. S
YCF3 DMF, -55°C, 1-72 h R 0 aldehydes
CFs
yield: 31-58% yield: 11-25%
ee: 91-99% ee: 4-85% R
H \\\\
B
Nz N
OH
\\\O
H Catalyst
| N
N~ N O )C\Fs
o. - H
H-O7 "R

S. Hatakeyama et al., J. Am. Chem. Soc. 1999, 121, 10219

25



Enantioselective Organocatalysis (I): Organic Bases

llc. Nucleophilic Additions to C=0: Morita-Baylis-Hillman reaction

O 0 O OH
)J\ cat. (10 mol%) =
* R7H > R
MeCN, 0°C, 2-5d
yield: 55-84% S CF3

ee: 60-94%
% NHJLNHQ
7 O OH NMe, CFs
\NJLN/ binaphthyl 0]
! ! + J\R —_— R

H‘O’H H
| Bifunctional catalyst
‘N— cat.
| retro-Michael
l Michael
S S
\NJLN/ binaphthyl ~ J\ A binaphthyl
\ \ N N

H.GH
o aldol reaction
JU >
H R
N_
I

W. Wang et al., Org. Lett. 2005, 7, 4293 26



Enantioselective Organocatalysis (I): Organic Bases

IId. Nucleophilic Additions to C=0: allylation reactions

o) R® _ 0SiCls
JJ\ S Lewis base
R1” H * R2 SiClg > R * X
R? R3
B Cl o
H é_,m
[
R /I /1B o
—F’zl o LB
R3
Phosphoramides Formamides Amine N-Oxides
R2 R2 R2 RZ
RY, N No LR! z
7, N\ //O O\\ /N I~ J\ 1
RN NN N CHO
R2 R3 R3 R2

S. E. Denmark et al., Chem. Rev. 2003, 103, 2763

27



Enantioselective Organocatalysis (I): Organic Bases

lld. Nucleophilic Additions to C=0: allylation reactions

Phosphoramides

ji 53\/\ cat. (5 mol%) OH
1 + 2 NS . > IJS(\
R H R SICI3 CH2C|2, -78 °C R R2 R3
Pri,NEt, 8 h
yield: 60-84%
de: 99%
ee: 81-96%
Hin N\ ,,O O\\ ,N H

Catalyst P
y H N \N/(CHZ)%N'P\N 1H

| |
Me Me

E-allylsilanes I:> syn/anti: 1/99
Z-allylsilanes I:> syn/anti: 99/1

S. E. Denmark et al., J. Am. Chem. Soc. 2001, 123, 9488 8



Enantioselective Organocatalysis (I): Organic Bases
lld. Nucleophilic Additions to C=0: allylation reactions

Formamides

JOL cat. (20-50 mol%) CE)H
1 RN > NN
R™ 'H Sicls EtCN, -78 °C R
HMPA, 7-28d yield: 61-94%
ee: 93-98%
Me Me
Catalyst ,}|
CHO
O cat. (40 mol%) (E)H
+ /\/\ . L. N
O)LH SiCly EtCN, -78 °C !
e
HMPA, 21 d
yield: 92%

syn/anti: 1/99

ee,nti: 98%

Y. Kobayashi et al., Tetrahedron Lett. 1998, 39, 2767

29



Enantioselective Organocatalysis (I)

. Organic Bases
lld. Nucleophilic Additions to C=0: allylation reactions

Amine N-oxides

j.l\ JRl\/\ cat. (10 mol%) CE)H
+ X >
2 ; Ar I
Ar” H R SiCls ChyCly, -78°C /R>(Rl\
Pr';>;NEt, 6 h
yield: 60-84%
de: 99%
ee: 88-92% Catalyst
Nakajima et al., J. Am. Chem. Soc. 1998, 120, 6419
O cat. (0.1 mol%) OH
Ar)LH N Nsicl > ArM
CH3CN, -45°C
i
ProNEt, 2.5h yield: 83-96%
ee: 56-98%
Catalyst
T. Hayashi et al., Org. Lett. 2002, 4, 2799

30



Enantioselective Organocatalysis (I): Organic Bases

lle. Nucleophilic Additions to C=0: epoxidation of aldehydes

S)
(@] R3\+/\ 2
< AL y R MX + H,0
(@) R3/ \R4 o) R H R4
A+ R 1~ <LR2
R H R
base
MOH
O Rs/S\R4 Rz/\x
Rl/<l/R2
R3 +/\
[Rhy(OAC),]

N,CHR?

4
Q R3/S\R4 o) i
i+ NLCHR? r1”<LR?
[Rhy(OAC),]
Rh=CHR?

31



Enantioselective Organocatalysis (I): Organic Bases

lle. Nucleophilic Additions to C=0: epoxidation of aldehydes

Sulfur ylides
Q cat. (10 mol%) 0
R)J\ + PhCHzBr - R\\\< | Ph
NaOH, BugNI
yield: 75-82%
(R =Ar, PhCH=CH, HetAr) de: 90-93%

ee: 64-85%

P. Metzner et al., J. Chem. Soc., Perkin Trans 1. 1999, 731; J. Org. Chem. 2001, 66, 5620

O R3
cat. (100 mol%) e)
R3 NaOH, t-BuOH
o
X = Br, | yield: 60-85%
R1 =Ar, HetAr de: 38-99%
R2 =H, Ph ee: 37-90%
R3=H, Me

P. Metzner et al., J. Org. Chem. 2002, 67, 9083

Catalyst

32



Enantioselective Organocatalysis (I): Organic Bases

lle. Nucleophilic Additions to C=0: epoxidation of aldehydes

Sulfur ylides
j)\ Na* o cat. (5 mol%) /<cl)
R P SN > RZNwPh
Rh,(OAC), (1% mol)
e 000
BnELNCI (5% moly ~ Y'&ld: 58-82%
H de: 70-98%
(R = Ar, HerAr, PhCH=CH, Cy) ce 87-94% S
O,
R+ R Catalyst
\SI R R
- \+l
+ - Ph)\\H S @)
PhCHO + R,S-CHPh ——— N —> H Ph —— L, #wPh
\
HTPh Ph H
O o
transoid approach anti betaine

V. Aggarwal et al., Angew. Chem.Int. Ed. 2001, 40, 1430
33



Enantioselective Organocatalysis (I): Organic Bases

lIf. Nucleophilic Additions to C=0: benzoin condensation and Stetter reaction

U
RlJ@
j\ R4 R3
/
R2 H W
(@]
0 O
3
2
Rl&R R4JWR
OH R® O
benzoin condensation Stetter reaction

@ In nature this umpolung is performed enzymatically by the cofactor thiamine pyrophosphate (vit. B12)

@ Reactions catalyzed by chiral thiazolium systems

@ Carbenes as catalytic species generated from heterocyclic systems

W. S. Ide, J. S. Buck, Org. React. 1948, 4, 269
H. Stetter, H. Kuhlmann, Org. React. 1991, 40, 407

34



Enantioselective Organocatalysis (I): Organic Bases

lIf. Nucleophilic Additions to C=0: benzoin condensation and Stetter reaction

Benzoin condensation

XN v R CHO V.Y
N+ ot N Nt OH
| )—H | ): | Y
_o/\:[>_ ‘7?:> "‘I

@] O —_—
Co-P-0-P S TS %w~s R
| |
OH OH )
1 R? -H*
fosfato de tiamina R
(vitamina B12) OH .
Catalyst Y o
atalys Nt  OH N OH
8 —<
2 S R? 2ALS R
HO

R. Breslow, J. Am. Chem. Soc. 1958, 80, 3719

35



Enantioselective Organocatalysis (I): Organic Bases

lIf. Nucleophilic Additions to C=0: benzoin condensation and Stetter reaction

Benzoin condensation

Rl
> H
R2
[ R! = H, Me, Cl ]
R? = H, Me, OMe, CI, Br
Catalysts
Ph Ph
N—N+ A
{ Y cio; Ny Q')
N N~ Cl
00 Ph
1.25 mol% 10-30 mol%
K,COj3 (0.6 mol%) EtsN (5-30 mol%)
THF MeOH
yield: 22-66% yield: 11-45%
ee: 20-75% ee: 70-80%

cat., base, solv.

Knight et al., J. Chem. Soc., Perkin Trans 1. 1998, 1891

ph Ph
N—N+ N—N+
f/ \ )\
“—0oR
(R = Me, Ph)

10 mol% 10-30 mol%
EtsN (5-30 mol%) Bu'OK (10 mol%)
MeOH THF
yield: 12-38% yield: 11-81%

ee: 83-91%

ee: 48-65%

Enders et al., Angew. Chem.Int. Ed. 2002, 41, 1743



Enantioselective Organocatalysis (I): Organic Bases

lIf. Nucleophilic Additions to C=0: benzoin condensation and Stetter reaction

Stetter reaction

% . .
JIVV \/'IVV
e - X0 -
O O »—H — ; |
eO—IIZ}—O—IIZ}—O S 1
OH OH

fosfato de tiamina
(vitamina B12)

R. Breslow, J. Am. Chem. Soc. 1958, 80, 3719



Enantioselective Organocatalysis (I): Organic Bases

Stetter reaction

O
Rl
H
R? XN Nco,R
R3

lIf. Nucleophilic Additions to C=0: benzoin condensation and Stetter reaction

0
cat., base, solv. R “\\\COZR“
o
R? X
R3
Rl =H, Me, Cl
R? = H, OMe
R% = H, Me, OMe
X =0, S, NMe, CH,
Catalysts
Ph Ph
N—-N* MY NN
£ Y clog f(N) BF, Iy
N N BF,
X \\Ph O\_),,’/ %
20 mol% 20 mol% 20 mol%
K,CO3 (10 mol%) KHMDS KHMDS
THF xylene xylene
yield: 22-69% yield: 35-95% yield: 90%
ee: 56-74% ee: 82-97% ee: 92%

Teles et al., Helv. Chim. Acta 1996, 79, 1899

Rovis et al., J. Am. Chem. Soc. 2002, 124, 10298
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Enantioselective Organocatalysis (I): Organic Bases

[ll. Nucleophilic Additions to C=N
[lla. Strecker reaction
[llb. Mannich condensation
lllc. Aziridination reactions

llld. Synthesis of B-lactams

39



Enantioselective Organocatalysis (I)

[lla. Nucleophilic Additions to C=N: Strecker reaction

Ph
N)\Ph cat. (2 mol%) HN Ph
M + HCN > aen
R™H MeOH, -25 to -75 °C

O

Catalyst

\
\
W

O

: Organic Bases

Aromatic Aliphatic
yield: 82-97% yield: 80-81%
ee: 80-99% ee: 10-17%

H
N N NH
ey
NH NH

M. Lipton et al., J. Am. Chem. Soc. 1996, 118, 4910
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Enantioselective Organocatalysis (I): Organic Bases

[lla. Nucleophilic Additions to C=N: Strecker reaction

Ph Ph
N)\Ph cat. (2 mol%) HN Ph Aromatic Aliphatic
)|\ + HCN > )\ yield: 88-99% yield: 95%
R H PhMe. -25 to -40 °C R CN ee: 50-88% ee: 76-84%
Catalyst

HN)\P ""CJN\
R)\CNh @ | /E?_O V/‘

| +N
Ay o "
N )I N

R

E. J. Corey et al., Org. Lett. 1999, 1, 157
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Enantioselective Organocatalysis (I): Organic Bases

[lla. Nucleophilic Additions to C=N: Strecker reaction

é

o]
NTNF 1. cat. (2 mol%), PhMe, -78 °C F3CJLN _ -
| + HCN > 1 Bn WAH
2. TFAA R "CN ) N
yield: 65-99%
ee: 77-97%
OPiv
Aliphatic and aromatic aldimines
Catalyst
E. N. Jacobsen et al., Angew. Chem. Int. Ed. 2000, 39, 1279
P P Me\l/ X
N~ >Ph cat. (2 mol%) HN” ~Ph N
JI\ + HCN > J\ Me” H H
R "R PhMe, -78 °C R72 CN N
yield: 45-99% HO
. - 0
ee: 42-99% X=0.S |
Aliphatic and aromatic aldimines and ketimines OPiv
Catalysts

E. N. Jacobsen et al., J. Am. Chem. Soc. 2002, 124, 10012 42



Enantioselective Organocatalysis (I): Organic Bases

[lIb. Nucleophilic Additions to C=N: Mannich condensation

3 components reaction

RZ
e) 9] cat NH O
2 4 )
RlJLH + R°NH, + R R3 —_— Rl R3
R* R®
R5
Mannich one-pot

@ Synthesis of B-aminocarbonyl compounds
® Proline as catalyst

@ Non modified ketones (enolates, enol ethers...)

2
o ) R? RSNH 0
JL R°NH, NI cat
R H RlJ\H o . R R?
R R®
R4W)J\ 3
R

imine formation Mannich reaction




Enantioselective Organocatalysis (I): Organic Bases

[lIb. Nucleophilic Additions to C=N: Mannich condensation

NH, PMP<
o) o) NH O

L-Pro (35 mol%)
JJ\ + + )j\ > 1/'\)1\
R
DMSO/Me,CO or

1 Me,CO, rt, 12-48 h yield: 35-90%

ee: 70-96%

(o>

N
PMP. O
> \N% —» (R)-configuration

PMP |
JOL . H,0 \JN\ P

H R H R Si-facial attack

OMe

B. List et al., J. Am.Chem. Soc. 2000, 122, 9336; 2002, 124, 827
44



Enantioselective Organocatalysis (I): Organic Bases

[lIb. Nucleophilic Additions to C=N: Mannich condensation

2 Sterocenters (3 components)

NH2 PMP
)OJ\/ JOL L-Pro (20 mol%) j NH oxidation NH,
OH + + > ~ —_— A
H R DMSO, rt, 3-24 h és\i/\R —> HO,C™ 'R
OH
OMe
yield: 57-92%
syn/anti : 3/1-20/1
ee,ntis 61-99%
Mannich

COZH Aldol
‘ PMPNH, ‘

MeOODL%O

PMPN 0]

(@]
—— N’O
-

R)\|H
X
syn anti
Si-Si-facial attack: lk

Si-enamine} I
Re-aldehyde| "
B. List et al., J. Am.Chem. Soc. 2002, 124, 827
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Enantioselective Organocatalysis (I): Organic Bases

[lIb. Nucleophilic Additions to C=N: Mannich condensation

2 Sterocenters (2 components)

_PMP

L-Pro (5 mol%)
H + A > H CO,Et
EtOZC H = 2

R dioxane, rt

nz

C

Py

yield: 57-81%
syn/anti: 3/1-19/1
ee: 93-99%

C. F. Barbas Il et al., J. Am.Chem. Soc. 2002, 124, 1842

PMP
_PMP .
Q )NI\ 1. cat. (20 mol%) oH HEI
H * > CO,Et
H
2. NaBH, OMe
yield: 52%
syn/anti: 1/20 Catalyst
ee: 82%

C. F. Barbas I et al., Tetrahedron Lett. 2002, 43, 7749 46



Enantioselective Organocatalysis (I): Organic Bases

[lIb. Nucleophilic Additions to C=N: Mannich condensation

2 Sterocenters (2 components)

.PMP -
e} N,PMP L-Pro (5 mol%) O HN yield: 57-81%
+ )|\ - J\/:\ syn/anti: 3/1-19/1
H Et0,C” “H . H™ 2 CORRt . 93-99%
dioxane, rt S ee: 95-99%
R R
i-Pr CO,Et
Q  NHPMP 1. NaClo, Q  NHPMP | iHmDS 2
= —_— ~ —_— — carbapenems
H™ Y TCOEt 5 ye MeO™ Y~ TCO,Et -20°C g N\PMP — ™ antibiotic PS-6
i-I-Dr 3. CH2N2 i_ﬁr 96%
89%
PMP.
q \IN L-Pro (5- 20 mol%) Q  NHPMP yield: 47-86%
+ )\ > ~ syn/anti : 20/1
H™ COEt DMSO, rt,2-24h Y CO,Et _ .
Rl Rl Rl Rl ee: 61-99%
(@] NHPMP [0) NHAC |:| |;|
1. PhI(OAc), LiB(s-Bu)zH 3 HCl S
COE —> COEt — > 0o —» o
2. Ac,0 89% = Ea
H 3 H NH.
64% NHAc NH,-HCI

C. F. Barbas Il et al., J. Am.Chem. Soc. 2002, 124, 1866 47



Enantioselective Organocatalysis (l): Organic Bases

[lIb. Nucleophilic Additions to C=N: Mannich condensation

yield: 57-81%
CO.E syn/anti: 3/1-19/1
2Et ee: 93-99%

2 Sterocenters (2 components) oMP
L-Pro (5 mol%) Q H

nz

> H

3

o -PMP dioxane, rt

| —
H)H " Eo C)\H o PP ,
R ? cat. (1-5 mol%) HY yield: 57-92%
> HJ\‘/\COZEt syn/anti: 1/15-1/49

ee: 97-99%

DMSO, rt R

CO,H

<:>‘C02H W ;
\\\) N

2 H

Me0\©3 % ) A_ﬁc;O\IH
HJ\RrHH)IN\E
i

PMPNH O o

syn Y E anti

C. F. Barbas Il et al., J. Am.Chem. Soc. 2006, 128, 1040

CO,H

w C f

N
H

Catalyst
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Enantioselective Organocatalysis (l): Organic Bases

[lIb. Nucleophilic Additions to C=N: Mannich condensation

2 Sterocenters (3 components)

NH>
Q 1. L-Pro (30 mol%) oH H';l
2 4 + > W
DMF, -15°C, 7 h
OMe

2. NaBH,

yield: 85%
syn/anti : 4/1
ee: 82%

1. L-Pro (30 mol%) =
H)H + H + >
DMF, -20 °C, 20 h
2. NaBH
OMe 4 yield: 90%

syn/anti : 97/3
ee: 98%

C. F. Barbas Ill et al., J. Org. Chem.. 2003, 68, 9624



Enantioselective Organocatalysis (I): Organic Bases

llic. Nucleophilic Additions to C=N: aziridination reactions

,RZ Na+ ,RZ
Jl\ N. cat. N
Ry + Ts” "N RS R1/<I/R3
Rh,(OAc),
5 o NaTs
-R 5 Na*
R+ a
N| NSRS [Rhy(OAC),] 3 :5 S)
R1 H R4 Ts NZ "R3
R2
[ S
N 57254 Rh=CHR3 N>
Rl/Q/Rg R R

Catalyst



Enantioselective Organocatalysis (I): Organic Bases

llic. Nucleophilic Additions to C=N: aziridination reactions

Na*
NI/TS ?I cat. (1 equiv) N'TS
A ey o :
Rh,(OACc), (1 mol%)
BnEt3NCI (10 mol%) yield: 50-82% O
dioxane, 40 °C trans/cis : 2/1-8/1
ee: 94-98%

Catalyst

Aggarwal et al., Angew. Chem. Int. Ed. 2001, 40, 1433

_Ts TS
NI cat. (1 equiv) N
H NZ > e 0
Rh,(OACc)4 (1 mol%) S—/—

CHLCla, rt yield: 71%
trans/cis : 3/1 Catalyst
ee: 92%

Aggarwal et al., J. Chem. Soc., Perkin Trans. 1 2001, 1635 51



Enantioselective Organocatalysis (I): Organic Bases

[lld. Nucleophilic Additions to C=N: synthesis of B—lactams

O

N7 J\ cat. (5-10 mol%) TS‘N O yield: 47-65%
Lo -

cis/trans: 99/1
- o] N ,
EtO,C H R H toluene, -78 °C EtOZC‘ o ce: 95-99%

Proton sponge Catalyst

NH, NH,

52

T. Lectka et al., J. Am.Chem. Soc. 2002, 124, 6626



Enantioselective Organocatalysis (I): Organic Bases

V. Additions to Alkenes
IVa. Michael addition

IVb. Epoxidation reactions

53



Enantioselective Organocatalysis (I): Organic Bases

IVa. Additions to Alkenes: Michael addition

Nucleophile activation

') base O cation”
5 5
R\)LRG — R\/\RG
PTC
R*,NH ionic par formation with a chiral cation
R\N;R NR",
5 | — chiral enamine formation: Homo-raisin
R\)\RG Z\RG 9
R5
Michael acceptor activation: LUMO-lowering
R! R1
R2 R4 R H,NH R2 RA
= E— = | iminic cation formation
R® O RS NY
R R
R2
R3)%(z---Hx* hydrogen bond activation

R1

54



Enantioselective Organocatalysis (I): Organic Bases

IVa. Additions to Alkenes: Michael addition

Nucleophile activation: aldehydes

2 ]
0 o R D
cat. (20 mol% "
N S o, HJ\/k/Noz CFySOHNCH N NO,

IPA, 0°C, 5-28 h Rl HX
1_ ield: 63-99%
R! = alky! yierd- i R
R2 = aryl syn/anti : 20/1-50/1
N eesyn: 89-99%
H NHSO,CF3
Catalyst
W. Wang et al., Angew. Chem. Int. Ed. 2005, 44, 1369
Q cat. (10-20 mol%) 9 B Ph
. - 0
oA, e R v Lo~
hexane, 0-25 °C Rl H OTMS
R! = alkyl yield: 56-85%
R? = aryl syn/anti : 13/1-19/1 Catalyst

€€syn: 99%

Y. Hayashi et al., Angew. Chem. Int. Ed. 2005, 44, 4213 55




Enantioselective Organocatalysis (I): Organic Bases

IVa. Additions to Alkenes: Michael addition

Nucleophile activation: aldehydes

o) 0 cat. (5 mol%), additive (0 or 20 mol%) O O
S GENG - AL
neat, 4°C, 1-2d R1
R! = alkyl yield: 60-87%
R2 = al kyl ee: 95-99%
CO,Et
O\gh
Catalyst N Ph
H OTMS OH
OH

S. Gellman et al., Org. Lett. 2005, 7, 4253
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Enantioselective Organocatalysis (I): Organic Bases

IVa. Additions to Alkenes: Michael addition

Nucleophile activation: aldehydes intramolecular

0O 0O
cat. (10 mol%) yield: 89-99%
o) > H cHO + cHO dr: 10/1-24/1
R CH3CN, 0°C R €€major: 90-95%
major

Catalyst H HN O

CHO CHO
cat. (10 mol%) 1 1 2 yield: 59-99%
R CHO R R
NI I N . m + m dr: 2/1-19/1
o RZ R2 acetone, 0 °C ) Ln R2 O - R2 €€major: 96-99%
R
major

Y. Hayashi et al., J. Am. Chem. Soc. 2005, 127, 16028 57



Enantioselective Organocatalysis (I): Organic Bases
IVa. Additions to Alkenes: Michael addition

Nucleophile activation: ketones

O o Ar
cat. (10 mol%) A~_NO,
+ Ar/\/NOZ T . é
X CHC|3, rt X/
(X = CHy, S) yield: 92-99%
= CH,,

syn/anti : 13/1-99/1
€€syn: 90-98%

|

. Kotsuki et al., J. Am. Chem. Soc. 2004, 126, 9558
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Enantioselective Organocatalysis (I): Organic Bases

IVa. Additions to Alkenes: Michael addition

Nucleophile activation: ketones

Rl\)j\/Rl + Rz/\/NOZ

N ,N
H HN‘N

cat. (15 mol%)
EtOH:IPA (1:1), rt

yield: 47-94%
syn/anti : 10/1-19/1

€€gyn: 40-73%

A. Alexakis et al., Org. Lett. 2002, 4, 3611

0O R?
cat. (mol%)
—»
solvent, T Rl R!
H H
N
H N

cat. (15 mol%), HCI (15 mol%)
CHClg, rt
yield: 46-99%
syn/anti : 2/1-19/1
€€syn: 32-76%

H
AN

O Ph

cat. (30 mol%)
NMP:DMSO (9:1), H,O (10eq), rt
yield: 45-92%
syn/anti : 5/1-38/1
€€syn: 67-99%

A. Cérdova et al., Chem. Commun. 2006, 460

S. V. Ley et al., Org. Biomol. Chem. 2005, 3, 84
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Enantioselective Organocatalysis (I): Organic Bases

IVa. Additions to Alkenes: Michael addition

Nucleophile activation: ketones

R'0,C_ CO,R?!
0 R!0,C_CO,R?! cat. (20 mol%) O &/N
)J\ + \E o H

2
R2 THF, rt R
yield: 16-60%

Catalyst
ee: 14-70% ee

C. F. Barbas Il et al., Tetrahedron Lett. 2001, 42, 4441
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Enantioselective Organocatalysis (I): Organic Bases

IVa. Additions to Alkenes: Michael addition
Michael acceptor activation
(0] R3

O
L-Pro (15 mol%)
A R! + MeNO, > RlMNOZ

R?2 DMSO, rt R?

yield: 85-97%
syn/anti : 3/1-20/1

ee: 7-20%
B. List et al., Org. Lett. 2001, 3, 2423
0] R3
L-Pro (20 mol%) 0
R Y” "R! + MeNO, > leH)\/NOZ
R2 MeOH, rt R2

yield: 30-93%
syn/anti : 9/1-10/1
ee: 12-76%

D. Enders et al., Synlett. 2002, 2628
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Enantioselective Organocatalysis (I): Organic Bases

IVa. Additions to Alkenes: Michael addition

Michael acceptor activation

N R
Catalysts Ph\/ql N
H




Enantioselective Organocatalysis (I): Organic Bases

IVa. Additions to Alkenes: Michael addition

Michael acceptor activation

Rl

NO,

A

Rl

O

+ R3/\)LR2

R'=H, Me
R? = Me, Et
RS = Aryl

cat. (10 mol%)

rt, 60-300 h

yield: 48-93%
ee: 71-92%

K. A. Jorgensen et al., Org. Lett. 2005, 7, 3897

Catalyst
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Enantioselective Organocatalysis (I): Organic Bases

IVa. Additions to Alkenes: Michael addition

Michael acceptor activation

RO,C_ ,COsR yield: 61-99%

Q CO,R
2 cat. (10 mol%o) NV
Rl’\)LRz * < > /é\)cj)\ ee: 88-99%

COZR Rl R2

K. A. Jorgensen et al., Angew. Chem. Int. Ed. 2003, 42, 661

e

M
¥
Catalyst thq\l Y
H

CO,H
1 i t. (10 mol%) o At O intramolecular "L i
1 2 cat. mol% H 1 :
Arl/\)k/R + ArZJj\/COZR » AerlY\/u\/R » Hollé\
EtOH, rt CO,R? aldol reaction Ar’; . Al
CO,R?

K. A. Jorgensen et al., Angew. Chem. Int. Ed. 2004, 43, 1272

yield: 20-85%
dr: >1/32
ee: 83-99%
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Enantioselective Organocatalysis (I): Organic Bases

IVa. Additions to Alkenes: Michael addition

Michael acceptor activation

R3
¥ I
R /N\ ¥ R“’\)LH
Rl
R2
O
i N\ * R“/\)LH
Rl

cat. (10-20 mol%)

THF-H,0, -60, -30°C
Rl R* H

yield: 68-90%

ee: 89-97%
R2
cat. (20 mol% 3
( ) _ R N\ o
CH,Cl,, IPA Y 4
.87, -50°C R* R" H

yield: 70-94%
ee: 89-97%

D. W. C. MacMillan et al., J. Am. Chem. Soc. 2001, 123, 4370; 2002, 124, 1172

'9) Me
N
Phjx
N
H

Catalyst

'9) Me

Catalyst
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Enantioselective Organocatalysis (I): Organic Bases

IVa. Additions to Alkenes: Michael addition

Michael acceptor activation

R2 (@)
e
Rl

3N

Me;sSiO™ O R

R3
R2
cat. (10 mol%)
> 0
CHCls, -50, -10 °C R!
R* H
yield: 68-97%
ee: 87-99% o) Me
N
Ph
N
H
Catalyst
cat. (20 mol%) —\ R!
o o R 0]
CH,Cl,, IPA ° X
-87, -50°C R® H

yield: 77-86%
syn/anti : 8/1-31/1
ee: 84-99%

D. W. C. MacMillan et al., J. Am. Chem. Soc. 2003, 125, 1192
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Enantioselective Organocatalysis (I): Organic Bases

IVa. Additions to Alkenes: Michael addition

Michael acceptor activation

EtO,C.__CO,Et

cat.
rIX-N02 B0, CoEt —— le/\/'\'oz
i hiral
cnira
\NJ\N/ scaffold
| |
H H
P AN
P R | R®
O, -0 '
+N” oMo

A\
<m
@)
{
O
m

Y. Takemoto et al., J. Am. Chem. Soc. 2003, 125, 12672; 2005, 127, 119



Enantioselective Organocatalysis (I): Organic Bases

IVa. Additions to Alkenes: Michael addition

Michael acceptor activation

cat. (10 mol%)

RN+ B0, COo,Et

toluene, rt, 12-72 h

S o= S
Ar\l}lJLl}l‘\\ Ar\l}lJLl}l‘\\
BB NS BB NS
Lo Lo
| o 1
'CI)\ //O / —_— O\+/O' —_—
+N” S EtO,C !
O=H
Eto—g\Jé/(O EtO,C
Rl
OEt
Rl

J O
Cl

'

-
v

EtO,C.__CO,Et
RlL NO,

yield: 74-95%
ee: 81-93%

FsC

CO,Et Bifunctional catalyst

EtO,C
L.

? HO,C

NH, HCI

CO,Et  cat. (10 mol%) EtO,C~CO2Et 1. NiCl,, NaBH,
o LNOZ
CO,Et toluene, rt, 24 h Ar 2. NaOH, EtOH
3. toluene, reflux
80%, 94% ee
(80%, 94% ee) >99%ee after (79%)

recrystallization

6M HClI
NH ——
(94%)

Cl

Ar

(R)-Baclofen

68

Y. Takemoto et al., J. Am. Chem. Soc. 2003, 125, 12672; 2005, 127, 119



Enantioselective Organocatalysis (I): Organic Bases

IVb. Additions to Alkenes: epoxidation reactions

O]
I o T

RY” "R? x
Catalysts: chiral ketones
0—0 4
KHSO R
4 R1/<R2 R
R3, R*
"Nk
Catalysts: chiral iminium salts
R3
NE=O
H,O 4"N7, 4 6
2 § RlKRz RSN

69



Enantioselective Organocatalysis (I): Organic Bases

IVb. Additions to Alkenes: epoxidation reactions

Chiral ketones

0 Me Me
Catalysts o) 0 >
CFs4 Ph Ph .,
Me CF

(@] MeO 3

R. Curci et al., J. Chem. Soc., Chem Commun. 1984, 155; Tetrahedron Lett. 1995, 36, 5831

Y
O cat. (10 mol%)
A + Oxone >
O NaHCO3, CH3CN O
Y

Y = Ph: 80% yield; 87% ee
Y =t-Bu: 90% yield; 95% ee

; Diltiazem HCI talvst
CO,Me Tanabe Seikayu Co. (Japan) ————» Catalys

O
yield: 87% (64%)
ee: 78% (>99%)

Y

ketone recovery: 88%

D. Yang etal., J. Am. Chem. Soc. 1996, 118, 491 y 11311, 1998, 120, 5943; 70
Acc. Chem. Res. 2004, 37, 497



Enantioselective Organocatalysis (I): Organic Bases

IVb. Additions to Alkenes: epoxidation reactions

Chiral ketones

R? R?
R4 cat. (30 mol%) Q R4 MeO
RIS + Oxone > R!
R NaHCO3, CH;CN R3 Tcome
10t o] . )
Oto0°C yield: 82-97% o 000k
ee: 87-98%

Y. Shietal., J. Am. Chem. Soc. 1996, 118, 9806; Acc. Chem. Res. 2004, 37, 488

Catalysts . o
y O 5 ACO\ 5
)(o AcO
OBz
cat. (30 mol%)
+ Oxone >
- NaHCO3, CHsCN
-10to 0 °C

ee: 80-97%

71
Y. Shi et al., Tetrahedron Lett. 1998, 39, 7819; J. Org. Chem. 2001, 66, 1818



Enantioselective Organocatalysis (I): Organic Bases

IVb. Additions to Alkenes: epoxidation reactions

Chiral ketones

R R®

R4 cat. (30 mol%) o R4
RITX +  Hy0, > R?
R3 CH3CN RS
[RC(NH)OOH] ee: 89-96%

Y. Shi et al., Tetrahedron Lett. 1999, 40, 8721; Tetrahedron 2001, 57, 5213

cat. (30 mol%) o
Rl/\ + Oxone - R

R2 CH5CN R?
ee: 71-97%
z V]
07 NR N
™ PR
AN |
favoured O ORR
0-L0 RRx 5 _O¢ R

Catalyst

Catalyst

72

Y. Shietal., J. Am. Chem. Soc. 2000, 122, 11551; Org. Lett. 2001, 3, 1929; J. Org. Chem. 2002, 67, 2435



Enantioselective Organocatalysis (I): Organic Bases

IVb. Additions to Alkenes: epoxidation reactions

Chiral ketones

CO,Et
N
0
Catalyst E Ph
Ph/Q/ Ph 5
\ ee: 76% ee: 69%
o}
D h
(@) Ph_ O
OAc AL\ Ph praviy,
Catalyst Ph Ph
\O ee: 93% ee: 98%

A. Armstrong et al., Chem. Commun. 1998, 621; Tetrahedron: Asymmetry 2001, 12, 2779

@) @)
Me
OH
Catalyst Ph/Q/ ph/Q/\/
ee: 88% ee: 89%

S. E. Denmark et al., J. Org. Chem. 1997, 62, 8288; 2002, 67, 3479
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Enantioselective Organocatalysis (I): Organic Bases
IVb. Additions to Alkenes: epoxidation reactions

Chiral iminium salts

R3 cat. (5 mol%)
Rl/\r + Oxone

O
- RJ'&FRg
R2 NaHCO3;, 18-C-6 R2
CH,Cl,, H,O
Ph Ph
\\\O |\\O O O
. . Nz _Ph Nz _Ph
@ ©f) = e
yield: 67% yield: 85% yield: 85% yield: 64%
ee: 69% ee: 76% ee: 17% ee: 42%

O

J. Lacour et al., Tetrahedron Lett. 2002, 43, 8257
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Enantioselective Organocatalysis (I): Organic Bases

IVb. Additions to Alkenes: epoxidation reactions

Michael acceptor activation

cat. (10 mol%) 10
. RWH

CH,Cl,, rt, 4 h R> O

yield: 63-90% FsC
de: 80-96%
ee: 94-98%

OTMS Catalyst
r

K. A. Jorgensen et al., J. Am. Chem. Soc. 2005, 127, 6964 75



Enantioselective Organocatalysis (I): Organic Bases

V. Cycloaddition reactions
Va. Diels-Alder
Vb. Hetero Diels-Alder
Vc. 1,3-Dipolar cycloadditions
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Enantioselective Organocatalysis (I): Organic Bases

Va. Cycloaddition reactions: Diels-Alder

Dienophile (LUMO) activation

cat. (5 mol%)
MeOH, H,0, rt Lb
| endo/exo: 1/1-1/3

|
@ CHO R
90-93% ee 84-93% ee
H
R
CHO
cat. (20 mol%) w 72-90%
~ ” > ,, endo/exo: 14/1-35/1
XXX 85-96% ee
Q Me
N Me
+ 4
o) Me N),’Me
\jN I
Ph
Catalyst \ )( <\H
H
|/||||| =

D. W. C. MacMillan et al., J. Am. Chem. Soc. 2000, 122, 4243
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Enantioselective Organocatalysis (I): Organic Bases

Va. Cycloaddition reactions: Diels-Alder

Dienophile (LUMO) activation

MeWo " @
Et

Catalyst

D a <
Et Me

cat. (20 mol%)
> / i Me

H,0, 0 °C
COEt

yield: 89%
endo/exo: 25/1
€€endo: 90%

cat. (20 mol%)

: :COEt
H,O, 0°C Me Et

yield: 90%
endo/exo: >200/1
€€engo- 90%

D. W. C. MacMillan et al., J. Am. Chem. Soc. 2000, 122, 4243
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Enantioselective Organocatalysis (I): Organic Bases

Vb. Cycloaddition reactions: Hetero Diels-Alder

Dienophile (LUMO) activation by hydrogen bonding

Ph_ Ph
TBSO TBSO Ph 0 Ph
. rPh cat. (20 mol%) o | \I\:jf ><O OH
—
NS A O o) o OH
NMe NMe Ph” Ph
? 2 yield: 70%
ee: >98% Catalyst
V. H. Rawal et al., Nature 2003, 424, 140
TBSO TBSO R o \R
R 1. cat. (20 mol%) | \
x I - o | — o
o PhMe, -400r -80 °C
NMe, lor2d NMe, _
2. AcCl yield: 42-99%
ee: 90-98%
POk
OH
Catalyst Ar = 4-F-3,5-Me,CgH,
OH
(&
79

H. Yamamoto and V. H. Rawal et al., J. Am. Chem. Soc. 2005, 127, 1336



Enantioselective Organocatalysis (I): Organic Bases

Vc. Cycloaddition reactions: 1,3-dipolar cycloadditions

Dipolarophile activation

Bn 4+ LA Bn 4+

N= N=_ _~2C  inhibition of [3+2]
O Ph LA -O Ph
§ | B0 NR
o _ReNHHC N=_ _~NR2  activation of [3+2]
P as —_— o Ph =
Bn 4 e 0
N— + 0 cat. (20 mol%) Bn-pn wiMe Bn—p m"Me
o Ph g MeNO,,H,0 >~ 3
400 4d PR CHO ¥ cHo
endo exo
yield: 98%

endo/exo: 94/6
€€endo- 94%

o) Me
L
Catalyst Ph N)<
H

D. W. C. MacMillan et al., J. Am.Chem. Soc. 2000, 122, 9874



Enantioselective Organocatalysis (I): Organic Bases

Vc. Cycloaddition reactions: 1,3-dipolar cycloadditions

Dipolarophile activation

o, ,Z R?

ha . HT cat. (20mol%) Z\Nfoz...Rz z\N'OZ.nRz
Rl I MeNOZ, Hzo, N

(@] -20°C, 4 d R! CHO R! CHO

endo exo

yield: 70-98%
endo/exo: 80/20-99/1
€€endo- 90-99%

0] Me
N
0 Me Ph )<
N
H

Me

+
e
HOC Ph
K\H (3+2] 87 N Catalyst
—_— ,N\
H (@) Z

/

N
Si face
@)\\ N*-Z
(@)

D. W. C. MacMillan et al., J. Am.Chem. Soc. 2000, 122, 9874 81
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VI. a-Functionalization of Carbonyl Compounds
Vla. Oxygenation
Vib. Amination
Vic. Halogenation

Vid. Sulfenylation
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Enantioselective Organocatalysis (I): Organic Bases

Vla. a-Functionalization of Carbonyl Compounds: Oxygenation

Aminoxylation

O
Q L-Pro (5 mol%) J\/O
H N > H” YY" NHPh
R

R CHCl3, 4°C, 4 h

yield: 60-95%
ee: 97-99%

D. W. C. MacMillan et al., J. Am.Chem. Soc. 2003, 125, 10808

G. Zhong, Angew. Chem. Int. Ed. 2003, 42, 4247
Y. Hayashi et al., Tetrahedron Lett. 2003, 44, 8293

F)h‘N----H—"O 'Tl |_N<__3
(;Fl/ Ph W\\t\D H i éh
R R
O-anti O-syn N-anti
favoured

K. N. Houk et al., J. Am.Chem. Soc. 2004, 126, 13912
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Enantioselective Organocatalysis (I): Organic Bases

Vla. a-Functionalization of Carbonyl Compounds: Oxygenation

Aminoxylation

(0] (0] CI)H

e L-Pro (20 mol%) 9 yield: 44-96%
+ > H\“\O\NHPh + WNepn OIN: 81/19-99/1

td
Rl R? Ph DMSO or DMF, Rl R2 Rl R2 ee: 96-99%

2-10eq Slow addition 0-25°C,2-60h

zZ=

A. Cordova et al., Angew. Chem. Int. Ed. 2004, 43, 1109
Y. Hayashi et al., Angew. Chem. Int. Ed. 2004, 43, 1112

O 0 N~N

Q cat. (5 mol%) o yield: 65-97% O—-(/ \

R? + > RYYWTUNHPh  ee: 98-99% N N”
Rz Mh DMSO, rt, 1h R

Catalyst

H. Yamamoto et al., Proc. Natl. Acad. Sci.USA 2004, 101, 5374

0 o}
o cat. (10 mol%) ield: 54-80% O\
i - _ yield: 0 CONHSO,Me
RlJl\ T N > RlJl\\“O‘NHPh ee: 98-99% N 2
R2 DMSO, rt, 2-5 h R2
(R =H, alkyl) Catalyst

A. Cordova et al., Tetrahedron Lett. 2005, 46, 3385 84



Enantioselective Organocatalysis (I): Organic Bases

Vla. a-Functionalization of Carbonyl Compounds: Oxygenation

Hydroxylation

0 0
9 NaBH
HLH + 0, cat. {20 mol%) > HOO\HLH e HOY\OH yield: 44-95%
R hv, tetraphenylporphine (5 mol%) R R ee: <66%
A. Cordova et al., J. Am.Chem. Soc. 2004, 126, 8914
O 0
- 0 .
‘0, L-ala (20 mol%) , HO yield: 58-93%
. : 52-69%
R! R! hv, tetraphenylporphine (5 mol%) Rl R! ee °
A. Cordova et al., Angew. Chem. Int. Ed. 2004, 43, 6532
1 L-Pro (30 mol% R
+ PhIO or Tsw — ro B0mo%) _ 1o yield: 10-29%
N{TP ee: 21-77%
Rl R! (@] DMSO, rt Rl R! )

A. Cordova et al., Tetrahedron Lett. 2005, 46, 2053

(e
N

H

CO,H

Catalyst



Enantioselective Organocatalysis (I): Organic Bases

VIb. a-Functionalization of Carbonyl Compounds: Amination

Azodicarboxylates

0 (IZOZRZ gozR2
L-Pro (10 mol% NaBH 2
HJ\ + ROL N po ( Oy oA CORT L oSN COR
RL 2 CH,Cl, or MeCN H =

0to 25°C, 1-3h

Rl
yield: 67-92% yield: 57-97%
ee: 89-95% ee: 89-97%

1. KMnO,

2. TMSCHN,
3. TFA

4. H,, Ni-Ra
5. Boc,0

B. List et al., J. Am. Chem. Soc. 2002, 124, 5656
K. A. Jorgensen et al., Angew. Chem. Int. Ed. 2002, 41, 1790
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Enantioselective Organocatalysis (I): Organic Bases

VIb. a-Functionalization of Carbonyl Compounds: Amination

Azodicarboxylates

0 gozR2
2 cat. (10 mol%) N CO RZ
HJj\ + R OZC\N”N\COZRZ > O4Y \N/ 2 Ar
RL CH,Cl5, rt, 15 min rt M N Ar
NaBH, OTMS
MeOH. 0 °C Ar = 3,5-bis(trifluoromethyl)phenyl
o Catalyst
@)
yield: 73-88% 2 Y
R Ozc\ N
ee: 90-97% N ,
H Iil
OTMS
EtO,C. O‘ﬁ EtO,C.
N JO Re-face 2 NH O EtO,C. N ArAr Si-face 2 NH O
EtOZC\N,H —_— _N ’}ll —_— _N,
l/ o attack EtO,C H N attack EtO,C” '/ 'H
R “CO,Et R PhcoqEt R
K. A. Jorgensen et al., J. Am. Chem. Soc. 2005, 127, 18296
i OE! Id: 67-92%
L-Pro (10 mol%) J\/ yield: 67-92%
I)l\ + EtOzC\N',N\COZEt > o - N\N,COZEt ce: 84-99%
Rl CH4CN, 1t gt H

K. A. Jorgensen et al., J. Am. Chem. Soc. 2002, 124, 6254 87



Enantioselective Organocatalysis (I): Organic Bases

VIb. a-Functionalization of Carbonyl Compounds: Amination

Nitrosobenzene

o)

j)J\H + PhNO

R

cat. (10 mol%)

NaBH,

OH

toluene, -40 °C

Y

>  pPh” OH

e,
”,
v

R

yield: <74%
ee: <63%

H.-M. Guo et al., Chem. Commun. 2006, 429

cat. (30 mol%)

toluene, -78°C, 2 h

yield: 63-91%
ee: 65-91%

H. Yamamoto et al., J. Am. Chem. Soc. 2005, 127, 1080

HNIPh
HO” “Ph
Catalyst

Ar. Ar

Ar = 1-naphthyl

Catalyst
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Enantioselective Organocatalysis (I): Organic Bases

Vic. a-Functionalization of Carbonyl Compounds: Halogenation

Fluorination

5 cat. (1 mol%) 0 NaBH, F
HJ\ +  (PhSO2)N-F > HJ\(F —» HO
R! MTBE, rt, 2-28 h Rl R?
yield: 55-95%
F.C ee: 91-99%
3
(e
N
Catalyst H OTMS
F3C i CF3
K. A. Jorgensen et al., Angew. Chem. Int. Ed. 2005, 44, 3703
0] Me
oy
Ph
Catalyst N)< C. F. Barbas Il et al., Angew. Chem. Int. Ed. 2005, 44, 3706
H D. W. C. Mac Millan et al., J. Am. Chem. Soc. 2005, 127, 8826

yield: 54-96%
ee: 91-99%
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Enantioselective Organocatalysis (I): Organic Bases

Vic. a-Functionalization of Carbonyl Compounds: Halogenation

Chlorination of aldehydes

@) T @)
cl O cat. (5 mol%) cl o Me
H + NCS or cl > N
R? Cl 5 acetone, -30 °C, 6-24 h R1 Ph )< - TFA
N
¢l yield: 71-94% H
ee: 80-95%
Catalyst
D. W. C. MacMillan et al., J. Am. Chem. Soc. 2004, 126, 4108
? cat. (10 mol%) Q
H)H + NCS o H)H\\\Cl OYO
N
R]_ CHZCIZ, rt, 1'10 h Rl H HZN
yield: 90-99%
ee: 75-95% Catalyst

K. A. Jorgensen et al., J. Am. Chem. Soc. 2004, 126, 4790
90



Enantioselective Organocatalysis (I): Organic Bases

Vic. a-Functionalization of Carbonyl Compounds: Halogenation

Chlorination of ketones

O

cat. (10-20 mol%) Q
+ NCS

- A\
Rl R! pP-NO,CgH4COoH

Rl R!
CH3CN, -10 or -24 °C

yield: 40-83%
ee: 86-98%

K. A. Jorgensen et al., Angew. Chem. Int. Ed. 2004, 43, 5507

Chlorination of 1,3-dicarbonyl compounds

0
Q 0 Ny Cl cat. (5-15 mol%) o Q
RlJ\/lLR3 + Cl > R]'J%Rs
R? F NaHCOj3, PhMe c? &2
Cl -78 °C, -40°C or rt

yield: 44-94%
ee: 56-96%

G. Bartoli et al., Angew. Chem. Int. Ed. 2005, 44, 6219

Catalyst
Ph
gH
PRV Sy
H
Catalyst
z
BzQ
z N
A
N A
OMe
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Enantioselective Organocatalysis (I): Organic Bases

Vic. a-Functionalization of Carbonyl Compounds: Halogenation

Bromination of aldehydes

0
o)
JH Bu! Bu'  cat. (20 mol%), PhCO,H
H +
Rl CH,CI,, pentane, H,0, R!
Br® Br o
-10 0r -20°C, 20 h yield: 72-95%
ee: 68-96%
Bromination of ketones
O
o) . But cat. (20 mol%), (0] OH
Bu u 2-NO,CgH4CO,H Br  NaBH, : g
+ - N —_— m\‘
MeCN, -10 or -20°C,20h R! R! R! R!
yield: 63-90%
ee: 73-94%

Rt R!
Br Br

lodination of aldehydes
0

0O cat. (20 mol%),
CH,Cl,, 24 °C ee: 89%

K. A. Jorgensen et al., Chem. Commun. 2005, 4821

Ph//\:) "Ph
H

Catalyst

Ph
NH

PNy
H

Catalyst

PhQ ""Ph
H

Catalyst
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Enantioselective Organocatalysis (I): Organic Bases

VId. a-Functionalization of Carbonyl Compounds: Sulfenylation

(@]
N=\ cat. (10 mol%) NaBH,
- S Ph S Ph

toluene, rt R R

yield: 64-94%
ee: 61-98%

Catalyst

K. A. Jorgensen et al., Angew. Chem. Int. Ed. 2005, 44, 794
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