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Enantioselective Synthesis

*Has “outgrown” the academic environment

«Chiral molecules make up close to 1/3 of all drug sales worldwide

Catalytic Enantioselective Synthesis
*Elegant

Economical

*Metal Catalyzed Enantioselective Synthesis
*Molecular and structural diversity

*Various reactivity patterns that are affected by varying ligands
But...

«$39$$9, toxicity, pollution, product contamination

P.l. Dalko; L. Moisan; Angew. Chem. Int. Ed. 2001, 40, 3727.



Enantioselective Organocatalysis

Organic molecules can emulate properties usually associated with metals

*Preparative advantages
*Most organocatalyts are air and moisture stable and inexpensive

Easily modified for solid-supported synthesis

*More related to enzymatic catalysis than to organometallic processes

‘However, enzymes stabilize a TSt through a delicate balance of many
factors acting together

Organic molecules promote reactions as simple reagents

P.l. Dalko; L. Moisan; Angew. Chem. Int. Ed. 2001, 40, 3727.



Mechanisms of Organocatalysis

1. “Activation of the reaction based on the nucleophilic/electrophilic properties of the cataylsts. The chiral catalyst

is not consumed in the reaction and does not require parallel regeneration. This type of activation is reminiscent of
conventional Lewis acid/base activation.”
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S.E. Denmark; J. Fu; J. Amer. Chem. Soc. 2001, 123, 9488.

2. “Organic molecules that form reactive intermediates. The chiral catalyst is consumed in the reaction and
requires regeneration in a parallel catalytic cycle.” 0
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0
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OMe 40 (0.1 equiv) OMe
@C H MeCHO, C :’4 H
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(ee = 8%)
C. Einhorn; J. Einhorn; C. Marcadal-Abbadi; J.L. Pierre; J. Org. Chem. 1999, 64, 4542,

P.I. Dalko; L. Moisan; Angew. Chem. Int. Ed. 2001, 40, 3727.



Mechanisms of Organocatalysis - 2

3. “Phase-transfer reactions. The chiral catalyst forms a host-guest complex with the substrate and shuttles

between the standard organic solvent and a second phase (i.e. the solid, aqueous, or fluorous phase in which the
reaction takes place).”

Cl o 47b (X = Br, R = CFy) Cl o
’ NaOH (50%)
MeO
MeQ PhCHyH,0  °
95%
(ee =92%)

U.H. Dolling; P. Davis; E.J.J. Grabowski; J. Amer. Chem. Soc. 1984, 106, 446.

4. “Molecular-cavity-accelerated asymmetric transformations, in which the catalyst may select between the
competing substrates, depending on size and structure criteria. The rate acceleration of the given reaction is

similar to the Lewis acid/base activation and is a consequence of the simultaneous action of different polar
functions.”
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— B. Sellergren, R.N. Karmalkar, K.J. Shea; J. Org. Chem. 2000, 65, 4009.

P.I. Dalko; L. Moisan; Angew. Chem. Int. Ed. 2001, 40, 3727.



Aminocatalysis
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*Iminium catalysis — utilizes higher reactivity of iminium ion in comparison to a carbonyl species

*Enamine catalysis — catalytically generated eneamine reacts with electrophiles

B. List; Synlett. 2001, 1675.



Organocatalytic Diels-Alder Reaction
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Diels-Alder 1 Mo
cycloaddition 3 12
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Table 1. Organocatalyzed Diels—Alder Reaction between
Cinnamaldehyde and Cyclopentadiene

10 moi% cat
Ph N, @ TMeORH0, prh * zb.crlo
23°C ondos O (25.ex08 M
entry catalyst time (h) yield (%) exo:endo exo ee (%)*
1 (S)-Pro-OMe-HCI 27 81 27:1 48 (2R)
2 (5)-Abr-OMe-HCl 10 80 231 59(25)
3 5 23 92 2611 57(2R)
4 6 84 82 3.6:1 74 (2R)
[ 5 7 8 99 1.3:1 93 (25|

“ Product ratios determined by GLC using a Bodman I'-TA or 8-PH
column. ® Absolute and relative configurations assigned by chemical
correlation to a known compound (Supporting Information). ¢ Using 5
mol % catalyst.

*|minium ions lower LUMO much like Lewis acid activation

*Best enantioselectivity through control of iminium geometry

K.A. Ahrendt; C.J. Borths; D.W.C. MacMillan; J. Am. Chem. Soc. 2000, 7122, 4243.



Diels-Alder: Origin of Stereocontrol

7S

_O0—44

CHO
si-tace observed (94% ee)

*(E)-iminium isomer to avoid steric interactions

Shielding of the re face of the dienophile

K.A. Ahrendt; C.J. Borths; D.W.C. MacMillan; J. Am. Chem. Soc. 2000, 722, 4243,



Diels-Alder: Substrate Variation

Table 3. Organocatalyzed Diels—Alder Reaction between Acrolein
or Crotonaldehyde and Representative Dienes

R
20 mol% 7 wCHO o
ﬂx RMO 23 °0 @ adduct
g
entry  diene R product vield exoiendo % ee®?
Table 2. Organocatalyzed Diels—Alder Cycloadditions between Ph Q pn
Cyclopentadiene and Representative Dienophiles @ @b
1 0O Me rCHO 75  35:1 96°¢
5moi% 7 = Ph Me
RN, @ Moot AR T Zb‘crto Ph
8 CHO R [ l
23°C (29)-endo (29)-exo 2 © H 7 82 1:14 94d
entry R time (h) yield (%) exo:endo®® exo ee (%) endo ee (%) CHO
1 Me 16 75 1:1 86 (29) 90 (29) Mo~ Me
2 Pr 14 92 1:1 86 (25) 90 (25) 3 S H 84 - 89
3 i-Pr 14 81 1:1 84 (25) 93 (25) CHO
4 Ph 21 99 1.3:1 93 (29) 93 (295) Ph Ph R ~
5 Furyl 24 89 1:1 91 (2S) 93 (29) 4 \( H \Q %0 83
. 5 A M 75 -
“ Product ratios determined by GLC using a Bodman I'-TA or 3-PH ¢ CHO %0
column. ® Absolute and relative configurations assigned by chemical Me Ve
. ) . M M
correlation to a known compound (Supporting Information). p ejl/\/ - \© s s %
“CHO
OAc wOAC
7 //\/ H @ 72 L1 8
“CHO

? Product ratios determined by GLC using a Bodman I'-TA or [-PH
column. ® Absolute and relative configurations assigned by chemical
correlation to a known compound (Supporting Information). ¢ Using
catalyst 5. ¢ Using 5 mol % catalyst.

K.A. Ahrendt; C.J. Borths; D.W.C. MacMillan; J. Am. Chem. Soc. 2000, 722, 4243.



Organocatalytic 1,3-Dipolar Cycloaddition

10

LUMO-Lowering Organocatalysis
o ,Me N
l\_ E’ e XX S — i: 2
R™ N % ~o ~——— RN 3

Me
cr
aR=Bn, bR =Ph,
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. : Bn
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+ N— LA / _\ \O
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W.S. Jen; J.J.M. Wiener; D.W.C. MacMillan: J. Am. Chem. Soc. 2000, 722, 9874.



Dipolar Cycloaddition: Optimization

Table 1. Effect of Catalyst Structure on the Dipolar Cycloaddition
between Crotonaldehyde and Nitrone 3

O Me
B: N 3 HCI ? N Me Bn\ Bn\
/N \ 3 X N—O N—O
0 Ph R N <«
Me
<+ H N Phu"

""“Ma Ph “''Me
20 mol%, +4 °C, N

A
MQMO CH3NOxH,0 endo4 CHO

exo4 CHO

entty R—(catalysty Timeh) %yield exo:endo % ee (endo¥-"
1 CH,Ph (1a) 72 70 88:12 93
2 Ph (1b) 70 73 78:22 44
3 iPrde) 60 68 58:32 42
4 +-Bu (1d) 70 45 33:66 20
5 CHy2-napthyl (le) 48 62 78:22 86
6 CH,C H,OMe4 (1f) 48 77 79:21 89
7 CH,CHPh(1g) 48 72 50:50 69

“ Product ratios determined by HPLC using a Chiralcel OD-H column
after reduction of the formyl group with NaBH,. ® Absolute and relative
configurations assigned by chemical correlation or by analogy (Sup-
porting Information).

11 W.S. Jen; J.J.M. Wiener; D.W.C. MacMillan: J. Am. Chem. Soc. 2000, 722, 9874.

Table 2. Effect of the Bronsted Acid Cocatalyst on the Dipolar
Cycloaddition between Crotonaldehyde and Nitrone 3

B (8) , Me
n 3  Hx N
N Me Bn Bn
+’N—\Ph ph\IN)_’/ \N—O \N—O
o 3
+ H Me gy "“'Me Ph "'Me
™ 20 mol%, -10 °C, 8
MGMO CHsNOQ—HQO endo4 CHO exo4 CHO
eatty  HXco<catalyst Timeh) %yield endoiexo % ee (endo)
| HCI (1a) 108 70 88:12 95
2 TfOH (5) 101 88 89:11 90
3 TFA (6) 80 65 72:28 86
4 HBr (@) 80 77 94:6 93
5 HCIO, (8) 80 86 94:6 90
6 HCIO, 8) 100 98 94:6 94°

* Product ratios determined by HPLC using a Chiralcel OD-H column
after reduction of the formyl group with NaBH,. ® Reactions performed
at —20 °C.



Dipolar Cycloaddition: Variation and Control

Table 3. Organocatalyzed Dipolar Cycloadditions between
Representative Nitrones and Dipolarophiles

Z\ _ Z\ z\
_;/N_\R 20 mol% 8, ‘ N9 , AR o y
~ CH3NOo=H,0 R k|)(sv "R R’/\|)”“R‘ N °
RS0 T 0w endo CHO  exo CHO +)’Me
N -

entty Z R R, endoexo  yield % ee (endof® bh Me

1 Bn Ph Me 94:6 98 94 ,HL H 9

2 Allyl Ph Me 937 73 98

3 Me Ph Me 95:5 66 99

4 Bn CgHCl4  Me 92:8 78 95 Br

5 Me CeHCl4 Me 93:7 76 94 “N=—-O

6 Bn C¢H,OMe4 Me 98:2 93 91 .

7 Me CHMed Me 937 82 97 PN,

8§ Bn 2-naph Me 95:5 98 93 CHO

9 Bn  chex Me 99:1 70 99

10 Bn Ph H 81:19 72 90 observed (92% ee)

11 Bn Ph H 86:14 80 92°

12 Bn CgHMe4 H 85:15 80 90° «(E)-iminium isomer

13 Bn CgH,Cl4 H 80:20 80 91°

14 Bn  2-naph H 81:19 82 90° *Benzyl blocks re face

15 Bn CeHOMe4 H 91:9 83 90° o

: *Endo to minimize sterics
“ Product ratios determined by HPLC using a Chiralcel OD-H column

after reduction of the formyl group with NaBH,. * Absolute and relative
configurations assigned by chemical correlation or by analogy (Sup-
porting Information). ¢ Reactions conducted with catalyst 5.

W.S. Jen; J.J.M. Wiener; D.W.C. MacMillan: J. Am. Chem. Soc. 2000, 722, 9874.



Organocatalytic Friedel-Crafts Alkylation

Table 3. Organocatalyzed Friedel—Crafts Alkylation between 0o M
a,B-Unsaturated Aldehydes and Representative Pyrroles HX o j N’ e
X X0 wMe
’ o I\
Q\ \S + e N 20 mol% 1 k \ _0 Bn N m
N © THF-H,0 N e
R R z H
entry pyrrole 4 product yiel® % ee* catalyst 1
/) / N\
1 \ P " Z° 87 o3
Me Me Ph
/ \ \
2 y Fh /N AL 80  goe
Bn Bn Ph
B o Y o
3 N N Z 83 oI
Allyl Ayl B
4 /N ) COMe /N \ 22 74 9of
H H COzMe
s L\ [ X oo :
N Bu Ph Bu N Z 87 20
Me Me Ph ) .
o or a = conventional acid catalyzed pathway b = non-conventional 1,4-addition

Y - (/‘X\'No o o
N’ N Path b favored due to

steric demands of catalyst

? Yields based upon isolation of the corresponding alcohol after
NaBH, reduction. ® Ratios determined by chiral GLC or HPLC.
¢ Absolute stereochemistry determined by chemical correlation or by
analogy. 4 Using catalyst 1d. ¢ Using catalyst 1c./ Using catalyst 1a.

13 N.A. Paras; D.W.C. MacMillan; J. Am. Chem. Soc. 2001, 123, 4370.




Organocatalytic Indole Alkylations

Computational model of catalyst 1

Computational model of catalyst 2
»
Q MM3-1
1
O Me o] Me v
N’ cocatalysts = N R«
‘\\Me
N )\Me a=TFA N Me CH -lone pair
H b=pTSA Ho | Me Interaction lone pair exposed
Ph ¢ = 2-NO,PhCO,H Ph e
catalyst 1 catalyst 2 ) o
Computational mode! of iminium 3 Computational model of iminium 4
Indole Alkylation
Me
20 mol% o
moi7
N M e/\A N (2)
N catalyst 1a p{
I\/Ie CH20I2, -40°C Me

56% ee, 85% yield, 48 h

_5

Effective Si-face coverage increased Si-face coverage
Redace CH 5 -substrate interaction Re-ace addition unhindered
Diminished substrate addition rate

Increased substrate addition rate

14

J.F. Austin; D.W.C. MacMillan; J. Am. Chem. Soc. 2002, 124, 1172.
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Indole Alkylation: Optimization, Scope, and Utility

Table 1. Effect of Cocatalyst and Temperature on the Alkylation of
-Methylindole with Crotonaldehyde with Catalyst 2

Table 3. Enantioselective Organocatalyzed Alkylation of
Representative Indoles with (E)-Crotonaldehyde

z z Me
20 mol% z
catalyst 2a o
\ MGMO A\
CHyClo—+PrOH
v N 2ll—+ Y N
R R

Me
4G
% e \O
CE\> N, Mol ZHX <
N CHClo—Ho0 N 5
Me Me
entry  catalyst cocatalyst temp°C  time(h) %yield %ee*

1 2a TFA —40 1.5 70 85
2 2b p-TSA —40 4 98 88
3 2c 2-NOPhCO,H —40 22 88 88
4 2b D-TSA —83 48 15 80
5 2a TFA —83 31 84 92
6 2a TFA —-83 19 82 92¢

4 Product ratios determined by chiral HPLC. ? Absolute configuration assigned
by chemical correlation to a known compound. ¢ Reaction conducted with
CH,Cl,—i-PrOH (85:15 v/v) as solvent.

Table 2. Organocatalyzed Alkylation of N-Methylindole with
Representative a,8-Unsaturated Aldehydes

R
20 mol% H S
catalyst 2a o
m RNy >
N CH,Cl—-PrOH N
Me Me
entry R temp °C time (h) % yield % ee?
1 Me —83 19 82 920
2 Pr —60 6 80 93
3 i-Pr =50 32 74 93
4 CH,0Bz ~83 18 84 960
5 Ph 55 45 84 90
6 CO;Me —83 21 89 91

@ Product ratios determined by chiral HPLC. ® Absolute configuration deter-
mined by chemical correlation.

indole substituents

entry R Y z temp (°C) time (h) % yield % ee?

1 Me H H —87 19 82 926
2 H H H —60 22 72 91¢
3 allyl H H -72 20 70 92

4 CH,Ph H H ~60 120 80 896
5 H H Me —60 3 94 94¢
6 Me H OMe —87 19 90 96°
7 H Cl H -60 13 73 97¢

“ Product ratios determined by chiral HPLC. ¢ Absolute configuration deter-
mined by chemical correlation. ¢ Reaction conducted with (E)-BzOCH,CH=
CHCHO.

Synthesis of COX-2 Inhibitor

l\:lle
MeO. MeO. A -COOH
mm (1) 20 mol% 2a, \(I\g;
N N
MGMO
6

7 ——

(2) AQNO3, NaOH

Br 87% ee, B2% yield over 2 steps B

J.F. Austin; D.W.C. MacMillan; J. Am. Chem. Soc. 2002, 124, 1172.



Michael Addition of Nitroalkanes to Cycloalkenones

L-Proline and trans-2,5-Dimethylpiperazine?—¢
o] (o]

Table 1. Conjugate Addition with Nitroalkanes Catalyzed by

Table 2. Conjugate Addition with Nitroalkanes Catalyzed by
L-Proline and trans-2,5-Dimethylpiperazines—
0] 0]

L-Proiine L-Proline
gb + RyR,CHNO, (8-7% mole equiv.) gb A, + RyB.CHNO. (3-7% mole equiv.)
( n 2,5-Dimethylpiperazine ‘/n " R ( 1h2 2 - - A
CHCly, 1t 2 2,5-Dimethylpiperazine ‘/n ™
3 n R,
NO; CHCls, 1t
NO,
n=1,23 n=1,23
. 75-93% o9 n=1223 n=1,23
Entry NO, NO, NO, 62-87% ee

A é © Entry EtNO,

R - -

oy -,,,,M -a,,l

NO, NO> NO, NO, NO, NO,
%, 75% , 769 62%, 76%
A e S L o 71% (1:1)2 81% (1:1)2 30%, 62% 66
o) o) o o A: 65% a6’ A: 76% ed®
B: 64% ee® B: 63% ee®
2, D Q (RbOH, 12% e0)
NO; NO, NO, 0o 0 0 0
88%,93% e 68%,93% o0  73%, 93% ee
(RbOH, 59% ee)  (RbOH, 75% ee) (RbOH, 80% ee) 2, ' |
o o) 1o fo) ’I( ’IM 'III
N02 N02 N02
3. e D Q 86% (1:2)" 71% (1:2)8 61%, 71% o6
NO, NO, NO, A: 72% ee” A: 87% eg® (RbOH, 45% e0)
. (] . C
61%,86% 08  71%,87%ee  49%, 89% ee B: 74% ee B: 77% e¢

(RbOH, 73% ee)  (RbOH, 67% e6) (RbOH, 84% es) (RbOH, 28% ee) (RbOH, A 65% ee,

a. Yields (%} of chromatographically homogeneous product; 5. RbOH % ee B 58% 99)

refers to rubidium prolinate catalyst as in reference 9; ¢. % 66 measured by a. ratio of isomer A to B; b. e of less polar isomer A; c. ee of more polar isomer
'3C-NMR of corresponding ketal with 27,3R-2,3-butane diol B; d. 53%, 72% es (RbOH, 41% ee6) for cycloheptenone substrate (n=3)

16 S. Hanessian; V. Pham; Org. Lett. 2000, 2, 2975.
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Nonlinear Effects in Michael Addition

% ee of Product

100 -

“While it is not possible to
derive clear mechanistic
conclusions in a complex
system that comprises a
catalyst and an additive, in
addition to the nitroalkane
and the enone, the results
are reminiscent of MLx
systems where NLE curves
show a similar trend”

1 1 L L 1

20 40 60 80 100

% ee of L-Proline

—&—2,5-Dimethylpiperazine (80% mole eq)
—{}—Piperazine (80% mole eq)

—@— Quinine (3% mole eq)
—O—Piperidine (80% mole eq)

—X —Rb Prolinate (3% mole eq)

S. Hanessian; V. Pham; Org. Lett. 2000, 2, 2975.
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Enamine Catalysis

\N/

/J\ N

5 . \N/

I
)k Catalyst EH
Deactivation

-H
20 “parasitic equilibria”

N S + H,0 N '
N - /U\/ E™
H {
)j\/EH If irreversible - the catalytic cyle is broken!

Scheme 6 The enamine catalysis-cycle

Only electrophiles that react reversibly with catalyst can be used

B. List; Synlett. 2001, 1675.
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The Hajos-Parrish-Eder-Sauer-Wiechert RXN

CO5H
3 O’ Me P Me 2
Me NH TsOH
Me — —_—
DMF o) Benzene
'9) O

70% vyield
97% ee

Z.G. Hajos; D.R. Parrish; J. Org. Chem. 1974, 39, 1615.

NH
M
Me © ) > ®)
CH3CN, 80 °C 64% yield
O O 1 N HCIO,4 99% ee

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



COo0’

St% p¥eal Sk
o Me ©
4 5a 5b
(S,5)6 (R.A)-6

Eact = 12.5 keal/mol

Eact = 9.1 kcal/mol

2437

< fhbed = 0.0°
< abce =19°

Disfavored

Favored

20 S. Bahmanyar; K.N. Houk; J. Am. Chem. Soc. 2001, 123, 12911.

<fbed = 31°
< abce =2.4°

Origin of Stereoselectivity

*Chair transition states

+Cis ketol is favored over
trans for primary and
secondary amine-catalyzed
aldol reactions

*Iminium double bond is
less planer in the (R,R)
transition state

*Most of the partial positive
charge resides on the
methylene groups adjacent
to the nitrogen of proline

*Favorable electrostatic
interaction in (S, S)
transition state is stronger
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Aminocatalyzed Direct Asymmetric Aldol Reaction

OCOzH
N

o @) H . O OH
+ Me 30 mol% . Me
/u\ H Me
Me Me Me DMSO Me
48 h

97%, 96 % ee

Scheme 1. Proposed Enamine Mechanism of the Proline-
Catalyzed Asymmetric Aldol Reaction

HN JE— \\/N ulH .ﬂ.—z_q \r/%
—-< a b
HO ud -o” O

|

ll

O HO
ﬂ +H,0 re-facial attack
+ HN R
N -IIH
RY\, & — zo + Y\ﬂ/
OH OH '~ f HO OH O

Proline functions as a “micro-aldolase”

B. List; R.A. Lerner; C.F. Barbas lll: J. Am. Chem. Soc. 2000, 722, 2395.



Aldol Reaction: Support for Proposed Mechanism

80 [ I 1]
70
:;60 -

uc

B 50
40 -

Idol pro

S 30 - ¢

of

e

Q 20 S
10

0 1 I 1 i I
0 5 10 15 20 25 30
vol% water
Figure 1. Effect of water on the enantiomeric excess of aldol product
1.

%o
.

*

H-bonding is an essential
feature of the organized
transition state

0 20 40 60 80 100
%ee L-proline

Figure 2. Linear effect in the L-proline catalyzed aldol reaction of
acetone with 4-nitrobenzaldehyde in DMSO. The line fits the equation
¥ = 0.69x — 0.47, R? = 0.995.

Consistent with a single
molecule of catalyst at the
C-C bond forming step

22 K. Sakthivel; W. Notz; T. Bui; C.F. Barbas IlIl; J. Am. Chem. Soc. 2001, 723, 5260.
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Direct Mannich Reaction

Q Q 3 direct
N S

f
X

RVJ\ ’

preformed
enol equivalent

OH

O 5‘5&%?05
P e
R

! O NHR®
¥ R R2
3
H NRR2 indirect
preformed
imine
Keg

j\ RNH, NR  kyoomen ©  NHR
H™ "R -HO g

R R

To promote direct Mannich reaction:

Koy 2 1

.kMannich > ka/dol

B. List; P. Pojarliev; W.T. Biller; H.J. Martin; J. Am. Chem. Soc. 2002, 124, 827.
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Aminocatalyzed Direct Mannich Reaction

B. List; J. Am. Chem. Soc. 2000, 122, 9336. - Received June 1, 2000

E>-002H
N OMe

O 35 mol% O HN
)j\ + H + - p
Me”™ "Me DMSO, rt, 12 h Me
NO,
OMe NG
20 Vol% 1 equiv 1.1 equiv 2

50%, 94% ee

W. Notz; K. Sakthivel, T. Bui; G. Zhong; C.F. Barbas Ill; Tetrahedron Lett. 2001, 42, 199. - Received October 23, 2000

Me Me
?\?COQH OMe
o S i)
O 20 mol% O HN
)L + H + . =
Me Me DMSO, rt, 24 h Me
NO,
OMe NO
20 Vol% 1 equiv 1 equiv 2

45%, 86% ee
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Direct Mannich Reaction: Ketone Variation

Table 1. Three-Component Mannich Reactions with Different

Ketones (PMP = p-Methoxyphenyl, Ar = p-O,NCgH4)

Ketone Products Yield% de% ee%
0 O NHPMP
P )J\/'\Ar 50 - 94
1
O NHPMP
o )J\/\Ar >95 99
2 96
)H 2a (2a: 2b
O NHPMP =25:1)
2b
* O  NHPMP
A ar 93  >95 98
OMe OMe
3
o O NHPMP
- Ar 92 »95 >99
OH OH
4

B. List; P. Pojarliev; W.T. Biller; H.J. Martin; J. Am. Chem. Soc. 2002, 124, 827.

Chemoselectivity

*Entry 1 — <20% aldol Product

*Entries 2-4 — essentially no aldol product

Excellent diastereoselectivity

Regioselectivity

*Favors more substituted a-side

Excellent enantioselectivity



Direct Mannich Reaction: Aldehyde Variation

Table 2. Three-Component Mannich Reactions with Different

Aldehydes
Entry Product Yield % ee %
O NHPMP
1 2 74 73
5
PMP
. : , O HN
Unlike proline-catalyzed aldol reactions, 2 /”\/\/k 90 93
a-unbranched aldehydes work well 6
O NHPMP
3 )J\/\/OB" 82 75
Low yields for aromatic aldehydes 7
O NHPMP
, : _ 4 Z 60 80
Carried out in 100% acetone so proline 8
can be recovered by filtration and reused O NHPMP
5 : 80 93
9
O NHPMP
6 35 96
10
O NHPMP
7 56 70

11

26 B. List; P. Pojarliev; W.T. Biller; H.J. Martin; J. Am. Chem. Soc. 2002, 124, 827.



Direct Mannich RXN: Aniline and Catalyst Variation

Proline
(30 moi%)
0 (o) Ar-NHo HN' p-anisidine PMP
* (1.1 q : 1.1 /u\/N\/l\
)j\ H/U\)\ )j\ /U\)\ ( eq)
Solvent 6
Entry Ar-NHy Yield % 6o % Entry (g.’a:ng/:) Yield%  ee%
/\
OMe 3 LN)--COZH sq o
1 90 93 N
HoN OH
2 O‘CO?H 56 76

HoN" :
ne ”
3 43 <10 HO/,‘
HoN 4 Q‘COZH 22 15
H
HO J
4 :@ 51 <10 5 E&‘/ 26 0
HQN H
. . 6 ?M‘%}quagw 60 16
PMP group gives best results and is N
easily removed through oxidation.

Proline is best catalyst.

(Barbas found DMTC best — 45%, 50% ee
in 4:1 DMSO:acetone for same reaction.)

27 B. List; P. Pojarliev; W.T. Biller; H.J. Martin; J. Am. Chem. Soc. 2002, 124, 827.



Optimization Studies

6 100
a) b)
] ¢
5 ® : 28 eq
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- 80 + ; ¢ 13eq
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Figure 1. Optimization of catalyst loading and ketone amount in the
reaction of p-nitrobenzaldehyde with p-anisidine and hydroxyacetone (ace-
tol). (2) Variation of catalyst concentration. Conditions: 1 equiv of aldehyde,
1.1 equiv of p-anisidine, 10 vol % acetol/DMSO. (b) Variation of acetol
concentration. Conditions: 1 equiv of aldehyde, 1.1 equiv of p-anisidine,
20 mol % proline.

New standard conditions: 20 mol % proline, 10 vol % hydroxyacetone

28 B. List; P. Pojarliev; W.T. Biller; H.J. Martin; J. Am. Chem. Soc. 2002, 124, 827.



Synthesis of syn-1,2-Amino Alcohols

o) (S)- Prolige O NHPMP
o) O ) )j\/ /U\ ArNH, __L(ZO S|/° )l\_/:\n
L+ RNHp + _(S)-Proline 10 vol% 1eq f1eq oo OH
R™ H RHN O

OH Entry Product Yield % dr ee %
O R O NHPMP
PN _Sharpless AA| OH : ; % 201 >

OH
4 N02
O NHPMP
2 Y 88 151 99
OH12 CN
O NHPMP
3 Y 90 1511 98
OH 13 Br
(e} NHPMP
4 Y 79 8:1 94
OH14 Ph
(o] NHPMP
5 - 83 91 3
OH, .
O NHPMP
6 ~ 85 51 86
OH 16
O  NHPMP
7 - 88 3 61
OH17 OMe
) NHPMF’
Figure 2. X-ray structure of amino ketone 15 (ORTEP view). The atoms
are drawn at 50% probability 8 X 57 17:1 65
OH
18

B. List; P. Pojarliev; W.T. Biller; H.J. Martin; J. Am. Chem. Soc. 2002, 124, 827.



Proposed Mechanism

OH

CHO OMe Scheme 2. Proposed Mechanism (X = Oxygen or Carbon
+ + T
DMSO o O‘CogH
\)]\ N NAr  AMNHp o
NH2 R X -Hzo )J\

R™ 'H

'Hzo\_f' )(%K Y— RJ\H

R 9p Yield% dr ee% er & -
(-
N~ TCOH

AHN N
NO, 081 92 204 >99 332

CN 070 88 151 99 199 H R !
B 026 90 151 98 99 7+/H20

Ph 005 79 81 94 a2 AHN O

H 0 83 91 93 28 R

Me 014 85 5:1 86 13 X

log er(ArYer(Ph)

Scheme 3. Opposite Enantiofacial Selectivities and Topicities in
Aldol and Mannich Transition States
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B. List; P. Pojarliev; W.T. Biller; H.J. Martin; J. Am. Chem. Soc. 2002, 124, 827.



Aminocatalyzed Route to Amino Acids

Table 1. Products from the Proline-Catalyzed Mannich-Reaction Table 1. Products from the Proline-Catalyzed Mannich Reaction
g' Unm|0?|ﬁ6d Ketones with N-PMP-Protected a-Imino Ethyl of Unmodified Aldehydes with N-PMP-Protected a-Imino Ethyl
yoxylate Glyoxylate
PMP~p By Q S”‘?‘W O HN-PMP
. G Moo,a QO PMP- iy H
L1 whcom puso £ . o, H,U\@/\CO Et
R R H M 7(8)CO;
s yoWoUcom geme g
Entry  Product Yield® drf  ee? (15 eq) ee >95%, dr >10:1
O Hy-PVP Entry R Yield® dr ee? Product
m AN 8% - 9%
COR g% - 9% ’ P % . . 4
faR=E)  m8s% - 9T% M +Pr 81%  >101  93%
o hy @) Me 72% 111 9% 2
(2) ! CO,Et 72% >131 >98% (3:4)°
T2
O Hy-PMP ©) Et 57% 151  99% 3
3) 7 UCOEt 4% >191 >99% (7:1)°
o H:X"‘PMP (4) n-Bu 81% 31 99% 4
) (>19:1)°
(4) T OCOE g% 191 >99%
4 (5) n-Pent 81% >191  >99% 5
Q0 Hy-PVP (>19:1)°
T COEt .
(5) 2 . %% >191 >99% (6) }i‘/\/\/\/\ 89% >19:1 95% 6
| (>19:1)°
(6) ? 7% 61% @ S T vien e 7
I CO,EL o (>19:1)¢
6
0 HQ}“PW
(7) T COEt 6% >1911  99%
HO 7 A. Cordova; W. Notz; G. Zhong; J.M. Betancort; C.F. Barbas Ill: J. Am. Chem. Soc. 2002, 124, 1842.

A. Cordova; S. Watanabe; F. Tanaka; W. Notz; C.F. Barbas Ill: J. Am. Chem. Soc. 2002, 124, 1866.



Proline Catalyzed Michael Additions to Nitroalkenes

Table 1. Proline-Catalyzed Michael Addition of Unmodified

O Ph
Ketones to Nitroolefins A NO,
K o dr>20:1
O L-Proline o g 4 z 92% ere>= 10%
P °
I)j\ (15 mol%) M S
0]

R"' N02
. ]’ NO,
R ok owo pwor [TL 1.0 |
20 vol% 1eq 5 W . 95% dr=10:1
5 = ee=19%
entry product yield selectivity? NO,
0 i-Pr
i Eh )k/?\/ not
1 )I\/'\/ NO, 97% ee=7% 6 . NO. 87% determined
1
NO
- NO, r>20:1 not
2 o, 85% dar=3:1 7 = 85% determined
o pn ee = 10%° 7
X NO, @ For ee, dr, and rr determination, see Supporting Information; rr =
3 R 94% ar>20:1 regioisomeric ratio. ¢ ee of major syn-diastereomer. ¢ Ten equivalents of the
2 ee=23% crystalline ketone tetrahydro-thiopyran-4-one was used.
Scheme 2
Hs (60 psi),
Ph 2 HN
= Pd(OH),, MeOH
1 3 8

High yields, diasteroselectivities, and regioselectivities from an
operationally simple reaction. New catalysts are being investigated.

32 Received March 6, 2001 - B. List; P. Pojarliev; H.J. Martin; Org. Lett.. 2001, 3, 2423.



Another Aminocatalyzed Michael Addition

cat. 1
)Ol\ . R'OOC\ECOOR' 20 mol % cat. 1 Rfﬁ)()\CICOOR'
R THF - R
0 CH,(COOEt), R'OOOC COOR'
Entry R R’ Yield® E.eb @)L H 20 mol % cat. 1 )J
- Ph

1 Ph Et 47 (89) 59 DMSO/acetone 550, 49 9 ge
2 1-Naphthyl Et 31 (72) 64
3 2-Naphthyl Et 60 (84) 55 Scheme 3. One-pot Knoevenagel and Michael additions.
4 2-Tolyl Et 17 (86) 70
5 2-CF;Ph Et 46 (94) 70
6 2-Furyl Et 84 (91) 33
7 n-Pentyl Bn 16 (23) 24 :
8 Cyclohexyl Bn 27 (42) 14 Better enantioselectivities,
9 Pr Bn 16 (28) 17 but further optimization is

i I
2 Isolated yield after column chromatography; values in brackets refer still needed!

to yields based on conversion.

® Enantioselectivities were determined by chiral-phase HPLC analysis
in comparison with authentic racemic material using a Chiralcel AD
column (Daicel Chemical Industries, Ltd.) with hexane/2-propanol

mixtures as eluents.

33 Received March 21, 2001 — J.M. Betancort; K. Sakthive!: R. Thayumanavan; C.F. Barbas Ill; Tetrahedron. Lett.. 2001, 42, 4441.



hree-Component RXN of Ketones, Aldehydes, and Meldrum’s Acid
(Iminium AND Enamine Aminocatalysis)

0 R L- ProITe
“\ )J\ . O _(10-20%)
R!' R2? CHCl
OR o ' 1eq tt, 12-24h
? 20 vol% 1 eq
Tietze #\O 0 OR ° 33 g
C

C R . o R Entry Product R! R? R} Yield dr

0 0 I ¥
T\fRCHO C Ol | Indole Z “NH 1 3a H H \©\ 78%
Oikawa- NO
X 7< Yonemitsu O 0O
83%

i ] 2 3 H H
> L g
L 0% 3 3c H H \J\ 79%
R ,71 R R ¥
This 9] 'e)

Work <
4 3d H H s‘f\( 51%

Scheme 2 Three component reactions involving aldehydes and
Meldrum’s acid

5 3e H H ?jv 65%

. . . . “‘\"J v'q'/“‘ :5‘: % %
No asymmetric induction from proline, ° — O 69%  >95%
but its carboxylate functionality is o
essential for catalysis. 7 3 (L e"O 5% >95%
(pyrrO"dine dldn t Work) ? Determined from HPLC and NMR analyses.

34 B. List; C. Castello; Synlett. 2001, 1687.



Proposed Mechanism

enamine-catalysis

oﬁ?%ﬁ oce /»fﬁ

0.0 HOC,

poRE ARy . Eeen

List group is in search of an enantioselective catalyst
iminium-catalysis for this transformation as well as other substrates that
- would extend the MCR beyond three components.

35 B. List; C. Castello; Synlett. 2001, 1687.



36

Conclusions

*Many asymmetric reactions can be amiocatalyzed

Cycloaddition, Friedel Crafts, alkylation, aldol, Mannich, Michael,
etc.

*Most aminocatalyzed reactions involve iminium ions or enamines
*The reactions are not sensitive to wet solvents or air
*L-proline is cheap (100 g = $43.10) and D-proline is also available

*Aminocatalysis complements rather than competes with current
methods

*Though many proposed mechanisms seem rational, more
mechanistic studies are needed

*Most of the information presented was reported in the 21st century



