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Aims for Selective Chemistry

Prevent waste-no toxicity
Atom Economy

Minimize energy

Renewable starting materials
Catalytic reagents

High Stereocontrol



The construction of enantiomerically pure drugs is
of iImmense importance
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The (S)-enantiomer is active and
the (R)-enantiomer is inactive.



The Biosynthesis
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The Cell
A Machinery and Factory with Enzymes as the Catalysts



Activation of carbonyl compounds:
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Enzyme catalysis:
Type 1 and Type 2 aldolase enzymes
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Enamine Catalysis:
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@“ *
O.N

O O
L-proline Lj:g H+ L;'é
0]
© OH

93% ee

Hajos Z. G. and Parrich, D. R. J. Org. Chem. 1974, 39, 1615.
Eder, U. et al. Angew. Chem. Int. Ed. 1971, 10, 496.

L-proline

0 OH O
20 vol% DMSO  O.N
76% ee

List B. et al. J. Am. Chem. Soc. 2000, 122, 2395.

L-proline Ar,
P “NH O

30 mol%
/©)LH + )J\ + Ar-NH, w
O,N O2N

DMSO
94% ee

List B. J. Am. Chem. Soc. 2000, 122, 9336..



One-step asymmetric synthesis of 5-hydroxy-(2E)-hexenal.

0 0 0 OH

Aldolase enzyme
R)J\H + )J\H + H - O

R “‘OH

Gijsen, H. and Wong, C.-H. J. Am. Chem. Soc. 1994,116, 8422.

j\ L-proline OH O 0

— - L PP

Me™ H pioxane (S) H N
82% ee

Cordova, A et al. J. Org. Chem. 2002



Amino acid-catalyzed asymmetric synthesis of amino
acid derivatives.

L-proline ~PMP2
O PMP~ (20 mol%) j\(;;}l\
H)H - M . HT Y (3LO.E
H CO,Et Dioxane :
R 2-24h, 1t =
R

2 eq.
57-81% yield, up to >19:1 dr and 93->99% ee

Cordova, A. et al. J. Am. Chem. Soc. 2002, 124, 1866



L-Proline Catalyzed Cross-Aldol Reactions of Aldehydes

O
Cl)H + % L-Proline (10 mol%) ?k/okH/
DMF :
anti
dr=4:1, ee =99%
O O
% s %/ L-Proline (10 mol%) ? OH
DMF K/'\(
anti
dr=24:1, ee = >99%
O O
% . | L-Proline (10 mol%) ? OH

anti
dr=14:1, ee = 99%

Northrup & MacMillan J. Am. Chem. Soc 2002



One-pot three-component direct catalytic asymmetric Mannich reactions.

MeO
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NH L-proline \©\
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H)J\/ H | N\ + D ——— NH O
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OMe
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o) 0O . : O HN
NH Amino Acid -
+ + 2 -
R

Yield up to 99%, >99% ee
R = Me, Alkyl; R' = Ar, Et, Alkyl, COOEt

Cordova, A. Synlett 2003
Cordova, A. Chem. Eur. J. 2004



Mechanism
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Plausible Transition States



Development of anti-selective Mannich-type reactions

N
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Highly anti-selective Mannich-type reactions [

H oTtms

NH O

|
EtOgC)\H ¥ ﬁ H g BO.C™ Y H
CHClg, 1, 16h PN
2a 3a: 56% vyield; 15:1 dr; 92% ee
T
N-PMP o H oTMS PMPs\H ©
|
S G L oA
R B R
Solvent
2 3
R =R, CH,OR 45-68% vyield, 14.1->19:1 dr, 97-99% ee

Jorgensen and co-worckers J. Am. Chem. Soc.

Ibrahem, I. et al. Chem. Commun.
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A short route to aza-sugars

PMP
1. Amino Acid  PMP~ 0 PMPsNH OH © RGN0
2. HWE Dihydroxylation H
RWOMe R " OMe BnO ""OH
OX OBn OH OH
30-86% yield, 3:1->19:1 dr, 92-97% ee
PMP
1. Amino Acid  "MP<\ PMP . . BnO N. 0
2. Wittig OMe BnO N__O Dihydroxylation
—yone mo Nyt P e
OBn OBn O BnO” 7 OH

1. Amino Acid PMP-.

2. Wittig NH o/> Dihydroxylation IVIP\NH QH O/>
g A A
OX OX OX OX OH

Liao et al. Chem Commun. 2006, 7023.
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(10 mol%)
R)J\H ¥ HLH

R1

Biomimetic Sugar Synthesis

O

(S)-amino acid

DMF

e

O

Ao

OH O (R)-aminoacid R, _O._ OH

E (10 mol%) Lj/
R/\‘)kH T g

DMF
R? 4°C, 16h OH
then rt 24h

up to >19:1 dr and
>98% ee

Casas et al. Angew. Chem. Int. Ed. 2005



Natural amino acids catalyze the asymmetric neogenesis of sugars

O
Amino Acid
H
OH water
O O O
Amino Acid RO O ©H
H + H + H . .
OR OR OR organic solvent RO : OR
OH
R =Bn up to >99% ee

Casas, J. et al. Angew. Chem. Int. Ed. 2005, 44, 1343.
Cordova, A. et al. Chem Eur. J. 2005, 11, 4772.



Evolution of homochirality?
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Codrdova et al. Chem Commun, 2005, 2047
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Alternative model to autocatalysis

Resolves the catalyst

Pn+1 Pn+2

Amplification of Enantiomeric Excess

Amino Acid
(eep)

Amino Acid

(een+1)
ee,, > ee,

Sn+1

Catalytic Cycle n Catalytic Cycle n+1

Cordova et al.Chem. Eur. J., 2006,12, 5446..



0] racemic proline
H p O NHPh
19 Q i (10 mol%, 0% e.e.) 0
§ R ¥ ij ¥ o
Entry Sugar DI Ee(%)® Product Yield (%" Ee (%)
1 \,qu 41 98 5 57 27
H
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o8n
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6 HDMH »19:1 >99 5 45 5
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en-2e
oH O S [£]
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Formation of oxazolidinones

5.16 ppm (d, J = 3.9 Hz) 5.12 ppm (d, J = 5.0 Hz)

@ <@



Proline-catalyzed de novo synthesis of C-4 to C-6 ketoses

o) 0 NTX O OH
HJ\ + HJ\R HKK\R (1)
DMSO:H,0-1:1
OH OH 37°C, 24 OH o

20-95% yield, <10% ee

Cordova, A. et al. Chem Commun. 2002

proline

(30 mol%)
0 i RO O OH
HH + H” R (5 equiv) HK/L R
°<° DMSO, 1t ©5°
24h
1 2
R = Ar, alkyl,BnOCHy, \(A)/\O 62-72% Yield, 1:1->19:1 dr, 93-98% ee

OMe
\H Amino acid /©/
2 (30 mol%)
HN
HH + W R + (5 equiv) HK;/\R

0.__0O 0.__0
DMSO, 1t
x OMe 24 h ><
1 3
R = H, Ar, alkyl,BnOCH,, \O/\o 40-87% Yield, 1:1->19:1 dr, 48->99% ee

f

Enders, Barbas and Westermann Ibrahem, I. et al. Tetrahedron Lett 2005



Biomimetic Asymmetric Catalysis

Y RN

H,N” “COOH  H,N COOH COOH  H,N">COOH
HO HOOC
X o,
H,N~ > COOH COOH HzNJ\( N
HN - N
OH (s OH I/U\
H,N OH HzN/(f( HoN OH
o HzN 0
o)
by
H.N""R?
(30 mol%)
O 0 HO O OH

21\ + H )K©\ (10 equiv) 21\_)\@
1 2 E—— 1 2
R™ R NO, solvent R" R NO

up to 95% yield and >99% ee
Cordova et al. Chem Commun, 2005, 3586.; Zou et. Al. Chem Commun, 2005, 4946.;
Bassan et al. Angew. Chem. Int. Ed. 2005, 44, 7028
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PN

H,N" >CO,H

(30 mol%)
H,O
(10 equiv)

NO, DMSO, rt
1 24h-72h




Origins of stereoselectivity for the acyclic amino acid catalyzed aldol reactions

AE= 2.9 kcal mol! °  AE=5.2 kecal mol!

Bassan, A et al. Angew. Chem. 2005, 44, 7028.
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Ee of amino acid (20)

OH

L

H,N" >COLH

(30 or 200mol%)
H,O
(10 equiv)

NO, DMSO, rt
1 24h-72h

Cordova et al. Chem Eur. J., 2006.
Blackmond and co-workers, Nature 2006



Small modular peptides as catalysts for the asymmetric aldol reaction

R O R3
OH HN
o) R? o)
R1 RS
OH

NN

0 o "%
0] @) : O OH

small peptide
RJH + H)J\R - R1MR
R? Wet Solvent, rt R?

up to 90% yield, up to 10:1 dr and 99% ee

Zou, W. et al. Chem. Commun.2005 4946.
Diedzic P. Et al. Org. Biomol. Chem. 2006, 149



Small peptides can achieve high stereoselectivity in water.

R1
') HzN)ﬁ(OH or (S)-proline o
O
H L )—on
OH water HO OH
ee up to 15%
R1 RB

OH water 6H

ee up to 88%

Cordova et al. Chem Eur. J., 2006. Zou, W. et al. Chem. Commun.2005.



R OMe
0 0 i 0 HN
% + H)J\R + HK_/\R

R1 R2 R1 R2
OMe up to 90% vyield, up to >19:1 dr and >99% ee

) HN/Lr(HYR1 O Ar
R1& + AI'/\/NO2 ? O R? R1JH/k/NO2
R2

—_—

62-90% yield, up to >34:1 dr and >99% ee

H
(@) N. _R
NO H2N/'\ﬂ/ \|/2 él’ O
ArT X2 + O R O2N \/\)H
oxo

0.__0

up to >34:1 dr and 99% ee

Xu et al. Chem Commun, 2006; Xu et. Al. Adv. Synth. Cat, 2006;
Ibrahem et al. Chem. Eur. J. 2005



Catalytic Asymmetric a-aminomethylation of ketones
and aza-Diels Alder reactions

O NH, O (S)-proline

|
o+ A L
H™ "H R R’

R

up to >99% ee

)J\ NHZ (S)-proline derivative
H™"H *  Ar — d,Ar _
R o (aqueous) R,

up to 90% vyield, up to >99% ee

Ibrahem et al. Angew. Chem. Int. Ed. 2004, 43, 6528.; Sundén et al. Angew.
Chem. Int. Ed. 2005, 44, 4877.



Domino Mannich/Michael reaction pathway

NH 0

2
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MeO

Catalyst




Direct catalytic a-aminomethylation of aldehydes

NH, PMP. o)

. NH
j\ O (S)-proline O ’ .\\‘\N/PMP
H O H 7 * H - H + H
OM organic solvent
e
75-95% yield traces

Ibrahem et al. Tetrahedron. 2005



Screened a series of catalysts and aminomethyl ethers.

1 R2 % R! R2?
R\NB N N~ O
o+ H -

-MeOH -
PN

>95% conversion

TBSO,

mCOOH mCOOH &N L/H_ph

HN-N H OTMS

(-66%ee)  (-55%e€e)  (.18% ee) (96% ee)



Catalytic enantioselective

Bn\N,Bn 0 8
) . Hk (20 mol%)
MeO H
R DMF, -25 °C, 2h
LiBr
1 2 AcOH
(20 mol%)

Gellman et al. J. Am. Chem. Soc. 2006

o-aminomethylation of aldehydes

Bn_ Bn Bn_ Bn
UL NaBH, UH

H : MeOH, -25 °C z

R ’ R

- 3 - 4

71-86% yield, 91-98% ee

Ibrahem et al. Chem Eur. J. 2006



Amino Acid-Catalyzed Direct Catalytic Enantioselective
a-Aminooxylation of Carbonyl Compounds

O 9 Amino Acid O
.+ O
R)K/R Ar/N R)J\( “NHAr
RI
R=HorR up to 99% yield, >99% ee

Bggevig, A. et al. Angew. Chem. Int. Ed. 2004, 43,1109 .
YamamOtO, Zhong, Macmillan and Hayashi Cordova, A. Chem. Eur. J. 2004. 124, 3673.
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Catalytic “Green” Asymmetric Oxidations

Ph
o 8
NH OTMS
o) (20 mol%) O OH
NaBH
HL + 102 - 5 HO/,H'LH 4 HO/,.’)
H o
solvent, 0 °C R R
R 6h
- N 66-71% vyield, up to 98% ee
Ph
Corden
NH OTMmS
Q (10 mol%) (@) Q
+ HOOH ° . + Hy,0
R/\)J\H RA')J\H 2
aqueous 2-3h
OI’ [e) . (o)
solid SPC up to >95% conv, up to 96:4 dr and 98% ee

Ibrahem et al. J. Am. Chem. Soc. 2004.; Suanden et al. Angew. Chem. Int. Ed. 2004.

Jargensen and co-workers J. Am. Chem. Soc. 2005



A Highly Selective Catalytic Cycle




Catalytic asymmetric domino reactions:
Synthesis of pharmaceutically valuable compounds

R! " T OH
H ﬁH (20 mol Aaz
+ R2 X~ 'R

R2 XH R organic fcid 3
R3 (20 mol /o) R

R R2, RB=HorOMe; X=0, S

US Patent. Application 2006



The mechanism of the catalytic asymmetric domino reaction

oo e
HO;Q b

O\ +N=
N
| |
AN H>O
Crr ' | O0C
0~ TR 0~ "R




e ®
(20 moi%)

O ) @)
R1 ° R1
H J|)L H 20 mol% AN H
R2 oH © R R2 0 R
R3

R3
? 9 9 o
CrL OO0 CL . o
3a 3b NO, 3c CN 3d O cl
89%, 89% ee 52%, 94% ee 72%, 90% ee 59%, 83%ee

; ; ;
oGC.  COC.. OGX

0 O o) OO 0" CO,Et

3e Br 3f 39

51%, 84% ee 52%, 84% ee 70%, 96% ee
o)
; . ;
o o 0" CO,Et
3h 3i
1 3]
67%, 87% ee 57%, 87% ee 92%, 93% ee
9 Q G
jont y §
MeO 0" YCO,Et 0" “CO,Et 0" YCO,Et
OMe F
3k 3l 3m
52%, 92% ee 68%, 95% ee 72%, 97% ee

Sundén et al. Chem Eur. J. 2006



0 0 HO 0

H H (20 mol%) AN H
o1t R e SR
; ;
A O A A
C(Sjih S S O
3a 3e 3d Cl
74%, 98% ee 93%, 98% ee 80%, 98% ee 53%, 96%ee
; ; ; 0
A O S O A ©\/Y
3h 3e NO, 3f 39
70%, 96% ee 93%, 98% ee 68%, 94% ee 61%, 91% ee

Rios et al. 2006



Catalytic asymmetric synthesis of dihydroquinolidines
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H
a7 ONHy N, |
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N H
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Nucleophile only

Chemoselectivity issues

Sundén et al. 2006
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O
Cﬁ ﬁ omry A
organic acid R2 N~ "R
(20 mol%) H

high chemo- and enantioselectivity
R'and R? = H, OMe, -OCH,0-, CI, F 90->99% ee

O O
O OO
N~ "Ph N
: I
Br

3a 3e
71%, 94% ee 90%, 96% ee 83%, 98% ee
9 9 9
N N MeO N
@)

N N~ "CO,Et N~ "CO-Et
N N 2 MeO N 2

3h 3e 3f

76%, 97% ee 73%, >99% ee 67%, >99% ee 78%, 96% ee

Sundén et al. 2006



Catalytic asymmetric synthesis of 5-hydroxyisoxazolidines

US Patent. Application 2006



Boc. N/O

o _X_)—OH

3a
80%, 99% ee

BOC‘N/O

oy
NC 3e

90%, 97% ee

BOC.N/O

-on

3i

n-Bu

94%, 91% ee

Ibrahem et al. 2006

75%, 98% ee

(R

. R/\)kH (20 mol%)
3-16h
2
CbZ‘N/O BOC’N/O
X _)—OH OH

Ph

3b 3c
Cl

94%, 99% ee 89%. 90% ee

BOC'N/O BOC'N/O
/@/U—OH OH
Nopalieond

77%, 95% ee
BOC'N/O CbZ'N/O
OH OH
L= Vs

3j 3k

n-Pr

93%, 91% ee 92%, 95% ee

BOC.N/O

W B
3d
Br

80%, 97% ee

Cbz. N’O
X_)—OH
EtO,C

3h

85%, 97% ee

BOC.N/O

BnO\/k)_OH

3k
86%, 98% ee



Two-step synthesis of 3-amino acids

S e

' RL
R1\N/OH R/\)LH (20 mol%) N-O Pd/C, H, NH, O
H * A):O > )\/U\
R R OH
1 2 2. NaCIO,
10a: R' = Boc, R = Ph, 74% yield, 99% ee 11b and 11¢c
% 10b: R' = Cbz, R = Ph, 81% yield, 99% ee quantitative
NH 10c: R' = Cbz, R = n-Pr, 80% vyield, 95% ee
1. (20 mol%)
2. NaBH,
]
R\N/OH

RMOH

12a: R' = Boc, R = Ph, 87% yield, 99% ee



One-pot catalytic asymmetric
transition metal- and organocatalysis

O

O
Enamine Palladium
R1/V\X + HLH Catalysis Catalysis — R‘IWH
R R
X = OAc, OCOMe high yield

high chemo- and regioselectivity

Ibrahem and Cérdova Angew. Chem. Int. Ed. 2006, 45, 1952.
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Mechanism

R .R®
N,R
H/g
R1
R+ R®
N,R
|
H =
R2
R1
R+ R’
N
H)W
~ “R?
R1

Pd (0)

RO

RO/\/\RQ



Works for aldehydes and cyclic ketones

(Pd(PIIDh)3)4 — _
O 5 mol% O OH
NaBH
2 1 4
o ore A e _
R Q R Ri R
H
1 (10 mol%) | 2 ] 3 N\
DMSO, rt R2
65-82% yield
Pd(PPh3),4
O (5 mol%) O
RZ_~~__OAc
NN + % D RQWJ\
R1 R2 N R1 R2
H
4 (30 mol%) 5
DMSO, rt

65-95% vield

Excellent Regioselectivity



Direct catalytic asymmetric a-allylation

O
/\/OAC N /HkH

Ph

/\/OAC N ﬂj

H OT™mS
(20 mol%)

Pd(PPhj3),
(5 mol%)

DMSO, 3h, rt

LT\IB‘COOH
H

(30 mol%)

Pd(dppe).
(5 mol%)

THF, 15h, 60 °C

NaBH,

- \//T\OH

Ph
3a: 25% vyield, 74% ee

O

\/'1,.6

5a: 20% yield, 60% ee



Summary

Biomimetic selective catalysis can be non-toxic and
therefore suitable for industrial applications

It is highly stereoselective and converts simple
starting materials to valuable compounds

It prevents generation of waste and is
environmentally benign.

Amino acid catalysis may hold the clues for the
origins of homochirality

It will be an important tool for the future of chemical
synthesis
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