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B Between 2000 and 2008, more than 2000 M Transformations that employ organic catalysts
manuscripts on =150 discrete reaction types sporadically documented over last 100 years
B Used for enantioselective construction of C-C, B Organocatalysis google page hits = 137,000
C—N, C-0O, C—35, C—P, C-halogen bonds Olefin metathesis google page hits = 253,000
B Now 3rd major branch of catalysis Gold catalysis google page hits = 28,600

B The field of organocatalysis was born 1998-2000



AITAPXH THX OPTANOKATAAYXHX

[ati to medio e opyoavikng ocvvleong mapdPreye tn ypNon TOV HWKPOV
OPYOVIKOV LOPIOV O KATAAVTOV UEXPL TIC apyES ToL 21°° aumdva,

Dieter Seebach: Angew. Chem. Int. Ed. 1990, 29, 1320.

“‘New synthetic methods are most likely to be encountered
in the fields of biological and organometallic chemistry.”

[Noti o Seebach oev meprhauPdver v opyavokotdAvon o€ avthy TNV
TpOPAeY™N TOL KAVEL YL TO LEALOV TNG OPYOVIKTNC GVVOESTC;

Etval moAd 006KoA0 va mapaleiyels Evay KAAOO 0 0moio¢ akoua oV vdpyet!!!




AITAPXH THX OPTANOKATAAYXHX

Opyavokataivon

Kataivon pe

Evvpukn katdivon RETOAAN NETATTMOCEMS



IXTOPIKH ANAXKOITHXH THX OPTANOKATAAYXHX

B Breding: Addition of HCN to benzaldehyde

MeO
O HO CN

HCN
H > H
catalyst

10% ee

(+)-quinidine

Biochem. Z., 1912, 46, 7

B Pracejus: Methanolysis of ketenes

Me HO CN

MeOH, toluene
g > H
0 catalyst, -111 °C

99% yield, 74% ee

Justus Liebigs Ann. Chem., 1960, 634, 9



IXTOPIKH ANAXKOITHXH THX OPTANOKATAAYXHX

B Intramolecular Aldol: Hajos—Parrish J. Org. Chem. 1974, 39, 1615

0
o o 3 mol% he Q\
ME% catalyst H
e
DME () A catalyst

O (5)-proline

97% ee

B Exiraordinary result that was well received by the chemical synthesis community
B Viewed as a unique chemical reaction, not part of a larger interconnected field

B Manuscript emphasis never placed on the benefits of organocatalysts or
new catalysis concepts

B General lessons were never extrapolated thereby stalling potential application

over multiple reaction types (Agami mechanistic red herring) —»

B The value of a general over-arching field that used organic catalysts was never recognized

B Between 1960 and 2001, no review articles on the collective use of organic catalysts




IXTOPIKH ANAXKOITHXH THX OPTANOKATAAYXHX

Enantioselective Metal Catalyzed Processes: State of the Art 1996

BINOL BINAP (Noyor) Salen (Jacobsen)
COL . SO O
O\Mlx P<M - .,
e Son S
CO gg o MesC o o CMes
Diels-Alder Hydrogenation CMe; Me;C
Aldol Hydrosilylation .
Ene Allylation Hetero-Diels-Alder
Epoxidation, Epoxide opening
M=1 N M:=8h, Bu M = Mn, Cr, Co

Bisoxazoline (Evans—Pfaltz—Corey)

L i Cyclopropanation
O\ero Aziridination

| I\} Diels-Alder

il Aldol
R v &% R Michael

X X
M = Cu, Mg, Sn Dave Evans, Harvard

B Chiral transition metal complexes dominate the enantioselective catalysis landscape



IXTOPIKH ANAXKOITHXH THX OPTANOKATAAYXHX

Enantioselective Catalysis using Small Organic Molecules: Epoxidation

B Enantioselective Catalytic Expoxidations: Yian Shi, Scott Denmark, Dan Yang

10 mol%s
O catalyst
=
@ Dmne

47-95% ee
QOF; o3 Y
5 o
0
18] o 8]
o -
T B N
Yang catalyst Shi catalyst Denmark catalyst
JACS 1996, 118, 491 JACS 1996, 178, 9806 JOC 1997, 62, 8288

B Employed ketones as enantioselective catalysts
B Demonstrated that organic catalysts could be employed to solve major chemical problems

B Did not conceptualize the field or define the benefits of organocatalysis

B Involved the invention of a single catalyst for a single reaction type



ANABIQXH THX OPTANOKATAAYXHX

B Intermolecular Aldol: the Enamine Activation Mode (List, Barbas, Lerner)

0 o 30% mol O  OH &
)J\ + catalyst CO,H

Me Me H > Me N
DMSO H ik
catalys
20% vol NO, NO, (S)-prgline

76% ee

J. Am. Chem. Soc., 2000, /22, 2395

B Diels Alder: the Iminium Activation Mode (MacMillan)

R
20% mol
catalyst

N n WCHO

77 7

exo:endo 1.5-14
ee% 83-94%

J. Am. Chem. Soc., 2000, /22, 4243



ANABIQXH THX OPTANOKATAAYXHX

B This manuscript conceptualized the field of organocatalysis for the first time in 3 important ways

Noew Strategies for Organic Catalysis: The Firet

Highly Enantioselective Organocatalytic Diels—Alder
Reaction

Kateri A, Ahrendt, Christopher J. Borths, and
David W. C. MacMillan*
Department of Chemistry, University of California
Berkeley, California 94720
Received Janwary 7, 2006
Over the past 30 years, enantioselective catalysis has become
one of the most important frontiers in exploratory organic
synthetic rescarch. During this time, remarkable advances have
been made in the development of organometallic asymmetric
catalysts that in furn have provided a wealth of enantioselective
oxidation, reduction, ;-bond activation, and Lewis acid-catalyzed
processes.! Surprisingly. however, relatively few asymmetric
transfonmations  have been repoited  which employ  organic
molecules as reaction catalysts,” despite the widespread avail-
ability of organic chemicals in enantiopure form and the accordant
potential for academis, industrial, and economie benefit, Herein,
we Introduce a new strategy for organocatalysis that we expect
will be amenable to a range of asymmelric transformations. In
this context., we document the first highly enantioselective
organocatalytic Diels—Alder reaction.’

J. Am. Chem. Soc. 2000, 3122, 4243

1
Outlined the potential benefits of using
organic molecules as asymmetric
catalysts for industry or academia based
on cost, availability, ease of use

2
Introduced the concept of a generic mode
of activation for organic catalysis that
could be used over many reaction types

3
Introduced for the first time, the

terminology organocatalysis, organic
catalysis and organocatalytic

What's in a name?



TPOHOI ENEPI'OITIOIHXHX XTHN OPTANOKATAAYXH

Organocatalysis —

The rapid growth of organocatalysis over the last
10 years was fueled by the development of a
small number of generic activation modes

O ,Me
N
Me
&)ﬁ( Me
Ph | Me

1

R

~ 50 new reactions

MacMillan, Jorgensen

Iminium catalysis @

Enamine catalysis @

Hoch

N
Me)}

R

~ 20 new reactions

Hajos-Parrish, List-Barbas

H-bond catalysis @

~ 30 new reactions

Jacobsen

B Last 10 years, organocatalysis has delivered many new asymmetric transformations

These 3 activation modes cover a large portion of the organocatalysis landscape




ENEPI'OHOIHXH MEXQ MHXANIXMOY ENAMINHX

Enamine Catalysis: Fifty Years in the Making

B Stork's landmark 1954 publication outlines benefits of enamines vs enolates

A NEW SYNTHESIS OF 2-ALKYL AND 2-ACYL
KETONES
Sir:

We have discovered a new method for the alkyia-
tion and acylation of ketones. The condensation
products of ketones and secondary amines are well o

known."* It 1s evident that these substances can
undergo reaction with proper electron acceptors Me
either at N or C according to path T or I1:

R R R
/ / 8/ )

OmC~ Ll — HN=Can(

“e
- g oo N Alkylation T
H H M Efj
\ 11 ¢
I :
/ J

—————
Acylation Ph

e i
R " IN=C—C—R ?
>:~5 O’ M Ph
A { H:0 b
rR.
A Ow==C—~C—R Michael o
..\TI Addition CN
& —*

Stork, G.; Temrell, R.; Szmuszkovicz, J. J. Am. Chem. Soc. 1954, 76, 2029.



ENEPI'OHOIHXH MEXQ MHXANIXMOY ENAMINHX

Enamine Catalysis: Inspiration from Biology

B Mechanism of class | aldolases is proposed to involve enamine intermediates

" J\ropo32- Fructose bisphosphate aldolase

Lysine reside is required for catalytic activity Rutter, W. J. Fed. Proc. Am. Soc. Exp. Biol. 1964, 23, 1248



ENEPI'OHOIHXH MEXQ MHXANIXMOY ENAMINHX
ITPQTA ATAXITAPTA ITAPAAEIT'MATA

Enamine Catalysis: Early Adoption in Total Synthesis

B Woodward-Wieland-Miescher enamine cyclization for steroid synthesis

CHO
Hi05 "'“e
HDAC
henzene

Woodward, . B.; Sondheimer, F_; Taub, D_; Heusler, K.; McLamore, W. M. J. Am. Chem. Soc. 1962, 74, 4223

O
@] OH 9]
Me H OJH( Ma
S o
o NaOH ») 0
OH

Wieland, P.: Miescher, K. Helv. Chim. Acta 1950, 33, 2215




ENEPI'OHOIHXH MEXQ MHXANIXMOY ENAMINHX
ITPQTA ATAXITAPTA ITAPAAEIT'MATA

Hajos-Parrish-Eder-Sauer-Wiechart: Asymmelric Breakthrough

B Use of proline to deliver the Weiland-Miescher ketone in an asymmetric fasion

Me O proline o y o) proline Me O
(3 mol%) y (200 mol%)
- M T
DMF MeCN, HCIOy
OH o 80 °C
97% ee B67% ee
J. Org. Chem. 1974, 39, 1615. Angew. Chem. Int. Ed 1971, 10, 496.
Asymmetric Synthesis of Bicyclic Intermediates of New Type of Asymmetric Cyclization to
Natural Product Chemistry Optically Active Steroid CD Partial Structures!™
Zoltan G. Hajos*? and David R. Parrish By Ulrich Eder. Gerhard Sauer, and Rudolf Wiechert™

Chemical Research Department, Hoffmann-La Roche Inc., Nutley, New Jersey 07110

Received August 20, 1973

German Patent DE2102623 (July 29, 1971) German Patent DE2014757 (Oct 7, 1971)



ENEPI'OHOIHXH MEXQ MHXANIXMOY ENAMINHX
ITPQTA ATAXITAPTA ITAPAAEIT'MATA

W Intramolecular Aldol: Danishefsky—Cain J. Am. Chem. Soc. 1976, 98, 4975

e
sy 0 o 200 mol%
| catalyst
. -
Me CH5CN, HCIO,
o) 80 °C

W Erythromycin Synthesis: Woodward J. Am. Chem. Soc. 1981, 103, 3210

("J/ g\/\ catalnyt
OBn
H
0

OH

racemic 36% ee

NH,

catalyst
(S)-phenyl
alanine

catalyst
(S)-proline

First examples of application of enamine catalysis to natural product synthesis



ENEPI'OHOIHXH MEXQ MHXANIXMOY ENAMINHX
ANABIQXH THX OPTANOKATAAYXHX

Enantioselective Organocatalysis, Modern Examples: Enamine Catalysis

B Intermolecular Aldol: Barbas—List—Lerner J. Am. Chem. Soc. 2000, 122, 2395

0 ? 30 mol% T O\
N TCOH
o
NO, DMSO NO. catalyst

20 % vol 76% ee (S)-proline

B B-Amino Carbonyls: Barbas Tetrahedron Lett, 2001, 49, 199

PMP_
Q I 30 mol% o NPWP [\
)J\ H catalyst N CO:H
r oot
20 % vol NO. DMSO _ NO, catalyst
80% ee (S)-proline

First examples of application of enamine catalysis to intermolecular reactions



ENEPI'OHOIHXH MEXQ MHXANIXMOY ENAMINHX

Enamine Aldol: Proposed Transition States to Date

el

20 % vol

30 mol%
catalyst )J\/I\@
DMSO NG

(N

N TCO:H
H

catalyst
(S)-proline

;—f

Hajos—Parrish (1971)

Barbas—List (2000)

-

R ¥
\,r‘o--,H
N..H‘O 0

%

Hajos—Parrish (1971)

H"-.___#-_-_-_{'_].__H Q
O

Houk (2002)

N

Agami (1987)

Q i
g
F‘“‘“-é-'i’m]r? _

Me CO;

MacMillan (2003)




ENEPI'OHOIHXH MEXQ MHXANIXMOY ENAMINHX

Enantioselective Organocatalysis: A Valuable Strategy for Chemical Synthesis

Enamine catalysis @ HJH
Hoch

N

Me)}

R

~ 20 new reactions

Hajos-Parrish, List-Barbas

e

COOH

an
j

"\
e




ENEPI'OHOIHXH MEXQ MHXANIXMOY ENAMINHX

Bifunctional Enamine Catalysis: Generic Induction Platform

B Use of proline or proline-type activation a widely exploited mode of ketone activation

bez
N=—N O NHCbz

Cbzf qu
o - R " Chz
Amination

R

Jargensen JACS 2002, 124, 6254

ketone

H o - NO2 O  Ph
=N Ao
H H\ 0 Nitro-olefin =
0 .
Bifunctional addition List Org Lett 2001, 13, 2423,
activation
0 Me
proline ’ ve W
:
Cross-Aldol Me Me

List Org Lett 2001, 3, 573.




ENEPI'OHIOIHXH MEXQ MHXANIXMOY ENAMINHX
ENANTIOEKAEKTIKH OPTANOKATAAYXH: ATAMOPIAKH
AAAOAIKH ANTIAPAXH

B [Iponyovusva 0moTEAECROTO KOL OPYAVOKATUADTES ETLAOYNG

(0) O (0] OH
)J\ + catalyst
Me Me H > Me
solvent
20% vol NO, NO,
(0) (0]
O‘ - SOZCH3 O)\ /SOZC6H4CH3 N
CO,H N N Z N
N 2 N H N H N /i
DMSO DMSO DMSO Dioxane
20% mol, 73% yield, 73% ee 20% mol, 52% yield, 87% ee 30% mol, 98% yield, 93% ee 20% mol, 66% yield, 88% ee
Ley et al., Org. Biomol. Chem., 20085, 3, 84 Ley et al., Synlett, 2004, 558

0
O)\N - O)\NHSO CeH,CH & 0. | O‘COOH
2% 643 C N
. H . COOH N

N e ~
H 0 H H s
R: (+)-camphorsufonyl Dendrimer n=8
DMSO DMF DMF DMF
20% mol, 61% yield, 54% ee 20% mol, 63% yield, 90% ee 10% mol, 71% yield, 90% ee 6.5% mol, 61% yield, 65% ee

Shi et al., Synlett, 2004, 2215  Kokotos et al., Synthesis, 2005, 2407 Kokotos et al., Tetrahedron, 2005, 61, 8669
Kokotos et al., J. Mol. Cat. A, 2005, 241, 166



ENEPI'OHIOIHXH MEXQ MHXANIXMOY ENAMINHX
ENANTIOEKAEKTIKH OPTANOKATAAYXH: ATAMOPIAKH
AAAOAIKH ANTIAPAXH

O (@) OH

O
Loy e A
Me Me H > Me
solvent
20% vol NO NO

2

2

Opyovokatalvtes SumAyg evepyomoinong (Bifunctional organocatalysts)

O R O R S S
R R OR Bulky group
N . N o N N
N H N H S N H N H
H X H HN% H o) H

X: OH or NHTs HN\Ar

R: Ph or CO,Et

OpyoavoKaTOADTES TOV YPIGLUOTOLOVV GTEPEOYNULKI] TUPEUTOOLON

Ph

[ KD
E Q N e N Bulky group N N

|
H H H R

X: H or TMS



ENEPI'OHOIHXH MEXQ MHXANIXMOY ENAMINHX

Development of a New Approach to the Enantioselective Aldehyde Aldol Reaction

substrate catalyst HOMO-activation

Ny 4+ lewisacid (LA) T NNt

OH

e
l

erythronolide B: polyproionate synthesis

sugar synthesis

M Control of aldehyde—aldehyde aldol reactions would allow rapid synthesis of key organic structures



ENEPI'OIIOIHXH MEXQ MHXANIXMOY ENAMINHX

«KAAXXIKOD» TPOIHOI AAAOAIKHX ANTIAPAXHX

W Auxiliary Controlled Aldol: Evans

O OH 0O Oop

0
3 :
oAy g e AN A 2 A

: t :
\_&ME H™ "R o steps e

MW Chiral Lewis Acid Controlled Aldol: Mukaiyama

QTMS 0 Chiral Qo 2 T
Lewis Acid : steps :
Me Me Me
W Chiral Lewis Acid or Amine Catalyzed Ketene [2 + 2]: Nelson
0O OP
7 j\ Chiral Q 0 1 pgt
—_—l —_—
Br)[ﬁ H R Lewis Acid H R
Me ewis Ad Mé R Me

or amine



ENEPI'OIIOIHXH MEXQ MHXANIXMOY ENAMINHX

AAAOAIKH ANTIAPAXH METAEZY AAAEYAQN
Aldehyde—-Aldehyde Direct Aldol: Mechanistic Considerations

O oH

A e — A

W Aldehyde—-aldehyde reaction is believed to lead to polymeric materials

O OH OH OH OH OH

A R

Me Me Me Me Me Me

W Aldolase mechanism shows that enamine aldol reaction should not polymerise

Mea_-On_ . OH

Q aldolase D Q aldolase
J - J N I
H H H

OH



ENEPI'OHIOIHXH MEXQ MHXANIXMOY ENAMINHX
AAAOAIKH ANTIAPAYXH METAZY AAAEYAQN

§ [
N~ YCOH

catalyst
(S)-proline

B Awpoprokn aAooAKT) avTioPacT) HETAED GAOEVOMY

catalyst

O O
+ Me
Me Me DMF
80% yield, 3:1, 97% ee

MacMillan et al, J. Am. Chem. Soc., 2002, /24, 6798

s
o
i

H Anuovpyioa TETOPTOTAYOVS AVOpOKE pE AAIOMKN GVTIOPOGT)

O (0) OH
catalyst
H R
NO NO,

O
)H/Me +
H H
Et
2
96% yield, 62:38, 91% ee
Barbas et al, Angew. Chem. Int. Ed., 2004, 43, 2420

Y




ENEPI'OHIOIHXH MEXQ MHXANIXMOY ENAMINHX

Io aloA01vOvES MG 0PYUVOKATUADTES EVORIVIG

B Trimerization of propionaldehyde

Me
0 10 mol % " o OH OMe
catalyst - MeOH, CSA -
H - OH - OMe
Me DMF, +4 °C Me  Me Me  Me
3 equiv. 86%yield 4:1 (anti-syn)
94% ee
B Cross coupling to non-enolizable aldehydes
OH OMe
o 10 mol % : :
2 catalyst MeOH, CSA OMe
H H)J\I - - Me
DMF, +4 °C
Ma .
2.1 (anti.syn)

2 equiv. 81% yield 97% ee

Mangion, |. K.; Northrup, A. B.; MacMillan, D. W. C. Angew. Chem. Int. Ed. 2004, 43, 6722.



ENEPI'OHOIHXH MEXQ MHXANIXMOY ENAMINHX

* Aldehyde—aldehyde aldol reactions allows conceptually new approach to carbohydrate synthesis

o OH
L = " XX
3 X HLH PO” 7 opP

OF

OH

* (Can we use a combination of organo and metal catalysis to rapidly generate carbohydrates

TMS. + : 0 OH
0 OH ~ ey
OSiMe, ML, lcr OH OH TIPSO
H™ % X AOhC H - TIPSO OAc
TIPSO aTIPS OAc PO OTIPS OH
- ) 8 possible isomers
TIPs0”” TIPSO U TIPSO TIPSO /(I
TIPSO TIPSO TIPSO TIPSO
anti-Felkin anti-non-Felkin syn-Felkin syn-non-Felkin
Altrose Mannose Allose Glucose




ENEPI'OHIOIHXH MEXQ MHXANIXMOY ENAMINHX

Evavtiogkrektik] ovOvleon vootavOpdkmv ovvovdlovrog opyavoKOTAAVOoN Kol
KOTAAVON NE NETUAAN NETUTTTOOCEMS

O OH
0 PD/II
3 X HL"' = PO oP

CP

Chnna

H OH

m Synthesis of fully differentiated Allose in two chemical steps

=
O OH 10 mol % o, OH _
OSiMe; TiCl, TIPSO ! 979 vyield
H - 2, OAC - ; ca
: >19:1 dr, 95%ee
TPsG  OTIs —7810-40°C TIPSO ! Ohe i
o g
anti-Felkin
a-Allose

B Synthesis of fully differentiated Mannose in two chemical steps

0 OH 10 mol % OH

., O

OSiMes MgBr,, CH5Cls TIPSO” 87% yield

" ,l%/cmc = o 191 dr. 959
H —20to +4 °C TIPSO " iopae 18971 dr, 95% ee

TIPSO OTIPS

anti-non-Felkin OH

Mannose

Merging catalysis technologies allows enantio- and diasteroselective access to carbohydrates



ENEPI'OHIOIHXH MEXQ MHXANIXMOY ENAMINHX

Evavtiogkrektik] ovOvleon vootavOpdkmv ovvovdlovrog opyavoKOTAAVOoN Kol
KOTAAVON NE NETUAAN NETUTTTOOCEMS

0. _OH
L o X0 -
3x (u\H Po” " Nop
OP AH

B Synthesis of fully differentiated Glucose in two chemical steps

10 mol %
0 OH - O, ,.OH

J\/l\l OSiMe, MgBrs, Et-O TIPSO ’El 79% yield
HT - .
H/I%/GAC 20 to +4 °C TIESO . OAC 10:1 dr, 95%ee

TIPSO OTIPS :
OH

syn-non-Felkin
Glucose

B Two-Step Strategy is Compatable with a Variety of Protecting Groups

l'J O DH a I 'J D DH 'nl':lr i
i 86% vield T 83% vield
=19:1 dr, 96% ee =19:1 dr, 95% ee
TBOPSO OAC TIPSO OBn
allose allose

OH OH




ENEPI'OHIOIHXH MEXQ MHXANIXMOY ENAMINHX

Evavtiogkrektik] ovOvleon vootavOpdkmv ovvovdlovrog opyavoKOTAAVOoN Kol
KOTAAVON NE NETUAAN NETUTTTOOCEMS

O. _OH
i "I X
3 X HLH — po” " ~op
OP :

OH

B Synthesis of fully differentiated mannosamine in two chemical steps

TIF’SDE:UOH 74% yield neso”” N o 82% yield
“ : 95% : %
TIPSO” ™~ "NBOC 10:1 dr, 95%ee TIFSD/EIIN 12:1 dr, 96% oe
OH a-Mannosamine OH a-2-Amino-Allose
0

TIF‘SD;" IGIDH 71% vyield TlPSD;;I{ijDH 68% yield
. . 059, ., 19:1 dr, 99% ee
TIPSO 19:1 dr, 95% ee

- SAC Me : ‘OAC
OH a-Thiomannose OH a-4-carboallose



ENEPI'OHIOIHXH MEXQ MHXANIXMOY ENAMINHX

Evoopoprokég ahdoMKES avTIOPACELS

m Avtiopaocsig Tomov Hajos-Parrish

O

NH,

carboxylic group 0% 90% ee
tetrazole group racemic 0%

Davies et al, Chem. Commun., 2005, 3802

m XvuvOeon evolopEéc@V Yo TN TOPOYOYN PlodpaosTIK®OV EVOGEMV
@)

TBDPSO//

MeCN

Y

rt, 3h

CHO 77% yield, 99:1. 94% ee

Itagaki et al, Org. Lett., 2005, 7, 4181



ENEPI'OHIOIHXH MEXQ MHXANIXMOY ENAMINHX

OpyovoKaTaAVTIKES AAOOMKES avTIOpacel og NEPO!!II

B Avnidpaoceig Tomov Hajos-Parrish

O o)
10% cat.
+ >
= H,O0, rt
NO,

Barbas et al, J. Am. Chem. Soc., 2006, /28, 734

99%, 89:11, 94% ee

m Xuvleon evolopEéc@V Yo TN TOPOYOYN PlodpaoTIK@OV EVOGEMV

O 0
10% cat.
+ >
= H,0, rt
NO,

Hayashi et al, Angew. Chem. Int. Ed., 2006, 45, 958

@) OH TBDPS

Z
-,

Q‘(D

H OH

86%, 95:5, >99% ee



ENEPI'OHIOIHXH MEXQ MHXANIXMOY ENAMINHX

AMGLOVTOS TNV EKAEKTIKOTNTO TING OVTIOPUGNS HE OGAAOYY] TOV OOUIKAOV
YOPUKTIPLETIKOV TOV 0PYUVOKATAAVTOV

Predictable Stereochemistry for Aldol and Mannich

B Use of proline or proline-type catalysts leads to anfi-aldol or syn-Mannich

H
0O OH
R.J%,,Q Aldol
B ‘0. ! _ B - )I\/I\
_-# - 1
H - H\o o anti-selective H™ Y R
HJ“Q"‘_’!“ H R
="
X~ =4
\0 (0]
Bifunctional H
activation |pmp Mannich Q  NHPMP
R IH"':-"""N [ -
H o ! . - 1
“T" “H syn-selective H : R
A o™ ~0 )

B Maruoka's binaphthyl catalyst is a significant advance to access opposite sterecisomers

" 0 )
oC o M
o T W T

R
Syn-aldol: ACIEE 2004, 43, 6722

Anti-Mannich: JACS 2005, 127, 16408




ENEPI'OHIOIHXH MEXQ MHXANIXMOY ENAMINHX

Ext0¢ 00 T1g 080 TEPOTAYELS CUIVOONAOES (KOL LOLUITEPQ TO «YUPLONATIKO» OUKTUALO
NG TVPPOALIIVIIC, TPOTOTAYEIS AULVOONADES ExovV Yproipomon el pe emriylo otV
0PYOVOKUTAAVOT

B H wotoivn 0¢ 0pyavoKaTa DTS Y10 TNV 60VOEGT GuK POV

O [~ —
- OH
% + H/“\(\O 10% cat. _ M\O H H
. O O OH
OH OH 74Me H,0, rt OH OH +Me
i G OH CH,OH

82%, >98% de, >99% ee

Mahrwald et al, J. Am. Chem. Soc., 2009, /31, 16642

B H ciavivn ¢ 0pyavokaTtaADTIS Y10 0AOOAKES AVTIOPAGELS

O 0
30% cat.
A o =
DMSO, 4 days
NO

2

O OH

95%, 94:6, 99% ee

Cordova et al, Chem. Commun., 2005, 3586



ENEPI'OHOIHXH MEXQ MHXANIXMOY ENAMINHX

Monofunctional Enamine Catalysis

B Bifunctional activation is not absolutely required for selective catalysis

Me Me Me Bn

O OMe OH Nf
10 mol% catalyst
-
H then, MeOH/CSA MeO™ ™ H/H<

41 (ant:syn)
94% ee

B Imidazolidinone and Jergensen-type frameworks have been widely applied

0O Me 0 Me
M’ N’
Me Ar
N N)'," H OTMS
H H Me Ar
Bn Bn

Ar




ENEPI'OIIOIHXH MEXQ MHXANIXMOY ENAMINHX

Enamine Chemistry with Jorgensen's Catalyst

o
Ar
N
H OTMS =
AT =]
_PMP
O  HN o] 0 0
3 Ph F
H CO,Et H e H H NEn,
Et Et Bn Et

83%, 94% ee, 4:1 dr

0 o

HJ\(\/“\ME

Et

83%, 93% ee

Et

79%, 90% ee

T4%, 93% ee

o
Br

i-Pr

T4%, 94% ee

84%, 90% ee

Bn

70%, 87% ee

Franzén, J.; Marigo, M.; Fielenbach, D.; Wabnitz, T. C_; Kaersgaard, A.; Jergensen, K. A. J. Am. Chem. Soc. 2005, 127, 18296.
Chi, ¥.; Gellman, 5. H. J Am. Chem. Soc. 20086, 128, 6804.
Ibrahem, I.; Zhao, G.-L.; Sunden, H.; Cardova, A. Tettrahedron Lett 2006, 47, 4659



ENEPI'OIIOIHXH MEXQ MHXANIXMOY ENAMINHX

Avtidpéacsig Michael- MHXANIZMOI APAXHY

%
H

O
RIJ]\/R

o — X9 X9

R

E-ENAMINE Z-ENAMINE

I

0

Rl )\‘-\
% = O [hhee Z s
STABILIZING N STEREOCHEMICAL
’2\ R! INTERACTIONS REPULSION
h 1
N / EWG \\/ R

R I EWG
R R N

R



ENEPI'OIIOIHXH MEXQ MHXANIXMOY ENAMINHX
Avtidpacerg Michael

B KuKAMKEG KETOVES HE VITPOOAEPIVES YPNOLUOTOLAVTOS OEVTEPOTAYEIS AUIVES

NO,

+ /_—_/ 15% cat. .

Ph DMSO or MeOH

23-47% yield, >90%de, 94-99% ee

Barbas et al, Tetrahedron Lett., 2001, 42, 4441
List et al, Org. Lett., 2001, 3, 2423
Enders et al, Synlett, 2002, 26

B KuokKMKES KETOVES NE VITPOOAEPIVES YPNOCLUOTOLOVTOS TPMTOTAYELS AUIVES

O NO, O Ph
+ /.—_.J 30% cat. N02
Ph DMSO, H,0
X: OH, Ala 21% yield, 6:1 dr, 81% ee
X:Ala, H-Ala-Ala-OH  55% yield, 12:1dr, 84% ee
X: NHCH(Ph), 92% yield, 27:1 dr, 93% ee

Cordova et al, Chem.Comuun., 2006, 460



ENEPI'OIIOIHXH MEXQ MHXANIXMOY ENAMINHX
Avtidpacerg Michael

«Avekoi avtiopacn Michael peta&b akeTtdvng kot vitposTvpeviov

B Benchmark Catalysts for the Reaction Between Acetone and Nitrostyrene

o O Ph
)k NO, catalyst M NO,
M M + S > Me
¢ o PH solvent
0
OH

N N N
H H HN\N//N H 0 B 0

DMSO DMSO DMSO : .

20% mol, 63% yield, 7% ee 20% mol, 68% yield, 42% ee 20% mol, 67% yield, 39% ee PrOH:EtOH

5% mol, 87% yield, 48% ee
List et al., Org. Lett., 2001, 3, 2423 Ley et al., Synlett, 2005, 611 Terakado et al., Chem. Lett., 2005, 34, 962
Kokotos et al, Tetrahedron, 2009, 65, 1444

l\|/[e Bu! S h Ph ?
E P ., _P=Ph
Ph\/N\”/\N/”\ W j) N Ph
H H TR
O NH2 2

Toluene, AcOH, H,O
toluene, PhCOOH 15% mol, 100% yield, 91% ee THF. 4-NBA neat

109 1, 93% vield, 999 ) 9 % Vi 0
R Tsogoeva et al., Chem. Commun., 2006, 1451 15% mol, 90% yield, 99% ee R Ve T e

Xu et al., Eur. J. Org. Chem., 2010, 656
Jacobsen et al., J. Am. Chem. Soc., 2006, /128, 7170 Docherty et al., Tetrahedron Lett., 2010, 51, 209



ENEPI'OIIOIHXH MEXQ MHXANIXMOY ENAMINHX
Avtidpacerg Michael

Avtiopacn Michael peta&d kukhoeavovng Kot ViTtposTVpEViov

B Benchmark Catalysts for the Reaction Between Cyclohexanone and Nitrostyrene

0
NO,
catalyst
N . y
PH solvent
0
OH —=N N Ph Y
N % N N ¥ N \H N7 N
H H HN._ # H 7 H H
N HN\N NH2
DMSO, 15% mol, iPrOH:EtOH, 15% mol iPrOH:EtOH, 15% mol Toluene, AcOH, H,0, 15% mol,
89% yield, 15:1 dr, 25% ee 88% yield, >19:1 dr, 91% ee 80% yield, >19:1 dr, 62% ee 82% yield, 4:1 dr, 96% ee
List et al., Org. Lett., 2001, 3, 2423 Ley et al., Synlett, 2005, 611 Tsogoeva et al., Chem. Commun., 2006, 1451

Ley et al., Org. Biomol. Chem., 2005, 3, 84

OH NHSO,Me (y\ (}/\
—(CH,),CH N\
Q,\ﬂ/ Q/\H/ N ,)oCH; N \:>

N \ i -
. u

0% vield 'PrOH:EtOH, 10% mol THF, 20% mol .
64% yield, >19:1 dr, 90% ee 92% yield, 98:2 dr, 90% ee neat, 15% mol

100% yield, 99:1 dr, 99% ee
Barbas et al, Synthesis, 2004, 1509
Kokotos et al, Tetrahedron, 2009, 65, 1444 Luo et al, Angew. Chem. Int. Ed., 2006, 45, 3093



ENEPI'OIIOIHXH MEXQ MHXANIXMOY ENAMINHX
Avtidpacerg Michael

B ALS5£002c kar viTposTUpéVIa

O O Ph

NO,
0 NO
AL R NP P
Ph

R iPrOH, 0 °C R

99% yield, 99:1 dr, 96% ee

Wang et al, Angew. Chem. Int. Ed., 2005, 44, 1369

B A)Ldc0d5g K ViTpooTLpEVIX

O NO, (@) Ph
—/ 0 NO Ph
H )K‘ 4F B A > H )%/ 2
R A hexane, 0 °C R N I
H  OoTM™mSs

52-85% yield, 84:16 to 96:4 dr, 99% ee

Hayashi et al, Angew. Chem. Int. Ed., 2005, 44, 4212



TPOHOI ENEPI'OITIOIHXHX XTHN OPTANOKATAAYXH

Organocatalysis —

The rapid growth of organocatalysis over the last
10 years was fueled by the development of a
small number of generic activation modes

O ,Me
N
Me
&)ﬁ( Me
Ph | Me

1

R

~ 50 new reactions

MacMillan, Jorgensen

Iminium catalysis @

Enamine catalysis @

Hoch

N
Me)}

R

~ 20 new reactions

Hajos-Parrish, List-Barbas

H-bond catalysis @

~ 30 new reactions

Jacobsen

B Last 10 years, organocatalysis has delivered many new asymmetric transformations

These 3 activation modes cover a large portion of the organocatalysis landscape




TPOHOI ENEPI'OITIOIHXHX XTHN OPTANOKATAAYXH

ENEPI'OITIOIHXH MEXQ IONTOX IMINIOY

Design of General Organocatalytic Strategy: L UMO-Lowering

B Lewis acid catalysis typically involves activation of a substrate to n-facial addition by lowering
the LUMO component of one reactant with respect to the HOMO of the reacting partner

B Diels-Alder

o OJLA‘ cl,-" LA ]
R A NS N

B This activation—catalyst turnover mechanism should hold for any carbogenic system that exists
as an equilibrium between an electron—deficient and a relatively electron—rich state

substrate catalyst
N, + Lewisacid(LA)
RGN * vl

O H -HCl

—
-

-

LUMO—activation

MD"‘* LA
+

Mufﬁ
| +
R

B Can amines function as catalysts for transformations that traditionally employ Lewis acids?



TPOITIOI ENEPI'OITIOIHXHX XTHN OPTANOKATAAYXH
ENEPI'OINIOIHXH MEXQ IONTOX IMINIOY

Design of General Organocatalytic Activation Strategy: Iminium Catalysis

B Amine Catalyzed Diels-Alder

M
H HCl
@ P NN - Z P
catalyst
CHO
B Amine Catalyzed [3 + 2] Cycloadditions
HMH,H o y
+ HCI P M2
PN _ Ph” N z
o_ catalyst Pi” Yeno
B Amine Catalyzed Mukaiyama Michael
R, AR

OTMS

N
H HCl =
Me catalyst

B Many other transforms should be possible: Conjugate Additions, Epoxidations, Cyclopropanations




TPOITIOI ENEPI'OITIOIHXHX XTHN OPTANOKATAAYXH
ENEPI'OINIOIHXH MEXQ IONTOX IMINIOY

Organocatalyzed Diels—Alder Reaction: ReactIR Studies

Abs /

] V ] i i T T
16800 1750 1700 1650 1600 1550 | ! | ' |
1800 1750 1700 1650 1600

wavenumbers wavenumbers
s
@ 7/ Ph @ 10% N COMe 7 Ph
MeOH L
P N0 B H™ ~O P NN, A BecH H 0
81% yield 48% ee

B Amine Catalyzed Diels—Alder Reaction is facile at room temperature



TPOITIOI ENEPI'OITIOIHXHX XTHN OPTANOKATAAYXH
ENEPI'OINIOIHXH MEXQ IONTOX IMINIOY

MMS3 Calculations Predict the Correct Sense of Enantioinduction

B Two possible iminium ion intermediates

_ CO-R 7
CO.R )\
AR \ N e S
Me 0 NHMe N trans @ y
N
«HCI = CHO

I

@ . or he _ Me
20 mol% : ~__-CO:R exo (2R)
Y . N Me 65% ee
N Me” S
- H cis |

\ -~
Me  exo (2 -~ exo (2A)
X0 (25) A~ | N /
L - -
- T SN / I
trans—iminium \ / \ .// "'i cis—iminium

232.44 kJmol™ L / / 229 53 kJmol™

\ L

Is the reaction enantioselectivity compromised by participation of both ¢is and trans iminium ions



TPOITIOI ENEPI'OITIOIHXHX XTHN OPTANOKATAAYXH
ENEPI'OINIOIHXH MEXQ IONTOX IMINIOY

Imidazolidinone Catalyst should also provide Iminum lon Geometry Control

B Readily available from chiral pool

rd
o N
co.M . AR Me
Ph/\r O Me NHMe; )'ME Me o 2:)::&13
I +

NH; acetone, HCI Ph |
HCI
(S)-Phenyl alanine o o |

4-midazolidinone Me'
methyl ester L -

favored geometry

""} e \ ” / cHo
.4’ /
_,\. ,.ﬁ / .h Fat ]::> T + h!I‘:HD
D

_ ' i exo (S) predict exo (R)

/ @ Re-face
w \/ (exposed)

Calculations suggest strong bias for addition to exposed Re—face ——» Highly Organizationed TS




TPOHOI ENEPI'OITIOIHXHX XTHN OPTANOKATAAYXH

Imidazolidinone Catalyst provides High Levels of Enantiocontrol

ENEPI'OITIOIHXH MEXQ IONTOX IMINIOY

First highly enantioselective organocatalytic Diels—Alder reaction

OAC

7 \_

Ph

A\

e

-

Mg

NHCBz

7 \_

HM@

OAc

72% yield ~_ CHO
- O
10 mol% cat
75% yield LCHO
> /O\
10 mol% cat Ph Me
Me
75% yield ~~CHO
¥ ol
20 mol% Me

5 mol% cat

NHCBz

AL CHO
- L
R = H, CH,OBz, Me, CO,Me a

MacMilllan et al, J. Am. Chem. Soc., 2000, 122, 4243

8 M

&
Nf
Me
Ph )’
L

N Me
Tion H
catalyst

endoexo 11:1
endo (5) 85% ee

90% ee

endoexo 51
endo (S) 90% ee

endoexo 90:10 to 96:4
endo (S) 93-99% ee

93% yield



TPOHOI ENEPI'OITIOIHXHX XTHN OPTANOKATAAYXH

ENEPI'OITIOIHXH MEXQ IONTOX IMINIOY

A generic mode of activation and induction?

B A generic activation mode describes a reactive species
that can participate in many different reaction types
with generically high levels of enantioselectivity

B Would the combination of iminium catalysis and
imidazolidinone catalyst provide a new

generic activation mode?

B J
f\/ Ve
oy a4 N\
R et
~”
1
/"I

Re—face generically open to
enantioselective bond formation

substrate catalyst activation mode

/
M
] !ME ),HE
M +
HMD + )’Me - = N
M 1
Ph H e

Several
——» enantioselective
catalytic reactions?

Nu: (we hoped for 3)




TPOITIOI ENEPI'OITIOIHXHX XTHN OPTANOKATAAYXH
ENEPI'OINIOIHXH MEXQ IONTOX IMINIOY

? M
Iminium catalvsis @
—
r\
_ H
o Me
’ U

N
Ml
ﬁ/\ﬁé Me

Ph Hme
R 0 Me

- - } N
~ 50 new reactions | Qi)\ﬁm
M Me

I"»“Ie



TPOIIOI ENEPIT'OIIOIHXHX XTHN OPTANOKATAAYXH
ENEPI'OINIOIHXH MEXQ IONTOX IMINIOY

m OpyavoxkatoivTiki) avridopacn Friedel-Crafts ne moppoa

R3 R3
O
Rzﬂ N H - Rz’Q\‘/\/O — [ ) COOH
N | THF-H,0, Iu{ . A — N
R! R -20 °C

68-90% yield, 87-97% ee (-)-ketolorac

MacMillan et al, J. Am. Chem. Soc., 2001, /23, 4370
Ishihara et al, Adv. Synth. Catal., 2002, 344, 728

B OpyavokotolvTikny avriopaon Friedel-Crafts pe wvoéira

MeO

+
L§=o
s
\®]
S
R
\j

90% yield, 87% ee

COX-2 inhibitor Br
MacMillan et al, J. Am. Chem. Soc., 2002, /24, 1172



TPOIIOI ENEPIT'OIIOIHXHX XTHN OPTANOKATAAYXH
ENEPI'OINIOIHXH MEXQ IONTOX IMINIOY

B OpyovokatolvTiki avtiopacn Friedel-Crafts pe wooro

Tz

BMS-594726
serotonin reuptake inhibitor

90% yield, 84% ee

King et al, Org. Lett., 2005, 7, 3437

m Opyovokataivtikn avriopaon Friedel-Crafts pe niekrpoviké mrhovoro apévia

OMe OMe Me OMe Me Me

Q 0 CHO
20% > Me
+ —_—
e
Bn { | H chycl, B < — > Bn.
N N

90% yield, 90% ee

Kim et al, Tetrahedron Lett., 2005, 46, 2437



TPOIIOI ENEPIT'OIIOIHXHX XTHN OPTANOKATAAYXH
ENEPI'OINIOIHXH MEXQ IONTOX IMINIOY

Traditional Methods for Asymmetric Hydrogenation

B Organometallic hydrogenation (Noyori)

Ph
| .Ph
X OH P H OH
J\/g M ks
= P< b LI
.,
Y 8] | “Ph (8]
Ph X
H

olefin M = Pd, Bh, Ru Enantioenriched
olefin

B Organic systems: Enzymatic reduction (hydrogenation) is mediated by NADH

nicotinamide-adenine-dinucleotide-H (NADH) NADH

Can a coenzyme analog be utilized in the reducion of carbon-carbon bonds



TPOIIOI ENEPIT'OIIOIHXHX XTHN OPTANOKATAAYXH
ENEPI'OINIOIHXH MEXQ IONTOX IMINIOY

Organic Catalyzed Reductions in Biological Systems

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

alanine transferase

OH -0
—h— Me/\“/ 4

[N b=

4
enzyme ©
methyl NADH catalyst alanine
pyruvate
HaM

)
A}
O\ H
M M
active site A A
. rg
NADH reduction NHR
4
Selective reduction of pyruvate imines to create amino acids

Could this organocatalytic sequence be utilized in the redution of carbon—carbon double bonds



TPOIIOI ENEPIT'OIIOIHXHX XTHN OPTANOKATAAYXH
ENEPI'OINIOIHXH MEXQ IONTOX IMINIOY

Organic Catalyzed Reductions in Chemical Synthesis

M Hansch Esters: NADH analogs for organocatalytic hydride reductions

H H
X MeO,C COMe H
A T T — ks
Y @]
Me' l~|l Me
olefin R catalyst  hydrogenation
NADH
analog

transition siate

organic iminium reduction

Can the Hansch ester be used to enantioselectively deliver hydride

Could this organocatalytic sequence be utilized in the reduction of carbon—carbon double bonds



TPOIIOI ENEPIT'OIIOIHXHX XTHN OPTANOKATAAYXH
ENEPI'OINIOIHXH MEXQ IONTOX IMINIOY

The Direct and Enantioselective Reduction of a,-Unsaturated Aldehydes

_f
IS e e Lo

= 10 mol% Y
olefin —40°C, <24 h p-chiral aldehyde
1_2 eqs
M Me )
° 93% ee T 94% ee 96% ee
Yo 91% yield No  74% yield o 91% yield
\I_/ Me 91% ee
= 97% ee 90% ee i
TIPSO 839 vield
Me” "o 95% yield \)\/\o 74% yield meozc/l\AD yi

MacMillan et al, J. Am. Chem. Soc., 2005, 127, 32



TPOHOI ENEPI'OITIOIHXHX XTHN OPTANOKATAAYXH

ENEPI'OIIOIHXH MEXQ IONTOX IMINIOY
Isomerization Kinetics Monitored by VT-NMR

B Interconversion of E olefin to Z olefin occurs, but high enantioselectivity is observed
Me

= Me 0
W@ \N{
0 0 . Mo
EtO OFt H =1FA
¢ || 20mol% o
Me” N7 e B

CDClg, -30°C, 23h

% 1.5 eq. 94% ee
=
Me =0

Relative Quantities of E and Z Isomers At Various Reaction
Time Points
120

100 4
2 N,
R
@
& # E olefin
=]
£ e
E W 7 olefin
H
=4l
% .’..‘
[ L ]
0 teee o ..
——-------l---lll:llllltll
i
o 200 400 600 800 1000 1200 1400 1600

Tima (mim.)

MacMillan et al, J. Am. Chem. Soc., 2005, 127, 32



TPOHOI ENEPI'OITIOIHXHX XTHN OPTANOKATAAYXH

ENEPI'OIIOIHXH MEXQ IONTOX IMINIOY
The Direct and Enantioselective Reduction of a,-Unsaturated Enones

(o]
Me, 0 H H o
N MeO.C COsMe
Oy e L " é\
—h.
Is) Me’ I'il Me =
Mé =

23°C.<10h
10 mol% 120 mol%s enanticenriched
0 (o]
96% ee 05% ee 96% ee
81% yield 72% yield 85% yield
Me Me
me Me
? o
98% ce 88% ee
o !
o1% ?e Me ’ . 1% yield
3% yield M Me 66% yield

also possible with larger rings

MacMillan et al, J. Am. Chem. Soc., 2006, 128, 12662



TPOHOI ENEPI'OITIOIHXHX XTHN OPTANOKATAAYXH

ENEPI'OIIOIHXH MEXQ IONTOX IMINIOY
Enantioselective Hydrogenation in a Bottle: Numerous Applications

Direct Enantioselective Organocatalytic Transfer Hydrogenation of Enals, Enones

B Mixture for Asymmetric Catalytic Hydrogenation: MacH-(R)

Me

10 mol% 120 mol%

MacH-(R)

B Asymmetric transfer hydrogenation using MacH (after 9 months shelf time)

CHCI,, -30°C 5 93%ee
Me Me

MacMillan et al, J. Am. Chem. Soc., 2006, 128, 12662



TPOIIOI ENEPIT'OIIOIHXHX XTHN OPTANOKATAAYXH
ENEPI'OINIOIHXH MEXQ IONTOX IMINIOY

Organocatalytic Synthesis of Pyrroloindoline Natural Products

o]
0
ISP
Br N ! PlJ \“) .
Me N H 5
l Fructigenine C Amouromine
Flustramine B isolation Takase Tefrahedron Lett. 1985, 847
J. Org. Chem 1980, 49, 1586 J. Nat Prod 1998, 61, 804 Danishefsky JACS 1999, 127, 11954
N
B
"‘\NJ'I\N/ Yoy o A_]C

Urochordamine

NN
. O T
NN
HOH I
] e
N TN

A r-!qe (1) Quaternary sterocenter(s)

(2) Vicinal sterocenter control

(3) Pyrroloindoline ring system
(4) Enantioselective Catalysis

(—=) Chimonanthine
isolation Overman

Tetrahedron Left. 1993, 4819 JACS 1999, 121, 7702

B Can we perform enantioselective catalytic construction of pyrroleindoline core in one step?



TPOIIOI ENEPIT'OIIOIHXHX XTHN OPTANOKATAAYXH
ENEPI'OINIOIHXH MEXQ IONTOX IMINIOY

Organocatalyzed Pyrroloindoline Construction: Catalytic Cycle

B Organocatalytic Indole Alkylation

x-
“MD " \\(\D:S
Me, 0 Me

\
M N—f

=

X\w/

""'Z



TPOIIOI ENEPIT'OIIOIHXHX XTHN OPTANOKATAAYXH
ENEPI'OINIOIHXH MEXQ IONTOX IMINIOY

Organocatalyzed Pyrroloindoline Construction: Catalytic Cycle

B Organocatalytic Indole Alkylation B Organocatalytic Pyrroloindoline Construction




TPOIIOI ENEPIT'OIIOIHXHX XTHN OPTANOKATAAYXH
ENEPI'OINIOIHXH MEXQ IONTOX IMINIOY

Organocatalytic pyrroloindoline strategy is amenable to

the synthesis of biomedically relevant molecules

B Enantioselective construction of pyrroloindoline core

CHO
(;I{\NHBDC 10 mol %%
catalyst 809 ae
= Vo
N "0 , » 8524 vield
CH,Cl/H;0 TN 5% yie
\ |H ; é:c

B Enantioselective construction of (+)-pseudophyrnamine

M M Me
T TC
J steps 3 steps -
£ :
46% vyield N 5% yield N N7 =
H

T
=—=

in



TPOHOI ENEPI'OITIOIHXHX XTHN OPTANOKATAAYXH

ENEPI'OITIOIHXH MEXQ IONTOX IMINIOY

Cyclopropanation with Ammonium and Sulfonium Ylides

B Enantioenriched cyclopropane motif widespread in nature and medicine

N

O

H A variety of metal-carbenoid methodologies exist

=4000 natural isolates

=100 medicinal agents

Lebel, H.; Macoux, J.-F_; Molinaro, C_; Charette, A. B. Chem. Rev. 2003, 103, 977.

Et, H Charette
o)

on =4  JACS 123 12168
Ph Ph

D-..Ti..-O Up to 92% ee

iPid OiPr
Zn(CH,)

PHM{)H 202

Ph/d/\ oH

Me_ Me

0%,0
o0
N"‘clu"N /
OTf /V

Hozcﬁﬂz

=

P

Evans
JACS 113, 726

Up to 99% ee

oo

Many other important contributions (Kobayashi, Denmark, Davies, Nishiyama)




TPOIIOI ENEPIT'OIIOIHXHX XTHN OPTANOKATAAYXH
ENEPI'OINIOIHXH MEXQ IONTOX IMINIOY

Cyclopropanation with Ammonium and Sulfonium Ylides

B Gaunt's ammonium ylide organocatalytic cyclopropanation example

o
B[\-)ko'-:u o ) _ o
B CsCOy (1.3 equiv.) Me "‘Lpn 63% yield
0 § MeCN,80°C W\Ms 93, ee
\I)k Xy ome
Ph |
N~ 20mol%
Me

Papageorgiu, C. D.; Cubillo de Dios, M. A_; Ley, 5. V.; Gaunt, M. J. Angew. Chem. int. Ed. 2003, 43, 4641

B Stabilized sulfonium ylides are compatible with aldehydes

CHO

Me,
CHO Me " o
ol acetone v/ 50% vield
—~ CO,Et -

e Me” >N 50°C 41 dr.

CO,Et

Payne, G. B. J. Org. Chem. 1967, 32, 3351



TPOHOI ENEPI'OITIOIHXHX XTHN OPTANOKATAAYXH

ENEPI'OITIOIHXH MEXQ IONTOX IMINIOY

Enantioselective Organocatalytic Cyclopropanation

B Surprisingly, imidazolidinone amine were ineffective

R M TEA
N Ml
Nee 0
b
‘\‘ r-.|-1E- O H Me n-Pre,,
Me” NN :SJ\ Fh o
M Ph
= = CHCl,, 23 °C
CHO
O Me
&
N TFA
Me O H n-Pre,
AN +'I*\).L Ph o Ph
Me 0 = -
Me™ > Ph CHCl;, 23 °C
CHO

B An initial success using proline as a catalyst

(N i
Mz

O N® COzH -Pr.
P N +l\)L H ' Ph
Me o ,-*C' -
Me®™ >~ Ph CHCl;, 23 °C

CHO

0% conversion

0% conversion

46% ee
21 dr.
T2% conversion



TPOIIOI ENEPIT'OIIOIHXHX XTHN OPTANOKATAAYXH
ENEPI'OINIOIHXH MEXQ IONTOX IMINIOY

Mechanistic Postulate for Catalytic Activation and Observed Enantioselectivity

B Electrostatic directed enantioinduction and activation

productive
0 J _ o Q
Me?g\)L \’GI“-- :L an J‘:"’ N aoa Y‘E"""'----r : ~— "-r .
o Ph a a \ -k "‘--r 3 % a \ "'-:"“ ) 8]
@ ' / e ® 0 }
€ E) R.,
‘;- _ \" ‘) ! Ph
(- i
' @ WO —>
@coﬁ’ o 0 — CHO
2 .Q.D{}e .
H _ / Q Q £ _:-' g good reactivity
| Al N : S — poor enantiocontrol
(Z2)-iminium ¥ -~ e non-productive
B Poor iminium geometry control leads to poor enantiocontrol
Q) o) p
qﬂa qu ‘ ?
CNe o /% = o 8 W "~
lT P—d —¢ mec?o‘:h_‘,»-.. — _
Y = | -
T e ™ e R ~7 cHO
| - 'q-'f‘i' - w‘-. b

{ E)-iminium
Can we retain electrostatic activation yet control iminium ion geometry?
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Modulation of Catalyst Architecture to Control Iminium Geometry

B Proline is an efficient but poorly selective catalyst

O\ AP q)‘co; O\EE}E

+

N

H 602H I > | _.‘__.- I
46% ee (2}'1 R . (E}_‘I

72% conversion

poor geometry control — poor selectivity

B Introducing allylic strain to control iminium geometry

=

: o |
o] o2 B O
N~ CoH I > i “\L — oo
I
hydroindoline (2)-2 A R | (E)-2

high geometry control — high selectivity

B Can we use catalyst architecture to dictate an E-iminium ion geometry
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Enantioselective Organocatalytic Cyclopropanations

o
MEW’"‘Y)LPh
CHO

95% ee
301 dr.
85% vyield

o}

Me i,
\I/ Y/ “Ph
m

CHO

96% ee
431 dr.
63% vield

Q\?\ODZH

H

(20 mol%s)
CHCls, —10°C

O

N"'Y)Lpn

CHO

96% ee
241 dr.
T4% yield

O

Me,,
‘ Ph

CHO
90%ee

=191 dr.
67% yield

MacMillan et al, J. Am.

Ph

CHO

o

Alm’f"*%ﬁ

CHO

91% ee
21:1dr.
7% yield

CHO

89% ee
33:1dr.
3% yield

Chem. Soc., 2005, 127, 3240
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Testing the Mechanistic Postulate for Cyclopropanation

B A highly selective organocatalytic cyclopropanation method has been developed

E :[ l 0
M CO=H

Me O .
| H o n-Pr., 95% ee
Me o MQrE\)J\Ph { - 30-1 dr.

CHC'BI o3 o CHO 85% '_'y'l@'d

However is the Reactive Intermediate Truly An Activated Iminium lon?

B Test premise of iminium ion activation M Test the premise of electrostatic activation
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Studies To Investigate the Mechanistic Postulate

Determing the essential features for catalytic activity

B Both a secondary aniline amine and carboxylic acid are essential

iminium ion & electrostatic activation cannot form iminium ion

78% conversion 0% conversion

B Michael electrophiles are unsuccessful cyclopropanation substrates
cannot form iminium ion

cannot form iminium ion cannot form iminium ion

no electrostatic activation

CO,Me

= “COsMe

0% conversion 0% conversion 02 conversion

: :N COsMe

& CTCA

0% conversion

poor iminium substrate

Me

g\CHD

low %see
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Studies To Investigate the Mechanistic Postulate

Probing the electrostatic association and activation

solvent £ % ee % CONV. [M] % ee
CHCl; 47 05 85 —— 025 79
THF 7.3 77 25 0.1 84
acetone 20.7 28 16 0.05 89
DMF 36.7 -30 20 0.01 92
0.006 94

B Solvent and concentration effects reinforce mechanistic model
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The Jorgensen Diarylprolinolether Class Catalysts

CFa
O i @\Frﬁu Large aryl and Si Group
N otmMs 3 HH T | OTMS W control iminium geometry
Q ! J|) M shield the top tace

R
F5C CFs )

Re face exposed

H In 2002 the Jorgensen group disclosed their very useful catalyst for enamine and iminium catalysis

B Reactivity is typically orthogonal to the imidizolidinone class of catalysts

Electrophilicity

| | | =
-9.80 —7.20
Q Me
& Pa!
@ @ Me
N Bi N® ‘Me

Lakhdar S.; Tokuyasu, T.; Mayr, H. Angew. Chem. Int. Ed. 2008, 47, 8723
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Hydrophosphination of Enals with the Jergensen Catalyst

10 mol % catalyst Ph

O, Ph
W H—PPh, -

H H  PPhy

B Reactivity is typically orthogonal to the imidizolidinone class of catalysts

9] Me
: ¥ Me PhCO,H
Bni N)‘Me toluene, 21 °C
H i 95%, 75%ee
TFA A
toluene, 21 °C P;tlh(;gr P_f11 E?EH

T6%, 0%ee 95%, 94%ee

Carlone, A_; Bartoli, G.; Bosco, M_; Sambn, L_; Melchiomre, P. Angew. Chem._ Int. Ed. 2007, 46, 4504.
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Scope of the Jergensen Catalyst

WFH -
)
OTMS [
Ph
\)k \I\ /Hl\ Me /\&‘\ H
toluene, 0 °C to 21 “C Pt Ph

0,

=i

40%5, 41 dr, 99% ee
Enders, D_; Huttl, M. R. M_; Grondal, C.; Raabe, G. Nafure 2006, 441, 861

D*Ar
N
Q H OTMS OMe

Ar H
H H 202 OMe
| CH,Cl,;

C-H H "'DH
s NaOMe/MeOH ik
65%, 98% ee

Albrecht, L ; Jiang, H_; Dickmeiss, G_; Gschwend, B_; Hansen, 5. G_; Jergensen, K. A. J Am. Chem. Soc.
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Scope of the Jergensen Catalyst

m Involved in the development of other highly useful, though less well-known organocatalysts

IME

N
rq)“cozH o ;o9
(o] (0] a

Ph H ~ T o
BnO Me 93% yield
BHDMDBn Ph/“‘-\-..)LMe Neat, rt = )I\/k

99% ee

Halland, N_; Aburel, P 5 ; Jergensen, K. A_ Angew Chem_ Ini. Ed 2003, 42, 661

n

H -
g ¢ CH,Clp, —20 °C;

TFAA; NaBH,

E\Z /g

04% yield
02% ee

Frisch, K_; Landa, A_; Saaby, 5.; Jergensen, K. A. Angew. Chem. Int. Ed. 2005, 44, 6058.
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Iminium activation strategy is useful for a variety of organocatalytic reactions

Diels—Alder
JACS 2000, 122 4243

7
L&lcm

M

90% ee

in

Nitrone Cycloaddition
JACS 2000, 722 9874

94% ee

Pyrrole Friedel-Crafts
JACS 2001, 723 4370

/\

M
Me

20

Ph 03% ee

Indole Addition
JACS 2002, 124 1172

CH,0Bz

=0

2

==
m

Aniline Addition
JACS 2001, 124, 7894

MesN
_0

CO.Me

Vinylogous Michael
JACS 2003, 125, 1192

-Pr

06% ee

06% ee

06% ee

Ketone Diels-Alder

JACE 2002, 124, 2458

ChzNH O

Enal hydrogenation
JACS 2005, 127, 32

Ph

Et MC‘ g4,

Enone hydrogenation
JACS 20086, 128, 12662

O

529

Bu

'“LET
082 ee

2e
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Iminium activation is useful for a variety of transformations

Intramolecular Diels—-Alder
JACS 2001, 124, 7894

Addition-Cyclization
PNAS 2004, 107, 5482

90% ee
M

Amine Conjugate Addition
JACS 2006, 128 9328

Boc., _OTES

[N R

n-PrMO

Cyclopropanation
JACS 2005, 127, 3240

n-Pr ACOPh
W‘ 959

Yo e

CHO

Epoxidation

Tetrahedron Yi Award
20086, 1472

O
PHMD 02% ee

Aziridination

Ms
&

M

MEDZCMQ

093% ee

Nitroalkane Addition
Me
O.N A
\I/\Ac'
Me
05% ee

Tertiary Amino Acid

O Me

99% ee

Aryl or Vinyl BF;K Addition
JACS 2007, 127, 15438



