
Enamine Catalysis: Fifty Years in the Making

! Stork's landmark 1954 publication outlines benefits of enamines vs enolates
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Enamine Catalysis: Inspiration from Biology

! Mechanism of class I aldolases is proposed to involve enamine intermediates

Fructose bisphosphate aldolase
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Enamine Catalysis: Early Adoption in Total Synthesis

! Woodward-Wieland-Miescher enamine cyclization for steroid synthesis

Wieland, P.; Miescher, K. Helv. Chim. Acta 1950, 33, 2215
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Hajos-Parrish-Eder-Sauer-Wiechart: Asymmetric Breakthrough

! Use of proline to deliver the Weiland-Miescher ketone in an asymmetric fasion
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Bifunctional Enamine Catalysis: Generic Induction Platform

! Use of proline or proline-type activation a widely exploited mode of ketone activation
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Predictable Stereochemistry for Aldol and Mannich

! Use of proline or proline-type catalysts leads to anti-aldol or syn-Mannich
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Monofunctional Enamine Catalysis

! Bifunctional activation is not absolutely required for selective catalysis
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! Imidazolidinone and Jørgensen-type frameworks have been widely applied
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Enamine Chemistry with Jørgensen's Catalyst
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Dienamine Activation:  !-Amination of Enals
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HOMO-Raising Catalysis Beyond Enamine Activation
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Ketenes as Precursors for Ammonium Enolates

! Attack of nucleophilic tertiary amine on ketene leads directly to ammonium enolate
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Ammonium Enolates as Versatile Synthetic Intermediates
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Alternative Methods to Access Ammonium Enolates

N
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! Also applicable to Baylis-Hillman type reactivity



Asymmetric Ylides Formed from Chalcogenides

Furukawa, N.; Sugihara, Y.; Fujihara, H. J. Org. Chem. 1989, 54, 4222

! Combination with stronger bases/alkyl halides allows for asymmetric epoxide formation

! Vast array of structural types allows for epoxide, aziridine, cyclopropane formation, Baylis-Hillman
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"The Taxol Problem" An illustrative example

!  Important ovarian, breast cancer treatment worldwide

!  Originally available from Pacific Yew Taxus Brevifolia

(extraction killed the source)

!  Structural core available from European Yew

Taxus Baccata  allows semi synthesis, production

!  Global demands exceed a metric tonne annually

!  Now produced via fermentation

from Taxus Chinensis

!  Wender, most expeditious, efficient chemical synthesis

!  What if the European or Chinese Yew did not produce baccatin in the pine needles?

accomplished in 37 steps and 0.44% overall yield

O
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The problem with a 40 step synthesis: Step Economy and Losses

!  "Stop and Go" isolation can greatly diminsh the overall efficiency of processes with high yielding steps

50 % yield

!  For every step (operation) involved = exponential decrease in efficiency

!  Why is chemical synthesis able to produce complexity on small scale but not large

40 steps

!  Problems with taxol production arose from "stop and go" synthesis
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 Benchtop Synthesis vs. Biosynthesis : Why is Nature Winning?

!  Nicolaou Synthesis of Taxol: Tour de force
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!  Biology employs enzymatic cascade catalysis: Continuous process assembly lines
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!  Why doesn't the field of chemical synthesis build complexity using cascade catalysis (biomimetic)
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Design of Cascade–Catalysis Strategy: LUMO–HOMO Catalyst
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Aldehyde aldol

!-Oxy Aldol

Imidazolidinone aldol !-Oxyamination

Epoxidation

98% ee94% ee

99% ee

98% ee

94% ee

99% ee

Enamine activation strategy is useful for a variety of organocatalytic reactions

!-Chlorination

Aziridination

98% ee

!-Fluorination

99% ee

Two step sugars

JACS 2002, 124, 6798

Angew Chemie  2004, 43, 2152

Angew Chemie  2004, 43, 6722

Science  2004, 305, 1752

JACS 2004, 126, 4108

JACS 2003, 125, 10808

JACS 2005, 127, ASAP
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!  Can we merge LUMO-lowering and HOMO-raising catalysis using the same catalyst
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Cascade catalysis with imidazolidinones: preliminary results
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! Cascade-catalsysis appears general for a range of enal substrates

! Diastereoselectivity suggests that catalyst control is dominant in second cycle

Cascade catalysis with imidazolidinones: preliminary results
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Enantioselective Organo–Cascade Catalysis
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! The structural core of aromadendranediol in one step
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! The structural core of aromadendranediol in one step
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Cascade Synthesis of the Sytrchnos Alkaloid Minfiensine
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minfiensine core



Cascade Synthesis of the Sytrchnos Alkaloid Minfiensine

N

PMB

NHBoc

SMe

N
NBoc

O

SMe
PMB

O

Diels!Alder/amine

cyclization cascade

N
H

N

Me

OH

minfiensine

!  Strychnos alkaloid minfiensine and members of the akuammiline alkaloid family

!  Key strategy for minfiensine involving an organocatalytic Diels!Alder cyclization cascade

Jones, S. B.; Simmons, B.; MacMillan, D. W. C. J. Am. Chem. Soc. 2009, 131, 13606

minfiensine core



Cascade Synthesis of the Sytrchnos Alkaloid Minfiensine

N

PMB

NHBoc

SMe

N
NBoc

O

SMe
PMB

O

Diels!Alder/amine

cyclization cascade

N
H

N

Me

OH

minfiensine

!  Strychnos alkaloid minfiensine and members of the akuammiline alkaloid family

!  Key strategy for minfiensine involving an organocatalytic Diels!Alder cyclization cascade

Jones, S. B.; Simmons, B.; MacMillan, D. W. C. J. Am. Chem. Soc. 2009, 131, 13606

minfiensine core



Cascade Synthesis of the Sytrchnos Alkaloid Minfiensine

!  Organocascade catalysis provides rapid access to the core structure of minfiensine

Jones, S. B.; Simmons, B.; MacMillan, D. W. C. J. Am. Chem. Soc. 2009, 131, 13606
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Cascade Synthesis of the Sytrchnos Alkaloid Minfiensine

Jones, S. B.; Simmons, B.; MacMillan, D. W. C. J. Am. Chem. Soc. 2009, 131, 13606
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! Diels!Alder/Bronsted acid cascade provides rapid access to the enantioenriched core of minfiensine
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biosynthetic intermediates and natural products.
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Proposed Diels-Alder/Michael Catalytic Cycle

! Double cascade would enantioselectively construct a highly functionalized spirocycle
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Proposed Diels-Alder/Michael Catalytic Cycle

! Double cascade would enantioselectively construct a highly functionalized spirocycle
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Bioinspired Cascade of a Common Intermediate for Indole Alkaloid Synthesis
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Synthesis of High Profile Alkaloids via Cascade Catalysis
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