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Introduction

Michael Addition

» The first example of carbon nucleophile adding to an electron-deficient double bond

CO,Et CO,Et Me CO,Et
— + e
Me CO,Et CO,Et EtO,C CO,Et
ethylidene diethyl CO.Et
malonate malonate

Komnenos, T. Liebigs Ann. Chem. 1883, 218, 145.

» Michael systematically investigated the reaction of stabilized anions with a,B-unsaturated systems

CO,Et CO,Et
) ) NaOEt Ph CO,Et
— + — >
EtOH
Ph CO,Et Et0,C CO,Et
ethyl diethyl
cinnamate malonate

Michael, A. J. Prakt. Chem./Chem.-Ztg. 1887, 35, 349.



Introduction

Michael Addition

Michael (1894):

CO,Et
COEL \a0Et i
Ph—==—CO,Et + —— PhoAN
CO-Et EtOH
2
ethyl CH(CO,Et),
phenylpropynoate  diethyl malonate

Michael, A. J. Prakt. Chem./Chem.-Ztg. 1894, 49, 20.

Michael addition of carbon nucleophiles: R4
base
1 < ;
R\(\RS or R1 . R3 . R4 R5 (— 1 GQUIV) . R5 RS
R2 _ ~ solvent R! R2

Michael acceptor Michael acceptor Michael donor Michael adduct

or

Michael addition of heteroatom nucleophiles: R
1 base )|(
R (£1 equiv) 3
=~ "R3 I—— 3 6 - R
12/\ or R—R * HX—R solvent R! R2

Michael acceptor Michael acceptor Michael donor Michael adduct

or

Michael adduct

Currently, all reactions that involve the 1,4-addition (conjugate addition) of any
nucleophile to activated r-systems are also referred to as the Michael addition.




- Oxy-Michael reaction

Introduction

» The first oxy-Michael reaction was reported earlier than the carbon Michael reaction.

Michael
Donor

HO

0
N

OH

H,0

HO

OH

OH

Loydl, F. Justus Liebigs Ann. Chem. 1878, 192, 80.

Michael
Acceptor

R2

R1

a new stereogenic center

R2 R' OR3

Aldol product




\ Oxy-Michael reaction

heterocycles

Introduction

R!' or O
RZMX

pB-hydroxyketones, esters, amides

EWG = C(O)X
R1
natural
J\/EWG + R—OH | — > product
R? synthesis
EWG = NO,
R! OR
R2 7" NH,

B-aminoalcohols

Nising, C. F.; Brase, S. Chem. Soc. Rev. 2008, 37, 1218.



> General Protocols

A cvienmatrie OYwwz_ N
\> — b\ "”’ a \_ﬁ_ ] - ‘ g \ / \\ \\\.//
=4

AR

Outline




Base
Deprotonation to
Enhance Nucleophilicity

f

Ways of activation

U

Low Reactivity
&
Reversibility

Chiral Auxiliary
&
Chiral Catalyst

R2 (o)
R—OH + W _
R1 OR3

R2 R!' OR3

Acid

Activation of the
Conjugate Acceptor

fl

Lack of Control
in Stereoselectivity



Acid as catalyst

Tf,NH (10 mol%)
R1/\)kR2

OR
ROH

o R1MR2
R' =H, alkyl

R2 = aryl, alkyl

Nafion®SAC-13
o (10 mol%) OBn O
R = alkyl /\)J\ BnOH .~
72%~89% yield X NH CH4CN, rt
Wabnitz, T. C.; Spencer, J. B. Org. Lett. 2003, 5, 2141.

PN

Wabnitz , T. C.; Yu, J. Q.; Spencer, J. B. Synlett. 2003, 1070.

P

A EWG
R1
+
BF3' Et20 (20 mol%)
\)]\ ROH
\ R

Bi(NO;);-5H,0
o}

/:\
(10 mol%)
(o]
RO/\)J\ R'

o7 o
)]\ pcm - :
Bernal, P.; Tamariz, J. Tetrahedron Lett. 2006, 47, 2905.

/\/\/EWG
R1
H EWG = COMe, CHO

mQ

\

R2

dr: >19:1
Evans, P. A.; Grisin, A.; Lawler, M. J. J. Am. Chem. Soc. 2012, 134, 2856



Base as catalyst

Ph
t-BuOK

H
? Q (10 mol%)

+ PhCHO
RJ\/\/U\OMe

R = Et, i-Pr, PhCH,CH,

o

—> syn-1,3-diol

(¢)
TR 076 /k)\/u\
R OMe

CHchZMe
o]
Ph\LO

Thermodynamic control!

Ph

Ph
L
o~ ~o

t-BuOK /k

Ph

/k o t-BuOK /k

PhCHO
(¢}

)\ t-BuOK
[ ¢ i D /k/\/”\
/k/’\/u\ R N"ome
R OMe hemiacetal alkoxide intermediate
Ph E’h
: t-BuOK PhCHO

)\/\)k)\/\)k

)\/\)k)\/k)k

Evans, D. A.; Gauchet-Prunet, J. A. J. Org. Chem. 1993, 58, 2446.

(o}

Eto/\)koa

KF/AI,O4

o)
\)]\ (10 mol%)
+ —_—
EtOH Ot DMF, rt

Kabashima, H.; Katou, T.; Hattori, H. Appl. Catal. A: Gen. 2001, 214, 121.

Yang, L.; Xu, L. W.; Xia, C. G. Tetrahedron Lett. 2005, 46, 3279.

R'
\\N R

P
1

R o <\ j (10mol%) ¢

R? R® Rz R3

R = Me, CH,=CHCH,
40%~94% yield

R' = H, alkyl, aryl

R2 = H, alkyl

R3 = alkyl
Kisanga, P. B.; Verkade, J. G. J. Org. Chem. 2002, 67, 3555.
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P-based catalyst

EWG EWG
Jl/ + ROH —Me; (S mol%) + Triethylamine does not work in this reaction.
; o * The phosphine probably does not merely act as a base.
R R" “OR « A strong base was generated during the reaction!
R'=H, Me, Ph R = Me. iPr. Ph
= Me, i-Pr,
EWG = COMe, CO,Me, CN 59%~85% yield
e A
- , O) RO—H O?) o o
When deuterated protic solvent ROD was used, H/D exchange 4\
was observed at the a-position of o,B-unsaturated compound. | ) 2 ROe
e
® ®
____________________________________________________________________________________________ k Me3P M93P
PMe; (5 mol%)_ 1\ change PMe;
CD;0D :
o] o
)J\ RO—H O
Et Et PMe; (5 mol%) (o] O) o
enone (5 mol%) )I\ k
co,ob . ¢ ¢ RO =
D, D, ! ®
--------------------------------------------------------------------------------------------- Ro Me3P
\ J

R N EWG 1
Y “oH W PPh; (20 mol%) RYN\O/\/EWG
R2 R2
R'=alkyl,aryl EWG = CN, CO,Et, SO,Ph 65%~90% yield
R?=H, aryl

Bhuniya, D.; Mohan, S.; Narayanan, S. Synthesis 2003, 1018. 1



NHC-catalyst

Imidazolium salt (5 mol%)
n-BuLi (5 mol%)

Q LiCI (1 eq.) OR O
+ 2 >
ROH R1/\)J\/R toluene 1)\/“\/R2
R= alkyl R
yield: 50-89%
R\ e . .
O O Mes <\~ ~Mes Imidazolium salt:
Me)\HJ\ Ph \=/ Mes\N&(ﬁ/Mes o
H ROH \__/ Cl
Mes Mes
N on o° u® ON
H + )\/k RO~ H— j
[N/ Me” F “pn o-H— |
\® /N
Mes Cle Mes

Phillips, E. M.; Riedrich, M.; Scheidt, K. A. J. Am. Chem. Soc. 2010, 132, 13179.



Metal-catalyzed oxy-Michael

o
o) Pd(CH3CN),Cl, (4 mol%) /\)]\
ROH  + \)]\ > R
X CHCl3, rt ~o
R = Me, i-Pr, Bn, 76%~97% yield
CH(Me)Bn

Miller, K. J.; Kitagawa, T. T.; Abu-Omar, M. M. Organometallics 2001, 20, 4403.

° [Rh(COD)(OMe)], (1 mol%)
ROH + \)J\Ph > R\O/\)]\Ph

PhCHj3, 60 °C
R = Me, Et, i-Pr, Bn 64%~99% yield

Farnworth, M. V.; Cross, M. J.; Louie, J. Tetrahedron Lett. 2004, 45, 7441.
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Outline

> Asymmetric Oxy-Michael Reaction
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Chiral auxiliary

Ph Ph R
a :
; OH + R/\/NO2 —_— - o/\/ 2
H THF, -25 °C H
o Me (o) Me

N-formylnorephedrine L .
vicinal amino alcohol

* highly diastereoselective addition!

R Yield/% de/%
Me 60 94
Et 75 93
n-Pr 52 94
i-Pr 87 96
t-Bu 67 98
cyclohexyl 85 94
(EtO),CH 35 96
1-naphthyl-OCH, 48 96
PhCH=CH(CH,), 48 89 si-face
PhCH=CHCH,0CH, 65 96
Ph 23 7
ferrocenyl 26 94

Enders, D.; Haertwig, A.; Raabe, G.; Runsink, J. Eur. J. Org. Chem. 1998, 1771.



» enantiopure 6-methyl-&-lactol as a chiral hydroxide equivalent

Chiral auxiliary

i )ij\ i
2 - - O (o) -
)ij\ * R1«\)J\W°R KHYDS, Trcrown-S i Ambertyer s, o " /O\
. o 2
o OH I THF, -78 °C R1WOR MeOH o OMe
R1
R' R?  Yield/% de/% R' R?  Yield/% de/%
@E— Et 76 >95 ; Me 67 >95
@_E_ Me 68 >95 Me Et 60 >95 | Hydroxybutenolide products could be
obtained via acid-mediated THP deprotection,
E <_\-§- Me 69 >95 lactonization, and enolization process.
Br—<: :)— - Me 80 >95
cl Oé— Me 77 >95
@E_ Me 73 >95
%-g— Me 81 >95

/k/cosz
R1

Buchanan, D. J.; Dixon, D. J.; Hernandez-Juan, F. A. Org. Lett. 2004, 6, 1357.

SON

CO,R?

CO,R?

SON

R1

Xiong, X.; Ovens, C.; Pilling, A. W.; Ward, J. W_; Dixon, D. J. Org. Lett. 2008, 10, 565.
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Proline-type catalyst

/\)]\ catalyst (10 mol%)
+ X . —_—
R H PhCO,H /'\/U\ MeOH /k)
(10 mol%) R H R

toluene, 4 °C

R time (h) yield (%) ee (%) catalyst:
Et 1 72 95 FsC
Me 1 72 95 O CF3
n-Pr 1 75 95 CF,
1

Bu 75 93
N
Hep 1 64 95 H OTMS

i-Pr 1.5 62 97
Hex-3-enyl 1 68 95 CF,
CO,Et 8 60 98 ) g

Bertelsen, S.; Diner, P.; Johansen, R. L.; Jorgensen, K. A. J. Am. Chem. Soc. 2007, 129, 1536.
Reyes, E.; Talavera, G.; Vicario, J. L.; Bada, D.; Catrrillo, L. Angew. Chem., Int. Ed. 2009, 48, 5701.
Zhang, X.; Zhang, S.; Wang, W. Angew. Chem., Int. Ed. 2010, 49, 1481.

Primary amine catalyst: Reisinger, C. M.; Wang, X.; List, B. Angew. Chem., Int. Ed. 2008, 47, 8112.
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OH O

R1
R2

R
=

COztBu

B-ketoester alkylidene

Thiourea-type catalyst

1. catalyst (10 mol%)
toluene, -25 °C

2. p-TsOH-H,0, 80 °C

RZ

R1

R R! R2 yield (%) ee (%)
Ph H H 92 94
4-BrCgH, H H 65 92
2-naphthyl H H 89 91
4-MeCgH, H H 83 90
2-CICgH,4 H H 67 88
4-MeOCg¢H, H H 94 91
Ph OMe H 71 89
Ph Me H 97 90

CF;
N
s
O ':l,/R )]\
N N CF;
H H

chiral flavanone

catalyst:

OH (o] R OH (o] R
g (T &
R1 R1 COztBu
R2 R2

enhance the reactivity of conjugate acceptor
potential interaction with catalyst
removable under mild condition

Biddle, M. M.; Lin, M.; Scheidt, K. A. J. Am. Chem. Soc. 2007, 129, 3830.
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Cinchona-alkaloid-thiourea-based bifunctional catalyst

Ph
(o} catalyst (10 mol%
y4A(MS o) o O——B/ H,0, o OH
PhB(OH), + _— OH »- \ T OH
R DME, rt )]\/k/o Na,CO; R
R rt
R = aryl, heteroaryl, alkyl dioxaborolane 71%~95% yield

87%~99% ee

catalyst:

CF;

CF;

boronic acid hemiester

Li, D. R.; Murugan A.; Falck, J. R. J. Am. Chem. Soc. 2008, 130, 46.



Cinchona-alkaloid-thiourea-based bifunctional catalyst

» ¢-hydroxy-a,B-unsaturated ketones

R 0 talyst:
o catalyst (3 mol%) \{ catalyst:
)W\/OH cyclopentyl methyl ether ., 0o
R : O
R = alkyl, aryl yield: 93-99% CF,
ee: 85-95%
CF;
cycloetherification
Asano, K.; Matsubara, S. J. Am. Chem. Soc. 2011, 133, 16711.
» y-hydroxy-a,B-unsaturated ketones
o
R'
R = OH R
+ catalyst o o/k
> i o : T . .
)oj\ criE RJ\/‘\/ hemiacetalization/intramolecular oxy-Michael addition cascade
R' R"
HO R' Ketone: Asano, K.; Matsubara, S. Org. Lett. 2012, 14, 1620.
(o] V/’ \FR“ Aldehyde: Okamura, T.; Asano, K.; Matsubara, S. Chem. Commun. 2012, 48, 5076.
R)]\/\/o Formaldehyde: Yoneda, N.; Hotta, A.; Asano, K.; Matsubara, S. Org. Lett. 2014, 16, 6264.

hemiacetal intermediate

20



Phosphoric acid catalyst

» 0O-hydroxy-a,B-unsaturated ketones

[ catalyst )
catalyst:
R Y A
| A H r
: o s X
)W * )J\ hexane 1 ? 9 0
R OH R H c-hexane, rt )]\/—\) o_ °
R P
= yield: 53-99% o O
)\ ee: 63-93%
O HO (o} Ar
)]\/(\) A: Ar = 2,4,6-(i-Pr)3-CgH,
R B: Ar = 2,6-(i-Pr),-4-(t-Bu)CgH,
. J
hemiacetal intermediate
n-CsHy, n-CsHyq4
: LiBH,, EuCl ;
o 9/\0 4 3

A -TsOH-H,0
- OH o/\ p-1s 2 -
)I\/:\) B0, 707¢ : :
Ph

92%

CH;OH/H,0
100 °C

64%
dr: 12:1

chiral 1,3,5-triol

Matsumoto, A.; Asano, K.; Matsubara, S. Chem. Commun. 2015, 51, 11693.

catalyst B (10 mol%)
4A MS _
DCM, rt

yield: 71-92%
ee: 61-95%

RO\)

Gu, Q.; Rong, Z.-Q.; Zheng, C.; You, S.-L. J. Am.

Chem. Soc. 2010, 132, 4056.
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Organometallic catalysts

23°C

OH
(R, R)- ca'ialyst @/N\
/\)J\ )]\ (5 mol%) =~ 0 [0} o
cyclohexane /\)]\ )]\
R N Ph
H

R yield/% eel%
Me 90 97
Et 93 98 H ame
iPr 81 98 —N N—
(o] N\,
oo Al
iPr \n/\}{ 88 o7 AN
o tBu O x O tBu
88 97
MOMO/\/VI' tBu tBu
1BSO” >TNK 82 97 X = O-Al(salen)

Ligand:
OH O Ar 1. Ni(Tfacac),-2H,0 (5 mol%) o
_ Ligand (5 mol%) R?
PhOMe, 30 °C N N N
Co.Bu 2 P-TSOH-H,0, 80 °C \\/\?
R! 2 R 0" "Ar o o
/ N 3
o/\ o

R2 chiral flavanone
yield: up to 99%
ee: up to 98%

Wang, L.; Liu, X.; Dong, Z.; Fu, X.; Feng, X. Angew. Chem., Int. Ed. 2008, 47, 8670. 22




Outline

> Applications in Natural Product Synthesis
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Total synthesis of Brevetoxin B

CHO

Brevetoxin B

CDEFG Framework

OBn : : : _OBn
1. CSA, MeOH
—_—

2. KH, Et,0
., 90% for 2 steps

| OBn (90% ps) .

MeO,C  1gs Me MeO,C Me

OBn

» The transformation is highly diastereoselective due to the reversibility of the oxy-Michael reaction and the
resulting thermodynamically controlled ring closure.

Nicolaou, K. C.; Theodorakis, E. A.; Untersteller, E.; Xiao, X.-Y.J. Am. Chem. Soc. 1995, 117, 1171.

24



Total synthesis of Azaspiracid

Me

Azaspiracid I\7Ie

p-TsOH-H,0
(o] OTBDPS

(55%)

Hemiketalization

>

Geisler, L. K.; Nguyen S.; Forsyth, C. J. Org. Lett. 2004, 6, 4159.

OTBDPS

OTBDPS

25



Total synthesis of Cortistatin A

K,CO3
dioxane
(52%)

Aldol

Nicolaou, K. C.; Sun, Y.-P.; Peng, X.-S.; Polet, D.; Chen, D. Y.-K. Angew. Chem., Int. Ed. 2008, 47, 7310.
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Total synthesis of (+)-Conicol

+ domino oxy-Michael-Michael-Michael-Aldol condensation
+ construction of four new bonds and five stereocenters in one single step

NO,
o |
N Ph "HOA OTMS
OH H o, HO
. OoTMms (20 mol/oL o Ph OTMS
o CHCl;,25°C, 1 h Ph
OH
H
OMe O
MeO X H

\“\ ﬁ

55% (one-pot) Ph OTMS
>99% ee

Hong, B.-C.; Kotame, P.; Tsai, C.-W.; Liao, J.-H. Org. Lett. 2010, 12, 776.
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Total synthesis of Aspergillide A and B

Entry Reaction conditions Yield A/B
[%]

1 DBU (10 equiv), CH;CN, reflux, 10 h 50 1:6

2 DBU (10 equiv), LiCl (10 equiv) CH,CN, reflux, quant.  7:1
2h

3 DBU (10 equiv), LiCl (10 equiv), CH;CN, RT, quant.  T1:0
1.5h

4 KH (1.1 equiv), THF, 0°C, 0.5 h 90 1.6:1

5 KH (1.1 equiv), THF, 0°C, 2 h 91 0:1

6 KH (1.1 equiv), [18]crown-6 (5 equiv), THF, 0°C, 96 0:1
05h

\.

HO,

M e\“\‘“

R = a-H: aspergillide A
R = B-H: aspergillide B

J/

Kanematsu, M.; Yoshida, M.; Shishido, K. Angew. Chem., Int. Ed. 2011, 50, 2618.
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Total synthesis of Indoxamycin

Me Me i ]
Ot = |
Me Me Nt CI
0o BrMg PN
[ [
/\ THF, -78°C -78°C to 25 °C
o OM
© me H Si-face attack
1,2-Addition Oxy-Michael -
D

80%

Methylenation

Indoxamycin A Indoxamycin C

Indoxamycin F

He, C.; Zhu, C.; Dai, Z.; Tseng, C. C.; Ding, H. Angew. Chem., Int. Ed. 2012, 52, 13256.

29



N /\r\ e alaslaiiala i iava A A
/ /—DB\ LI UAY I\ e

> Summary and Outlook
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Summary and outlook

Intermolecular Asymme_t_nc_:
& chiral auxiliaries

&
chiral catalysts

Intramolecular

R! Oxv-Michael P Low Reactivity
R—OH + \|/\EWG — ~ |R >(\EWG &
R2 R! R?2 Reversibility
Domino Natural Product
Reactions Synthesis

@ General reaction protocols to realize intermolecular oxy-Michael reactions
@ Expansion of the scope of substrates

@ Efficient catalysts for asymmetric oxy-Michael reactions
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