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Hetero-Diels-Alder: Introduction
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Reviews: (a) Danishefsky, S.J.; De Ninno, M.P. Angew. Chem. Int. Ed. 1987, 26, 15-23. (b) Waldmann, H. Synthesis 1994, 535-551. (c) Jorgensen, K.A. Angew. Chem. Int. Ed. Eng. 2000, 39, 3558-3588.
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Hetero-Diels-Alder: Relative Stereocontrol
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Hetero-Diels-Alder: Relative Stereocontrol
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Functionalization of Dihydropyrone
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Functionalization of Dihydropyrone
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80%, 4:1, 99% ee
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+
H” “R2 DMF, 4 °C HJI\:/LRZ
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0o OH Me (0) OH (0] OH
JCL, A A
Me Me Me

88%, 3:1, 97% ee 87%,14:1, 97% ee 81%, 3:1, 99% ee
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Jl\/k(Me Jl\/k(Me J\/krMe
H Y H Y H :
Me Me n-Bu Me Bn Me

82%, 24:1, >99% ee

80%, 24:1, 98% ee 75%, 19:1, 91% ee

Northrup, A. B.; MacMillan, D. W. C. J. Am. Chem. Soc. 2002, 124, 6798.
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Direct Cross-Aldol Reaction of Aldehydes: 2nd Generation
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Direct Cross-Aldol Reaction of Aldehydes: 2nd Generation
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86%, 4:1, 94% ee
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58%, 4:1, 90% ee

90%, 5:1, 95% ee 81%, 5:1, 97% ee 61%, 4:1, 93% ee
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72%, 6:1, 94% ee 80%, 5:1, 91% ee

Mangion, I. K.; Northrup, A. B.; MacMillan, D. W. C. Angew. Chem. Int. Ed. 2004, 43, 6722.
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Carbohydrate Synthesis Using Organocatalysis/Mukaiyama Aldol
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Northrup, A. B.; Mangion, I. K.; Hettche, F.; MacMillan, D. W. C. Angew. Chem. Int. Ed. 2004, 43,2152.
Northrup, A. B.; MacMillan, D. W. C. Science 2004, 305, 1752. J-13



Carbohydrate Synthesis Using Organocatalysis/Mukaiyama Aldol
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Northrup, A. B.; MacMillan, D. W. C. Science 2004, 305, 1752. J-14
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Reaction between benzaldehyde and Danishefsky’s diene: OTMS o
+ _>
Si(3,5-xylyl)3 OMe
P X0
Ph @)
@)
>AI—Me
OO O
Si(3,5-xylyl)5 Oi-Pr O CO.,H O
10 mol%
77% Y. 85% ee OCgHys RO
Yamamoto, 1988 _ O—B OMe
Better ee's with more substituted dienes Oi-Pr
20 mol%
95%y. 297% ee
Yamamoto, 1994
0 O.. /AI—Me
N7 T @)
P | _~Sc OMe
/N
O O o)
-3 HN N\B/ Better ee's with more
10 mol% \ Substituted dienes

10 mol%
97%y. 299% ee
Jorgensen, 2000 OCqH:g

99% y.93% ee
Inanaga, 2003

/
20 mol% 1S Bu
100% y. 82% ee
Corey, 1992

- All proceed via a Mukaiyama aldol pathway.



Hetero-Diels-Alder Reactions with Unactivated Aldehydes
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Reaction between various aldehydes and Danishefsky’s diene:

OTMS

(1
OH R/%o

, Ti(Oi-Pr); (20 mol%)

OH
“ Feng, 2000

Slightly lower yield with alkyl-substituted aldehydes
Ligand:Ti ratio?

. Ti(Oi-Pr), (10 mol%)

20 mol%  py, 92% y. 97% ee OO

2-CIPh 71%y. 90% ee OH

2-MeOPh  55%y. 90% ee

3-CIPh 81% y. 94% ee OH

3-MePh 81% y. 99% ee

3-MeOPh 51% y. 99% ee Keck, 1995

4-CNPh 64% y. 95% ee

4-CIPh 67% Y. 97% ee 20 mol%

4-FPh 54%y. 98% ee TBSOCH,CH,  55%y. 92% ee

4-MePh 60% y. 99% ee o o

2-furyl 78%y. 96% ee BnOCH, 600/0 y. 970/0 ee

2.pyridine  55% y. 92% ee 2-furyl 61%y. 97% ee

PhCH=CH  80% y. 98% ee n-CgHy7 88%y. 97% ee

CHs(CH,);  57% Y. 96% ee CeH11 69%y. 78% ee
CH3;CH=CH 50% Y. 86% ee
Ph

40% y. 55% ee

Slightly lower yield with aryl-substituted aldehydes

J-17



Hetero-Diels-Alder Reactions with Unactivated Aldehydes
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OTMS O OTMS
+ - + -
PN P
0 oMe R” O R™ =0 OMe R

Ph 70%y. 99% ee Ph 86% Y. 99% ee
2-CIPh 90% y. 83% ee 2-CIPh 99%y. 90% ee
2-MePh 66% y. 89% ee 2-NO,Ph 99%y. 91% ee
3-CIPh 83% y. 98% ee OH TiOHPY) 3-CIPh 82% y. 98% ee
3-MePh 73%y. 99% ee ! 20m oI°/j) 3-NO,Ph  85%y. 98% ee
3-MeOPh 61% y. 98% ee 3-MeOPh  99%vy. 91% ee
4-CNPh 86:/0 y. 94:/0 ee Feng, 2000 4-CNPh 95% y. 92% ee
4-BrPh 73% Y. 93% ee 4-CIPh 66% Y. 96% ee
4-FPh 89% y. 94% ee 20 mol% 4-FPh 73%y. 94% ee
4-MePh 93:/0 y. 99:/0 ee 4-MeOPh 84%y. 90% ee
4-MeOPh 830/0 y. 990/0 ee 4-NO,Ph 80% y. 96% ee
4-NO,Ph 99% y. 99% ee 1-naphthyl  40%y. 97% ee
1-naphthyl  78% y. 99% ee 2-naphthyl  69% y. 96% ee
2-naphthyl  82%y. 97:/o ee 3,4-Cl,Ph  87%y. 99% ee
3,4-ClbPh  77%y. 98% ee 2,4-Cl,Ph  70%y. 94% ee
3-pyridine  65% y. 98% ee 26-Cl,Ph  63% . 83% ee
EZCSZCH Sg:f Y. 34210;0 ee 2-pyridine  99%y. 98% ee

3L e y. I ce 3-pyridine  98% y. 96% ee
QHSCHZCHZ 70%y. 92% ee 2-furyl 99% V. 97% ee
-PrCH 840/0 y. 91 c)/o ee PhCH=CH  47%y. 85% ee
CH3(CH2)3 89% y. 91% ee CH (CH ) 41% V. 87% ee
C6H11 61% Y. 85% ee ° 2 Yy



Hetero-Diels-Alder Reactions with Unactivated Aldehydes
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OMe OMe
Z A
+ —
B "
O Et0” “SoTMmS o~ ~O R™ Sopmeo” Notvs R Yo7 Yo
Ph Ph
—N OH
+Bu OH (Tégor;zlrg/i) —N  OH
o Cu(OTHf)
20 mol% Fi 2004 3 ’ 2
t-Bu eng, 200 +Bu OH (5 mol%)

Ph 71%y. 93% ee Smol% Tyt Feng, 2006
2-CIPh 70% Y. 99% ee

3-MePh 53% Y. 93% ee Ph 70% y. 95:5, 98% ee
3-CIPh 70% y. 90% ee 4-FPh 60% y. 97:3, 97% ee
4-CNPh 61% y. 90% ee 4-CIPh 55% Y. 95:5, 94% ee
4-CIPh 87% Y. 97% ee 4-BrPh 65% V. 94:6, 91% ee
4-FPh 53% y. 93% ee 3-NO,Ph 53%y. 88:12, 90% ee
4-NO,Ph 56% Y. 91% ee 4-NO,Ph 64% y. 89:11, 94% ee
2-naphthyl  61%y. 96% ee 2-naphthyl  63%y. 97:3, 97% ee

3,4-Cl,Ph  54%ey.

87% e
24-Cl,Ph  67%y.9 O;lmlted scope; low yield and ee with aliphatic aldehydes.



Hetero-Diels-Alder Reactions with Unactivated Aldehydes
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X I o
Zr(Ot-Bu),4 (10 mol%)
Kobayashi, 2003 Binol (12 mol%)
H,0 (20 mol%) _ _
OH Toluene/t-BuOMe Stepwise mechanism;
OH Anti aldol led to trans-product
(R)-1a, X=H Syn aldol led to cis-product
(R)-1b, X=C5F5
X (R)-1c, X =1
Ph X0 4-MePh” X0 4-clPh” X0 P "0 Ph N X0
OSiEtMe, 0
Ot-Bu P O 4- MePhb 4- CIPh/ij PhCH,=CH b PhCH,CH; Vﬁﬁ
>99% Y. 97% ee (1a) 95% y. 95% ee (1a) 90%y. 84% ee (1a) 97%y. 90% ee (1a =>99% y. 90% ee ( 1 98% y. 93% ee (1a)
OTMS O @) O o)
7 ’,, “,, ‘,, /,,"
Ot-Bu 4-MePh” O 4-CIPh” 0 PhCH,=CHY” O PhCH,CHY O
99%y. 24:1,97% ee (1b)  99% Y. 16:1, 93% ee (1b) 99%y. 24:1,98% ee (1b)  96% Y. 9:1,90% ee (1b)  97%y. 9:1,90% ee (1c) 94%y. 10:1,95% ee (1c)
OTMS @) @) @) @) @)
BnO_ _~ BnO BnO BnO BnO BnO
Ot-Bu PR O 4-MePh” O 4-ClPh” 0 PhCH,=CH” O PhCH,CHY” O

95%y.1:30,97% ee (1c) 90%y. 1:19, 94% ee (1¢) =99%y. 1:30, 97% ee (1c) =99% Y. 1:6, 92% ee (1¢) 54%y. 1:12, 81% ee (1c)

Conclusion: High yields and high enantioselectivities with many catalysts but relative high catalyst loadings
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Hetero-Diels-Alder Reactions with Unactivated Aldehydes
Ungl‘éeﬁggt;g} CHM-6315

1. [CFC|3 (THF) ] KQ\@
2,6-lutidine Cr OH,
Q:( CHQClz, rt
’

/ Cl Cr dimer 1

2. Extraction with |-|20
H,0
2 CI\ /O
HQO_/CI’\
O N
|
NaSbFg
; TB}I\?
Q:( CI’ OH2
2SbF
o/ SbFe
H,0O
Cr dimer 2 @)
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Hetero-Diels-Alder Reactions with Unactivated Aldehydes
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OTES Cr dimer 1 OTES
1 o orCrdimer 2 1 2
RF | R {ssmol%™ Ra X" QTES
y
+ 0/
MS 4A
R X0 R3 R Mo~ VRS \)I
TBSO\AO Ph/\o n-C5H1 1AO
OTES OTES
OTES
| X OTES OTES
“ TBSO 5 “ AN
N 61% Y. 98% ee (2)\ TBSO
0 Ph n-CsHy
OTES OTES 97% Y. 99% ee (2) 72%y. 90% ee ( 85% . 98% ee (2)

X
| TBSO

™S
0 X
78% y. 98% ee (2) 2 X0 ©/\O \M/\
) 0 , ~O

OTES OTES

OTES OTES
X OTES
TB AN N
23 % Y. 99 /O (1) TMS
% V. % ee
g CH,=CH(CH,)” O S N o)

o 85% Y. 98% ee (2) 0O
**The catalyst loading is calculated based on . . . .
the number of equivalents of chromium 77% Y. 95% ee (2) 92% Y. 95% ee (
relative to the limiting aldehyde substrate.
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Hetero-Diels-Alder Reactions with Unactivated Aldehydes
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Z | | N 1. TBAF / THF N
+ Cr dimer 1 2 TsOH
N 3 mol % > “,
// O OB 7S 4A // O 7OBn 3. recrystallisation // O~ “OBn
TIPS TIPS”  90%y. 89% ee TIPS™  65%y. >99% ee

OTBS

OTBS OTBS
15,2R-Cr dimer 1 . OH
« |l 10mol % X 1. BHg*THF / THF O’
OBn >
TBDPSO” X MS 4A ... _OBn 2.H,0,, 3N NaOH .. _OBn
0 TBDOPSO” N\ No s e TBDPSO” N\ o s
64%, 97% ee
OH
[::jii::]“‘C)P{
H02C\\\“‘ O ",,////:,'

Ambruticin
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I Hetero-Diels-Alder Reactions with Chiral Aldehydes
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OTMS 0
Cr dimer 1
5 mol %
+
AN

R \O OMe EtOAC, BaO . o

Achiral Cr, 81%, 1:2

(1R,25)-1. 96%, 1:12, 99% ee Ve (15,2R)-1, 97%, 15:1, >99% ee

H
OTBS

Achiral Cr,58%, 1:1.7

(1R,25)-1. 58%, 1:3.6, 99% ee - (15,2R)-1, 44%, 2.6:1, 97% ee

H

OTBS
O
| Achiral Cr, 68%, 4.5:1, >99% ee
(1R,2S)-1, 76%, 1.2:1, 98% ee
0O - O (1S,2R)-1, 97%, 33:1, 99% ee
)V 0 O
Achiral Cr, 50%, 1:1.1 .
(1R29)1, 90%. 141, >09% ee | (152R)11,86% 9.3:1, 99% ee
PMBO 0]

Achiral Cr, 85%, 1:1.3

(15,2R)-1, 99%, 1:11 (1R,25)-1, 98%, 16:1
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Doyle (2001, 2004)

4-MeOPh  47%y.
j\/\ 4-MePh  82%y.
Ph 91% y.
( )N\ Ph 4CIPh  90%y.
MeO,C"*" N0 4-CF4Ph 88% y.
OTMS |/ |/ [Rho(4S-MPPIM),] 0 4-FPh 82% .
1 Rh Rh 1 m0|°/o, 60 oC 4'N02Ph 950/0 y
A0nd _ 2NO,Ph  87%y.
O i 2 TEA 3-NO,Ph 66% V.
R @) OMe R o) 2-naphthyl  90% y.
2-furyl 88% y.
(]
MeO,C"" N)\\ o
OTMS R| h/ R| h/ [Rho(4S-MEOX) 4] 0]
7 1 y | y | 1 mol%, rt
+ | >
A X0 oMe 2 TFA 5
O

)

02N 90% y. 96%ee

93% ee
90% ee
93% ee
91% ee
92% ee
96% ee
92% ee
84% ee
95% ee
98% ee
84% ee

CHM-6315
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Hetero-Diels-Alder Reactions with Unactivated Aldehydes

Université f”\

92%y. 95% ee (1a)

97% y. 96% ee (1b)

83% Y. 96% ee (

95% y. 95% ee (1b)

93% y. 95% ee (1b)

CHM-6315
de Montréal
Hashimoto 2004
OTES ( :[
[Rhy(S-PTPI),] | 7 | / [Rhy(S-BPTPI),]
OMe /th /th 1 mol% / DCM y. | /th 1 mol% / DCM
PR X0 aMePh” X0 4-MeOPh” X0 4-clPh X0 4-CNPh X0 4-CFPh X0
0 0 0 o) o)
PR N0 4-MePh™" 0 4-MeOPh™’ é 4-CIPR" N0 4-CNPR™" S0 4-CFgPh™" O

93% y. 95% ee (1b)

XX A
4-N02Ph/§o \ ! @) Ph/\o PhMo PhMO BnO\/§O
0
0 0 0 0
| N | J A |
4-NOPA™ O @O Z N S Ph”” N0 TN

91% Y. 94% ee (1a)

94%vy. 93% ee (1a)

Ph
91% y. 92% ee (1b)

86% y. 96% ee (1b)

89% y. 94% ee (1b)

83% Y. 91% ee (1b)




Hetero-Diels-Alder Reactions with Unactivated Aldehydes
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Hashimoto (2004)

:{

(i[

CHM-6315

N0
[Rho(S-PTPI),] | / | / [Rhy(S-BPTPI),]
Rh o Rh o
/l 1 mol% / DCM /l /l 1 mol% / DCM
OTES OTES OTES OTES OTES
= = —
OMe OMe OMe
0 0
0 0 0
" ", /1,,
MOMO | o | o | \\‘\‘ O .'"/, \\\ O "l
NN 4-NOPR™ N0 4-NOPR" N0 o /// o /
86% y. 93% ee (1b) 97% y. 96% ee (1b) 92% y. 97% ee (1b) 87% y. 99% ee (1b) 81%y. 97% ee (1b)
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Rawal (2005)

Hetero-Diels-Alder Reactions with Unactivated Aldehydes

+
R/%o

OTBS

20 mol%

-40 or -80 °C, 1 or 2 days

' o

NMe, 2 AcCl, DCM/toluene, -78 °C, 30 min

1a: Ar = 4-F-3,5-Me,Ph
Ar  1b : Ar = 4-F-3,5-Et,Ph

Me (1b)

n-propyl (1a)
PhCH,CH, (1a)

PhSCH,CH, (1a)

Phth(CH,)5 (1a)

1-propyny (1a)
IFbutyl (1a)
c-hexyl (1a)

75% y. 97% ee
76% Y. 94% ee
95% y. 95% ee
76% Y. 94% ee
67% Y. 92% ee
42% Y. 98% ee
79% Y. 90% ee
99% y. 84% ee

Ph (1b)
3-MeOPh (1b)
2-NO,Ph (1b)
1-naphthyl (1b)
2-furyl (1b)

84%y. 98% ee
86% y. 98% ee
93% y. 98% ee
67% Y. 97% ee
96% y. 99% ee

CHM-6315
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Hetero-Diels-Alder Reactions with Activated Aldehydes

Université f“‘\ CHM-6315
de Montréal
Ph,,

OTMS . O

.. B—Me 0
Glyoxal Derivatives RN

| PR\ 10mol %
* Tf .
MeO - Mikami, 1994
\[]/\3 OMe Toluéne, -78 °C . !
0 69% y. 94% ee MeOC™ O

Ot-atalytic systems led to lower ee and/or substantial amounts of the ene product (sometime the major product).!

R1
R? R’
Pd(BINAP)(PhCN),] (BF 2 IR ,
+ [P 2)(mol% )2l (BFa)e AN R A chiral biscationic palladium (1)
Ar\”/§o > complex used as Lewis acid.
5 CHCl;, MS 3A, 0 °C aroc” Do Oi, 1999.
Me
Me Me MeO
N
Ph
O
O 67%Y.99% ee O 50%Yy.94% ee 64%y. 98% ee O 57%Yy.97%ee
N
Ph Ph Ph
O'55%y. 91% ee O 0" 80%y. 98% ee
0 (Pt complex) 0 69%Yy.>99% ee 0 E = CO,Et
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Hetero-Diels-Alder Reactions with Ethyl Glyoxylate

de Montréal

Reaction between
ethyl glyoxylate and
1,3-cyclohexadiene:

“ﬂf?s(: 1&:“ﬂ€33

5 mol%
98% y. 97% ee, 298% endo
Jorgensen, 1997

CHM-6315

77%Yy.98% ee

Oi, 1999

y O
1. KOH
Et0 ' — r - 0
N 0 2. HCI
0 EICO O
0 R H
o) H 11H
\
“AEEI-.E;:::PJ ___.Pd\\\ //,Pd___
Cr
-Bu O/ELF\O t-Bu
5 mol% 4
Cu(OT), ( 5 mol%) Adt Adt
81% y. 98% ee, 99% endo
Bolm, 2001
Adt = }S
2+
2B 2 mol%
.NCPh 69% Y. 95% ee, 94% endo
Pd_ Kwiatkowski, 2006
NCPh
2 mol%

- In all cases, freshly prepared ethyl glyoxylate is
recommended. See: Jorgensen, 1997.
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Hetero-Diels-Alder Reactions with o-Ketoesters

Université f”\ CHM-6315

de Montréal

2+
Jorgensen, 1998 o\%ﬁ/o _| 5 OTF
y N\> 2

OTMS N
R 1. NAs 10 mol% 3
R3 R3 Cu 2 R%.,
R2 + / Mesc CMe3 '
0
y
2. TFA 200" 3
0 OMe R20C" 1707 "R
Me Et Ph Me Et
RO MeO EtO R Et
0 0 0 0 0
0 0 0 0 0
OTMS 0 0 0 0 0
RO.C™ 1>N0 MeO,C 1 >0 Et0.c™ 10 roc™ 10 Etoc™ 10
OMe > Me T Et >~ Ph Me Et

77%Y.77% ee R =Me, 90% y. 94% ee 77%Yy.98% ee

R =Me, 96% Y. 99% ee 80% Y. 94% ee
R=Et 77%Yy. 98% ee

R = Et, 96% y. 99% ee
R = Ph, 95% y. 94%ee
OTMS O 0 0
1, /1, /1,
/ ’,, ., 4,
ome|  Me0C™ 10 Et0,C™ 10 MeOC™ 10
Me 75% y. 96% ee Ph 57%vy.99% ee Me 60%y.91% ee
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Wada, 1994

Inverse-Electron-Demand Hetero-Diels-Alder Reactions

Me
O~ OFPr

90% y. 95%ee

59% ee with l

OMe

Ph Ph
Ph O O\_I__B
IDr
R Me . /f B
C) :;xi——() .
//,/ ll\\ 5-10 mol% Ph Ph \\\v///ll:i/\j::]
+ >
PhO,S ",
PhO,S 0 Oi-Pr ? O~ "Oi-Pr

Ph

PhOZS\/Ej": . PhOZS\/(j",
0" “Oi-Pr 0~ "Oi-Pr

77%Y. 97%ee

-Pr

88% y. 86%ee

CHM-6315
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Inverse-Electron-Demand Hetero-Diels-Alder Reactions

Université f”\

CHM-6315
de Montréal
2+
Me_ Me _| 1a, R = tBu, X = OTf R 3
O\RS/O ox- 1b, R = t-Bu, X =SbFg R. _~ Y 10 mMol% R Y
1) | - |
N N 2a, R = Ph, X = OTf + R |
\Cu/ B 2b, R = Ph, X =SbFg Sp o) X DCM, -78°C MeO>P 0~ “x
R R MeO” || MeO” I
O O
Me, Me _| * Me
O\Rﬂ/o OTf
N| lN\> 3 g
MeO
it e
-Bu | “OH t—Bu e
He0' b2 0
LOMe LOEt LSEt PhJj\OTBS
MeO( /Ej": MeO( ij"' MeO /(j", MeO m'u
~P7 07 "OMe >P7 ~0” "OEt CP7 N07 SEt ~P7 ~071"0TBS P70
MeO” || MeO” | MeO” | MeO” || Ph MeO” || H
0 0 0 0 0
-. 85% ee (1b) 90% y. 99% ee (1a) 31%y. 76% ee (1b) 93:7 99% ee (1b) 91%y. 95% ee (1a) 55% y. 92% ee (1a)

/Ej\ MeO\P |

o) OEt

MeO I|

95°/o y. 86% ee (Zb)

MeO” ||
(0]

85% y. 93% ee (2a)

75% Y. 96% ee (3)

MeO_

P @) SEt
Meo/g

89% y. 95% ee (2b)

100% y. 89% ee (1a, -40 °C)
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Inverse-Electron-Demand Hetero-Diels-Alder Reactions

Université rH‘\

CHM-6315
de Montréal
-Pr OEt Me Et
M
7 7 \F 7 Me
MeO MeO MeO MeO
>P7 0 >P7 0 >P7 0 Dl >
MeO” || MeO” || MeO” I MeO” || MeO™ Il __ ..
0 0 0 0 0 EZ 31
h -Pr OEt
ij “ O\ | Ty | o Ij ‘y
‘OEt 0~ “OEt o= OEt
MeO” I|

MeO ” 88% y. 94% ee (1b) MeO g 78% y. 93% ee (1b)
95%y 97% ee (3) 92% y. 95% ee (3)

ol ﬁ

OEt

MeO |I MeO” |I
98% y. 98% ee (2b) 99% y. 96% ee (2b)
-Pr
: H
/(tlj> o) 9]
MeO |I MeO |I H
99% y. 90% ee (1b) 79% y. 90% ee (1b)
D Ph -Pr
0]
MeO__ ~0 MeO_

P~ ~07:
MeO” I H
O 94%y. 71% ee (2b)

P~ ~07:
MeO” || H
O 98%y.94% ee (2a)

96% y. 93% ee (1b)
92%y. 97% ee 3

Q.

MeO” I|
49% y. 77% ee (2b)

OEt

MeO” I|
98% y. 97°/o ee 1b

OEt

MeO_

v O :
ol H
O 100% y. 84% ee (2a)

o)

31% y. 294% ee (1b)
98% y. 299% ee (3)

MeO_

0 P
MeO” |

OEt OEt

MeO I|
O 929 y. >90% ee (2b)
75%y. 5:1, >93% ee (2b)
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Inverse-Electron-Demand Hetero-Diels-Alder Reactions

Université f“‘\ CHM-6315
de Montréal

HO_~ 050, (10 mol%), NMO ' 1. HCI / MeOH _ m
-
t-BuOH / H,0 MeO | 2. PPTS (cat), acetone/H,0O MeO,C CHO

R N R
@) O ‘OEt 53% _ P O ‘OEt 73%

Me
- H
Sm(OTH)3 (5 mol%)
>
MeOH, reflux MeO,C 5
91% MeO
}i
Sm(OTfs (5mol%e)  MeO2L_~
>
MeOH, reflux
O

89% MeO
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Inverse-Electron-Demand Hetero-Diels-Alder Reactions

CHM-6315

Université f”\
de Montréal
Me Me *
_| R R
0] 0] -OTf :
| | \> 2 mol% 3
/ o
N\Cu/ "~ i l < /Ej
N 2 MS 3A/THF, 0 °C 0
t-Bu HQO/ | "OH, +Bu XOC 0 X XO0C O X
OTf
R R Ph Ph
7 z
/i ' l /Ej /i ' t ij
Et0,C~ SO OEt Et0,c~ 0~ "OEt Et0,C~ YO SR Et0,c~ 0~ "OEt
R =Me, 24:1,87% Y. 97% ee R = Et, >20:1, 94% y. 97% ee
R = Ph, >20:1,93% Y. 97% ee R =Ph, >20:1, 91% y. 99% ee
R = i-Pr, 22:1, 95% y. 96% ee
R = OMe, 59:1, 90% y. 98% ee
R = OEt, 55:1, 98% y. 98% ee R R
R =SBn, >20:1, 97% y. 99% ee :
OMe ¢ OMe
R R y | + l —_— Ill
- N ‘e
: < OEt Me” 0~ "OEt
Z Me @)
+ | S @) O
R =Me, 64:1,99% y. 99% ee
O O ) y
B0, ~0 . R = OMe, 10:1, 94% y. 98% ee
R =Ph, 16:1,96% Y. 97% ee
R =/-Pr, 16:1, 94% y. 95% ee

J. Am. Chem. Soc. 1998, 120, 4895
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Inverse-Electron-Demand Hetero-Diels-Alder Reactions

Université f“‘\ CHM-6315
de Montréal

———%—o
el :

"O OH2 Cr dimer 1

R~ 5-10 mol% 1
- L
\O OEt MS 4A / neat

Me Et I-Pr n-Pr
[:§:l‘05t 0~ YOEt 0~ NOEt 0~ YOEt [jF:l‘OEt
5 mol%, 75% y. 94% ee 5 mol%, 75%y. 94% ee 10 mol%, 72% y. 94% ee 5 mol%, 73%y. 94% ee 5 mol%, 70% y. 95% ee
Me OBz CHzan CHQOTBS COQEt
Me\ﬁj\ E'j\
@) OEt @ OEt @) OEt O OEt @ OEt
7 mol%, 75% y. 92% ee 5 mol%, 80% y. 89% ee 5 mol%, 90% y. 95% ee 5 mol%, 95% y. 92% ee 5 mol%, 90% y. 95% ee

Ph 4-MeOPh 4-NO,Ph 2-NO,P

Ph
Ej\ )
o OEt O OEt O OEt O OEt OFEt

10 mol%, 75% y. 98% ee 5 mol%, 75%y. 98% ee 10 mol%, 40% y. 98% ee 10 mol%, 90% y. 98% ee 10 mol%, 80% y. 98% ee

Angew. Chem., Int. Edit. 2002, 41, 3059
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Inverse-Electron-Demand Hetero-Diels-Alder Reactions

Université rH‘\

CHM-6315
de Montréal
Me
L
\S
@)
OH2
/ I ~Cl
O OH, Cr dimer 1
Y 5 mol%, MS 4A
\“ |
97.5% ee L
+ Me OEt
""OEt 0 ""OEt ent-Cr dimer 1 Cr dimer 1
1.2 1 . .
>100:1 dr, 80% ee 8:1 dr, 98% ee 5 mol%, MS 4A 5 mol%, MS 4A
o RO
(-)-Boschnialactone
i 0~ YOEt “"OEt

Org. Lett. 2003, 5, 2563

85%y. 7:1 dr, >99% ee 85% y. >97:3 dr, >99% ee
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Inverse-Electron-Demand Hetero-Diels-Alder Reactions

Université f”\ CHM-6315
de Montréal
Hall (2003) Bpin i o
R2
o 2 H20, 2
| =~ | 0.5-5 mol% 1 R CH.GO-Na R
N O ! > | >
a H™ N0 OR'  MS4A/neat
2
‘0 OHp  Crdimer1 R3CHO R'=FEt, R2=H,
81% Y., 96%ee
R2
Z
B RS
o ;70" YOR!
OH
e CH,=CH 73%y. Ph 82% y.
vk 810/°y' CH4(CH,),CC 86% V. 4-MeOPh 92%y.
’T'B“Sté o 82°/°y' (E)-4-NO,PhCH=CH  81%y. 4-NOPh  81%y.
L A [BSOCH; - B2%V-(B.CHCHC(CH)  76%y.  4CPh  T7%y.
OH >95%ee  “toMi oY (E)-EtO,CCH=CH(CH3) 88% . 4-FPh  75%y.
I-pr 8% .
0 AV it TBDPm
M : 7
OH 74%y. 95% ee _ Ot 65%y. >95% dr Ph -~ :~07 YOFEt
EtO X FI O OEt S H
OH 75%y. 96% ee OH 55%y. 90% dr

J. Am. Chem. Soc. 2003, 125, 9308
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Inverse-Electron-Demand Hetero-Diels-Alder

de Montréal

‘ 10 mol%

N
H

R2
R? R
z [ DCM, -15 °C to rt /(I
+ > |
N
R30,C” YO O R30,C

Et -Pr Bn
0 0] 0]
Ph Ph Ph Ph
: Et : -Pr “ 4Bn
/ I
| 69% y. 84% ee | 93% y. 89% ee | 65% y. 86% ee
MeO.C~ O MeO,C~ ~O~ O MeO,C~ ~O~ O MeO,C~ ~O0~ O
4-CIPh 4-CIPh 4-ClIPh 4-CIPh
~__Et P B
/ I-Fr n
| 79% Y. 85% ee | 70% y. 90% ee | 62% y. 80% ee
MeO.C~ O MeO,C~ ~O~ O MeO,C~ ~O~ O MeO,C~ ~O0~ O
Me Me Me Me
: Et : -Pr : Bn
z
| 81% Y. 86% ee | 75% Y. 94% ee | 72%y. 89% ee
EtO.C~ O EtO,C~ 0”7 O EtO,C~ ~O0” O FtO,C~ "0~ O

Angew. Chem., Int. Edit. 2003, 42, 1498

CHM-6315
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Inverse-Electron-Demand Hetero-Diels-Alder

Université f”\ CHM-6315
de Montréal
Bode (2006) Mes
ode CO.Me CO.Me
// — i . N
N /N 1.5 equiv EtzN SR
- |
j 0.2 M EtOAc, rt R? 0 0
"197°0.5 mol%
CO,Me CO,Me CO,Me CO,Me CO,Me
=z /i z =z =
Me @) c-hex Ph O 4-BrPh @) 2-furyl @)
CO.Me COQMe COzMe CO,Me CO.Me
Cl B : : :
\[ " B0 wBn BN BN
Me @) @) c-hex Ph 4-BrPh @) @) 2-furyl @) (@)
88% Y., >20:1, 99% ee 76% y.,>20.1,86% ee 91%y., 81 99% ee 80% Y., 6:1, 99% ee 94%y., 8:1, 99% ee
QOQMG COzMe
Cl n-C4oH :
\[ 107721 “\\n'C10H21 wn- C10H21
X
@] /(j\l\ /(j\l\
Me @) @)
71%y.,>20:1, 99% ee 90%y >201 99% ee
COzMe

| H,OTB
C\[C 20TBS +CH,OTBS
\
O ij\l\

O%y 3:1, 97% ee

J. Am. Chem. Soc. 2006, 128, 15088 J-41



Inverse-Electron-Demand Hetero-Diels-Alder

Université f”\ CHM-6315
de Montréal
.|. Mes R2 R1 52
Cr Cl | =
// \ 1.5 equiv Et3N RO N
o f + f - 1
N 0.2 M EtOAc, rt
. j Me0,C~ YO O Me0,C~ ~07 0

“0” 0.5 mol%

4-MePh n-propyl c-hex

/i/ g g

MeO,C O MeO,C O MeO,C O

4-MePh n-propyl c-hex

Cl_ _Bn B BN BN
o | 74% Y. 97% ee ij\l\ 84% y. 98% ee /El 85% Y. 95% ee
MeO,C MeO,C O O MeO,C O O
4-MePh
I -C4oH
C n-CqoHa -CioHa
\O Jl\/j\l\ 70% y. 99% ee
MeOQC
4-MePh
Cl _CH,OTBS CH,OTBS
\O /@ 83% Y. 95% ee
MGOzc

J. Am. Chem. Soc. 2006, 128, 15088 J-42



Total Synthesis of Ambruticin S

Université f“‘\ CHM-6315
de Montréal

Kirkland, T. A.; Colucci, J.; Geraci, L. S.; Marx, M. A.; Schneider, M.; Kaelin Jr., D. E.; Martin, S. F. J. Am. Chem.
Soc. 2001, 123, 12432-12433.

Liu, P.; Jacobsen, E. N. J. Am. Chem. Soc. 2001, 123, 10772-10773.
(antifungal agent)
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Retrosynthetic Analysis of Ambruticin

Université f”\ CHM-6315
de Montréal

K.-J. coupling +
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Martin Synthesis of the A Ring

Université f“‘\ CHM-6315
de Montréal

PhsP=CHCOOEt 1. H2504, MeOH

. 2. NaOMe
THF, 85% 3. H,S0,
> >
70%
1. TESCI (1), 2,6-lutidine
2. TBSOTf, CH,Cl,
Y
COOMe O COOMe OTES
H | H
1. NaBH,
-
“0TBS 2. TESCI, imidazole

OTBS OTBS
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Jacobsen’s Synthesis of the A Ring

Université f“‘\ CHM-6315
de Montréal

Me
I Ad
N O
OTBS o \C/ OTBS
r,
o) v, /. Cl
= O N 64%, 97% ee
" H OTBDPS - : .. _OBn
TBDPSO” " o7 s
OBn
BHg THF;
30% H202, NaOH

1. TBSOTT{, 2,6-lutidine (;)TBS

2. Pd/C, H, . OH
3. TPAP, NMO O’
- . . OBn
TBDPSO” K

O
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Martin’s Synthesis of the Cyclopropane Unit

Me

S
~

N /—<]
s\>—802 “oTBS

N.  Rhy(MEPY),
CH,Cly, 80%
| > O niMe

H
1. HN O  AlMe,

2. TBSOTTf, 2,6-lutidine

NaHMDS

e _ THF, 0 °C (\N e

H 0O H
OTBS

BH3'NH3
LDA, THF

CHM-6315
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Martin’s Final Assembly of Ambruticin S

Université f“‘\ CHM-6315
de Montréal

1. NaHMDS, DMF
2. TFA, THF, H,0O

OH 1. Cly(PCys)RU=CHPh O
BF5°OEt, Et  CHyCly, reflux

TsO : O
/\(')>\/\ CHaCle \/\/ ) 2. TPAP, NMO
TsO AN > z >

Hji\ ( 60%
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Martin’s Final Assembly of Ambruticin S

CHM-6315

MgBr
\—/

THF, 75%

Ambruticin S

HF-pyridine
THF

then LiOH
THF/H,O

-

1. ICH,SnMe3, KH

18-crown-6
2. BuLl, -78 °C
>
?Ph
@) N ®)
1. v
PBus, PhH
2. Oxidation (Mo(V1)) OTBS
4. Na/Hg, Na,HPO,, MeOH
-20 °C to 0 °C

MeOOC
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Jacobsen’s Synthesis of Ambruticin S

Université f“‘\ CHM-6315
de Montréal
OTES
1. BH;*THF
Me 3 1. Swern M
AN 2. HCIl 10% requx» AN Me 2. TMSC(Li)N, AN ©
-
@) Et 0O Et // @) Et
OTBS
OH 1. BugSnCu(Bu)CNLi,
2. CHsl
3.1y
MgBr
—/ M
N e
Pd(0)
17N O Et
Me
H,, CO
20 atm
Rh* cat.

CrCly, CHIg

Ethyl acrylate, Pd(0)

regio 91:9 EtO.C
dr: 96:4 2
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Asymmetric Hydroformylation

Université rH‘\

de Montréal
OO PPh, OO
O
/
o—R
10
(R.S)-BINAPHOS A Me R o R'=H, R2,R3=-(CH,),- 96% ee
Rh(acac)(CO), S ~ R'=Me,R2=Me,R3=H 72% ee
> R cCHO *+ R? H . - 819
H,, CO (50 atm), benzene, 60 °C RO Re R'=H, R®=Ph R°=H 0 ee
T i .
RV\ L )\
CHO Rh—CO
\/Y 7 | CHO @)
Co H
L Fl‘h_"' | OC—RhZ—H
P i

L—Rh—L L—Rh—L — th—CO /O

Horiuchi Chem. Comm. 1996, 155
Nozaki Tetrahedron 1997, 7795

CHM-6315

87 :13
78 : 22
95:5

' | L~ 0—R
Co CO CO CO \
’ O O
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Jacobsen’s Completion of the Synthesis

de Montréal

OTBS

OTBS

\\“‘ O / ‘e,
J H

TBDPSO

CHM-6315

1. DIBAL-H, -78 °C
2. Zn(CHMel),*DME

y
RAGBZPJC)(D :g:CDPdhAGBZ

)

o_ O
\B/
oy 1. PPhg, PTSH, DEAD, THF
2. Mo(VI), HoO5
N — Me
/
N
LiHMDS, DMF, DMPU N
Et
Ph
Me
1. TBAF
2. Pt, O,, H,0, acetone
Et > Ambruticin

Tet. Lett. 1973, 3899
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Synthesis of Pseudomonic Acid A

Université f“‘\ CHM-6315
de Montréal
Gao, X.; Hall, D. G. J. Am. Chem. Soc. 2005, 127, 1628. Julia-Kocienski
OH ! OH
amide synthesis HO,, : '\/\/L
O ‘\ w\\/ : Me
PJ\':) \ = . Me
HN "H/\/\/\/\O, § o
) = H
@) ‘ OH

HO, _~ OPG OPG
EtO Z 6] EtO Z -0

OH OH
O % O\B/O
R o_ O
=z
R' - R D S + |
" >0~ NOEt X
z O OEt
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n Synthesis of Pseudomonic Acid A
Université

CHM-6315
de Montréal
Me
|
“\\Ns O
~Cr\
7 ’// Cl
1 @)
o_ O
? ~ OH
(3 mol%), 20 °C, 5 h 1. TIPOT{, 2,6-lutidine, 93% 0 Me 7
2. Sharpless AD
2 - _ P |
X * o) M 3. NalO,4 EtO ; Fl 0] OEt
0] OEt 2. © . 4. NaBH,, EtOH &1iRs
EtO Z
0 1. TiCl,, Et;SiH
2. PhsP, DIAD
—~N
N7
1. KHMDS, THF, -78 °C [l >—SH
2. N\N
O  OTIPS \
Ph
Ho Y Me then (NH4),MoO,
'\_/Ie HQOQ, EtOH
| v
#\9 o0 O\\S//O \
H \N\«7
0 =3 Ss N 1. 0sO4, NMO O Me = N
Me N 2. Me,C(OMe),, TsOH P | \_
= . N\l\j/ - EtO v 0 Ph/ N
EtO <270 T : H
z_H OTIPS
OTIPS
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Synthesis of Pseudomonic Acid A
Université f“‘\ CHM-6315
de Montréal

#\Q OTIPS

1. KOTMS, Et,0, THF, 45 °C, 96%

2. DIC, DMAP, CH.Cl, Q
r
HN
0
H
N
\n/\/\/\/\oH
O 95% 1. TBAF (81%)
2. aq. AcOH (90%)
0
HN

J-55



Morita-Baylis-Hillman Reaction

Université f“‘\ CHM-6315
de Montréal

N
- OH O
0 n s (17 - Aziridines

J\ + N . - epoxides
R1 > R2 R1 )
R2” "H | catalyst - triols
- anti-aldol product (H»)
| oo T
® NR; O S @Q O
+ ~~ "R' R°CHO |
/ £
R1 @ > R2 R1
RsN
RsN
®
Problem Improvements
Low rate High pressure and microwave
Low conversion/yield N.S. Isaacs. J.Chem.Res.(5)1988, 330-331
Highly substrate dependant S.V. Bhat, Synlett. 1994, 444

Low temperature
J. W. Leahy, J. Org. Chem. 1997, 62, 1521-1522

Base modification (quinuclidinol, DBU, DABCO)

S. E. Drewes, Synth. Commun. 1988, 18, 1565-1568 OH
V. K. Aggarwal,Chem. Commun. 1999, 62, 2311-2312 Z N

Addition of Lewis acids
V. K. Aggarwal, J. Org. Chem. 1998, 63, 7183-7189
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Morita-Baylis-Hillman Reaction

Université f”\ CHM-6315
de Montréal
EWG yi RsN or RyP EWG  EWG = CONH,, CONR,, COOR, etc.
Y . JJ\ - R2 Z =0, NTs, NCO,R, NSO,Ar
H R R2 R 7H R1, R2 = Alkyl, Aryl, H
/‘ P th | N
1{:}“ a ‘ —_— ()
<L i/k© ih@
CHs H3C

e Chiral tertiary amine catalysts (Hatakeyama)

 Chiral tertiary phosphine catalysts (only effective in aza-MBH)
 Lewis acid catalysts

» Bronsted Acid catalysts (thioureas, binol, proline, ammonium salts
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Morita-Baylis-Hillman: Background

Stepwise Baylis-Hillman
A. G. M. Barrett and Akio Kamimura. J. Chem. Soc., Chem. Commun. 1995, 1755-1756

R1
TMSSPh or TMSSePh,
/\ﬂ/ + R2CHO

20 mol%, C,HsCN, -78 °C

o)
R' = alkyl

Chiral Auxiliary-based Baylis-Hillman

OPr' O

CO,H

@)
O)I
opr 0~ O

J. W. Leahy. J. Am. Chem. Soc. 1997, 119, 4317-4318

=

RCHO, DABCO

CH,Cl,, 0°C

o)
R)\O R

CHM-6315

X=S. Se anti
R Yield (%) ee (%)

CHj 85 >99
CH3CH, 98 >09
C)F13(3|'h2C)F12 70 >99
(CH3),CH 33 >99
PhCH,CH, 68 >99
AcOCH, 68 >99
(CH3),CHCH, 67 >99

Bn 0 -
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Asymmetric Morita-Baylis-Hillman Reaction

Université f”\ CHM-6315
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10 mol% cat.
0 0 Et,P HO O
Scheme 1. Proposed Catalytic Cycle for the RJ\H ﬁj THF R%
Bronsted-Acid-Catalyzed Morita—Baylis—Hillman Reaction 107 5
OH O O entry aldehyde catalyst  yield (%)" % ee*
R i 2 88 90
P 5.
! Ph/\)I\H 69

RsP - / RsP 0

). BH ' b ~N 2 5b (74) 82
// \\‘ BnO N

B-H. O © ,-HB o

0" O j)\ ¢ Q/-\)LH 2e 5¢(72) 96
d o
0]
~ RsP
RP @ ~ Te d O)L H 2e 5d (71) 96
)
)
A ?

H™ R e %H 2e 5¢(82) 95

(0]

/

X HaC
0 - )
OH 2dX= CHs 2e 51(70) 92
2e X =
r \ / g ©/‘L H 2f 5g (40) 67
h CH;

O

(R)-BINOL

@ Reactions were run with 1 mmol of aldehyde, 2 mmol of cyclohexenone,
2 mmol of PEt;, and 10 mol % catalyst in THF (1 M) at —10 °C for 48 h
under Ar, followed by flash chromatography on silica gel. ? Isolated yield.
¢ Determined by chiral HPLC analysis. ¢ 20 mol % catalyst.

Figure 1. Binaphthol-derived Brgnsted acids.

J. Am. Chem. Soc. 2003, 125, (40), 12094
Angew. Chem. Int. Ed. 2006, 45, (30), 4929 J-59



I Asymmetric Morita-Baylis-Hillman Reaction
Université

< CHM-6315
de Montréal
Scheme 1. Proposed Catalytic Cycle for _
Amine-Thiourea-Promoted MBH Reaction Table 2. Catalyst II-Catalyzed MBH Reactions of
S 2-Cyclohexen-1-one 1a with Aldehydes 2¢
\N /U\N O OH 0 o O OH
. .
\ o § N R)]\H 10 mol% Il _ R
scaffold CH4CN, 0 °C
1a 2 3
— 'N— catalyst ‘\I ret;cgclj\?;icér;]ael entry product t (h) yield (%)’ ee (%)
1 48 80 83
Mlchael addition S
N )J\ Shiral \NJ\N— chiral
N° N lscaffold , ), [scaffold 2 72 72 80
H N
\O@H 0 aldol reaction Ko} H oe
> I
< HJ\/\Ph Ph
.ol 3 48 84 81
®N— N—
| |
4 60 75 81
S CF3 5 72 71 80
BN
H H
/ 6 72 74 82
N CF3
\
|
7 72 82 81

Org. Lett. 2005, 7, (19), 4293
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Asymmetric Morita-Baylis-Hillman Reaction
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Table 2. Catalyst II-Catalyzed MBH Reactions of

2-Cyclohexen-1-one 1a with Aldehydes 2¢

o) o O OH
. R)]\H 10 mol% Il _ R
CH,CN, 0 °C

1a 2 3

entry product t (h) yield (%) ee (%)
8 &/QWH/ 72 63 94
9 0” OH 96 71 90
10 OT OH 120 67 92
11 L 108 55 60

a See footnote in Table 1. ? Isolated yield after chromatographic purifica-
tion. ¢ Determined by chiral HPLC analysis (Chiralpak AS-H or Chiralcel

OD-H).

CHM-6315
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Deracemization of Baylis-Hillman Adducts

Université f“‘\ CHM-6315
de Montréal

Trost, B. M.; Tsui, H.-C.; Toste, F. D. J. Am. Chem. Soc. 2000, 122, 3534-3535.

Pd R Pd
QCOzMe OCOQMe EWG EWG OAr
B Pd(0) ArOH
EWG . R EWG > — > 5 EWG
R/W}/ g _—
R/\/ Best regioselectivity in
EWG EWG polar solvent

Ligand optimization

QCOMe (dba)sPdy*CHClg OAr
CN 1 mol%

Ph Ph
o) >—\ O
R - o CN
chiral ligand NH HN
CH2C|2, rt, 4'M€OCBH4OH
PPh, Ph,P

R = alkyl or aryl Yield: 52-77% ee: 85-98% (most are >95% ee)

I:> Other phenols can be used

p-MeOCgH, group can be cleaved with CAN in 87-94% yield
without epimerization.
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