Chapter 6

Formation of Carbon-Carbon ¢ Bonds via Enolate Anions

6.1 —1,3-Dicarbonyl and Related Compounds
— Relative pKa

— Malonic Acid Esters

— B-Keto Esters

6.2 — Direct Alkylation of Simple Enolates

— Ester Enolates
— From Carboxylic Acids, Amines, and Nitriles
— Ketone Enolates

6.3 — Cyclization Reactions — Baldwin’s Rules

— Intramolecular Aldol Reactions

— Intermolecular Alkylation of Enolates

6.1 — 1,3-Dicarbonyl and Related Compounds
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6.1 — 1,3-Dicarbonyl and Related Compounds

Reviews:

Heathcock, C. H. In Comprehensive Organic Synthesis, Trost, B. M.; Fleming, |., Eds., Pergamon
Press: New York, 1891, Vol 2, pp. 133-235.

Kim, B. M.; Williams, S. F.; Masamune, 5. In Comprahensive Organic Synthesis , Trost, B. M.;
Fleming, 1., Eds., Pergamon Press: Mew York, 1991, Vol 2, pp. 239-275.

Paterson, |. In Comprehensive Organic Synthesis, Trost, B. M.; Fleming, 1., Eds., Pergamon Press:
New York, 1991, Val. 2, pp. 301-319.
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+ The aldol reaction was discoverad by Aleksandr Porfir'evich Borodin in 1872 where he first
observed the formation of "aldal”, 3-hydroxybutanal, from acetaldehyde under the influence of
catalysts such as hydrochloric acid or zinc chloride.

6.1 — 1,3-Dicarbonyl and Related Compounds

Malonic Ester Synthesis
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6.1 — 1,3-Dicarbonyl and Related Compounds

Michael Addition
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6.1 — 1,3-Dicarbonyl and Related Compounds
Michael Addition — use of chiral phase transfer reagents
0 <CO¢ET Ar  Ar
+
Al J\‘/\AF COLE
1 (3 mol=s)
K:CO; (10 mol%s)
toluena, =20 *C
o af
j - CO:Et
. 94-99% yield Ar Ar
CO.Ft  §5-94% ea 1 (Ar = 3,5-Ph,- G;,HE}

T. Ooi, D. Ohara, K. Fukumoto, K. Maruoka, Org. Lett., 2005, 7, 3195-3197.




6.1 — 1,3-Dicarbonyl and Related Compounds

1 or 2 (3 mol%)

i COR" k0, (10 mol%) eh
Ph)j\/\ Ph " <002n' toluene _ Ph COER
3a 0°C,24h 4a COR'

entry  catalyst R’ % vield® % ee (configuration)?

1 1 Me 99 54

2 1 Et 99 86 (R)

3¢ 1 Et 99 90 (R)

4 1 Bn 99 61

5 1 i-Pr 99 74

6 1 t-Bu mr'

7 2 Et 98 15 (R)

2 Unless otherwise specified, the reaction was conducted with 4 equiv
of dialkyl malonate in the presence of 3 mol % of 1 or 2 and 10 mol %5 of
K;COs 1n toluene at 0 °C for 24 h. ? Isolated yield. © Enantiopurity of the
Michael adduct 4a was determined by HPLC analysis using a chiral column
(DAICEL Chiralpak AD-H) with hexane—ethanol as a solvent. ¢ Absolute
configuration was determined by comparison of the optical rotation with
the value previously reported.!! € Performed at —20 °C./No reaction.

T. Ooi, D. Ohara, K. Fukumoto, K. Maruoka, Org. Lett., 2005, 7, 3195-3197.

6.1 — 1,3-Dicarbonyl and Related Compounds

1(3 mokt)

j\/\ GEl kco, (10 molos o A
At Zae T cog touene A"WOZET
3 -20 °G, 24h 4 CO.R
entry enone 3 % yield® % ee’ prod.
Ar' Ar
1¥  Ph 2-Naphthyl 94 91 4b
2 Ph 4-MeO-CH, 99 87 4c
3 Ph ,\m 99 89 4d
4 Ph 4-CI-CH, 99 85 4e
59 4-CI-CH, Ph 97 86 4r
6° Ph 2-Pyridyl 99 90 4g
7 Ph 2-Furyl 99 86 4h
8 Ph 2-Thienyl 99 94 4i
9 2-Thienyl Ph 99 94 4j




6.1 — 1,3-Dicarbonyl and Related Compounds

o 9 i
CO.Et+ V catalyst COzEt o
é/ : 50°C, 05h
1a 2a 3a
entry catalyst? solvent convn (%) vield (%o)°
1 VAp (800 °C) water =09 =09
2 VAp (600 °C) water 20 18
3 VAp (400 °C) water 11 10
4 VAp (200 °C) water 2 2
54 VAp (uncalcined)  water 38 36
[ VAp (800 °C) neat 0 0
7 VAp (800 °C) acetone 1] 0
8 VAp (800 °C) CH;CN 0 0
9 VAp (800 °C) EtOH 0 0
10 VAp (800 °C) EtOAc 0 0
11 VAp (800 °C) DMF 0 0
12 VAp (800 °C) DMSO 0 0

Cas(HVO4)(VO4)s(OH),

T. Hara, S. Kanai, K. Mori, T. Mizugaki, K. Ebitani, K. Jitsukawa, K. Kaneda,
J. Org. Chem., 2006, 71, 7455-7462.

6.1 — 1,3-Dicarbonyl and Related Compounds

Knoevenagel Condensation

o o o ; :NH o o
I O e
Eto OEt R H Elegzm EtO | OF

R

- 2EOH | H,0"
- GO, o

p
Al M = ﬂ
HO OH R H o E—" on

@]
CN TPP CN
RJ\H + nel — ~ Ry
CN 75-80 °C, or mw CN
1 2 3

J. S. Yaday, B. S. S. Reddy, A. K. Basak, B. Visali, A. V. Narsaiah, K. Nagaiah,
Eur. J. Org. Chem., 2004, 546-551.




6.1 — 1,3-Dicarbonyl and Related Compounds

Entry Aldehyde Product® Conversion Conventional Microwaved
1 3 (%) Time () Yield (%) Time {(min)Yield (%)

e COOEL

. @« m N 98 40 85 3 90

. o : . CODE g 30 87 3 92
Cl ”O cl on

c SHO COOE 100 25 90 2 95
e os T G

2

d QCHO @,\rcooa 95 45 82 4 a5
MeO MeQ =
:‘.@ o= N\ CN :OH
. R + * —
PhyP; 4 H RJ\PPha + 4N _ogt—= R7CEPh, PP
o]
* OH
CO'H CN cN
+ CN e R R™™
R N\ > R
OEt COOEL -H,0 COOEt
6.1 — 1,3-Dicarbonyl and Related Compounds
TABLE 3. Knoevenagel Condensation in Water Using VAp Catalysr®
entry donor scoepior time (h) product yield (%)
s, _COMa

1 a9
2 98
L) 96
4 95
] a
6
7 =49
8 0
o 90

* Donor (1.5 mmel), accepror (1 mmel), water (5 mL), VAp (0.05 g), 50 °C. * Determined by GC using an intemal standard methad < 110 °C. 4 THF (1
mL) was used as a cosolvent, 60 °C.

T. Hara, S. Kanai, K. Mori, T. Mizugaki, K. Ebitani, K. Jitsukawa, K. Kaneda,
J. Org. Chem., 2006, 71, 7455-7462.




6.1 — 1,3-Dicarbonyl and Related Compounds

Q-Keto Esters
a0
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6.1 — 1,3-Dicarbonyl and Related Compounds

B-Keto Esters — via the Claisen Condensation

RO R+ RO R heom, R.\“,,'L\KJL_O,R' + R—OH

ester beta-keto ester alcohol

B-Keto Esters — via the Dieckman Condensation

o} D
Base

-ROH

OR
B-Keto Esters — via Acylation

NaOEt EtOH
H,C OEt
(EtO)zc =0

then H;0O*




6.1 — 1,3-Dicarbonyl and Related Compounds

B-Keto Esters — Alkylation

o o0 o Ph o]
K,CO3, acetone O HBr, heat
OEt —4M8 — = Ph
then PhCH,Br OFEt

B-Keto Esters — Double Deprotonation

0o o0 2LDA, THF OLi OLi
[P
P
M OCH, 7 OCHj
0
PhCH,CI
—_ OCH;

then aq. w/up
Ph

6.1 — 1,3-Dicarbonyl and Related Compounds

1,3-Diketones
O O @] 0]
1. NaOH, agq. CH;OH

2. CHl "
3. H3O0" wiup

1,3-Diketones - Limitations

0 o o}
1. NaOH, ag. CH;OH il:f\/\
[ j - N, E j
2. CHl
0 3.Hs0" wiup o o

minor major

O-alkylation competes, outcome depends on amount of enol




6.2 — Direct Alkylation of Simple Enolates

/\)OL 1. LDA, THF, -78 °C o
OCHs 2 Etl, HMPA, THF /j/U\OCHa
o LDA, HVIPA o
Br\/\/\)l\ >
OCH, THF, -78 °C O)LOCW
o
i
HMPA=  N-P-N
1 ~
/N\

HMPA, and similar additives, break up Li aggregates

6.2 — Direct Alkylation of Simple Enolates

/\)OL 1.2 eq. LDA, THF/HMPA °C o
OH 2. Etl then HyO* wiup /j)LOH
oLi

via /\-/)\OU

C///N LDA, HMPA C/¢N /Ne
N THFE, 78°C 7 % O

EtBr, then H;O" l

"




6.2 — Ketone Enolates

o] t-Bu_ OLi OLi t-Bu_ OH o
é ¢Bui © @ HyO* © :tE
—_— + — .

53% 44%
0 oL ] o)
i LDA, THF i Hs0*
—— S

100%

0O OLi

o}
EB LDA, THF :I: EtBr i]: PN

6.2 — Ketone Enolates

©
o base o o}
pK, ~20 NaOEt EtOH pK,~16
K ~10*
pKa ~20 LDA (i-Pr),NH pKa~36
K ~1016

Typical bases used:

NaOEt ; NaOCHj3 ; KOt-Bu )\NJ\ ASiSig
Li




6.2 — Ketone Enolates

Regioselective Enolate Formation

o] OLi OLi

HyC LDA HsC HsC

—_— —_—
THF
-78°C
l Me;SiCl
OSiMe; OSiMes

HsC HsC

22% 78%

Using 1.02 equivalents of ketone to 1.0 equivalent of LDA, i.e. slight
excess of ketone (weak base)

Also use of KH and BEt; gives thermodynamic enolate

6.2 — Ketone Enolates

Regioselective Enolate Formation

(0] OLi OLi
H4C LDA HsC HC
THF
-78 °C
i Me,SiCl
OSiMe; OSiMe,
HaC HsC
99% not formed

Using 1.0 equivalents of ketone to 1.05 equivalents of LDA, i.e. slight
excess of the strong base

More accessible proton removed, no chance of equilibration

11



6.2 — Ketone Enolates

Deprotonation of Enones

OLi

t-BuOK LDA

B E— —_—
t-BuOH THF

RT -78°C
Conjugated Cross-conjugated
(more stable) (less stable)
e
THF t-BuOH
then Mel xs Mel

6.2 — Ketone Enolates

Enolates via Conjugate Addition

o] OLi(Cu) o]
\ﬂj Et,Culi \@\/ EtBr \éc
- = —_—
Et,O

Use of Activating Groups

o} ONa O
(EtO)QC o ETOH

then H;0*
J Mel

o} o o
H*, H,0
O ROk
A

12



6.3 —Baldwin’s Rules

Approach Vector Analysis
- for an SN2 displacement at a tetrahedral center, the approach vector of the
entering nucleophile is 180° from the departing leaving group

Nu: _’}L _ Nu%_»L e NU—; L
5 z 4

- for the addition of a nucleophile to an Sp2 center, the nucleophile approaches

perpendicular to the n-system.
Nu

R,
-0 > we—o
R

=0
RYEL R .
. . Burgi-Dunitz
-orbital
ool trajectory model

6.3 — Baldwin’s Rules

Favoured paths to transition states are:

Walden
. inversion .
X —’"";\\\%J o =180° X%;/"'Y Tetrahedral Systems

L

%)<  Burgi-Dunitz ~, X i
oy 9 - Aa Trigonal Systems
/ O q=109° Y

A
«(c=C)* Digonal Systems




6.3 —Baldwin’s Rules

Nomenclature
1. indicate ring size being formed
3 membered ring =3
4 membered ring =4
etc.

2. indicate geometry of electrophilic atom
if Y=Sp3 center; then Tet (tetrahedral)
if Y=Sp2 center; then Trig (trigonal)
if Y=Sp center; then Dig (digonal)

.

6.3 — Baldwin’s Rules

3. indicate where displaced electrons end up
- if the displaced electran pair ends up out side the ring being formed;

then Exo
- if the displaced electron pair ends up within the ring being formed;
then Endo
(Y C Y
—X:> X:>
Exo Endo

4. Ring forming reaction is designated as Favored or Disfavored
disfavored does not imply the reaction can't or won't occur- it only means
the reaction is more difficult than favored reactions.

14



6.3 —Baldwin’s Rules

Rules (Suggestions) for Ring Closure

- All Exo-Tet reactions are favored
xvL7 X.'WY—[Z‘ 7 Y X
\’—\ o
z FRY

3 4 5 6 7-

6.3 — Baldwin’s Rules

OH NaOQH, solvent
—_— (8
“Br

fl\/ch MNalEt Br\/\/m
=1 OEt

o o 1. KOH 0
2. HCl{conc)

O OFt ———— OH
- 2 EtOH
- CO,

o R tienes gt s
~F 4 -
- OHCHgCN 20°C 2hms { + R

1

B "Et
2 3
no catalyst 2 1
5 mol % PhSeSePh 17 1
5mol % PhSeBr 4 1
5 mol % PhSe(pthalimide) 2 1

15



6.3 —Baldwin’s Rules

- All Exo-Trig reactions are favored

z

3 4 5- 6 7-

- 3-Endo-Trig, 4-Endo-Trig and 5-Endo-Trig are disfavored; 6-Endo-Trig, 7-
Endo-Trig, etc. are favored

2, :
BP0 S

S~

3- 4- 5- 6- 7-

6.3 — Baldwin’s Rules

PhMe,Si PhMe,Si PhMe,Si PhMe,Si

/I BusSnH (’A
Br
T

Luh, T.Y. et al J. Org. Chem. 1993, 58, 5574

58%

Why are all exo-Trig cyclisations favoured?

3 4

ﬁ 2 ,rSOH
0! o

H

X lone pair 5-exo-Trig

Qverlap with C=Y n*
Attack at 109° angle possible




6.3 —Baldwin’s Rules

5-endo-Trig versus 5-exo-Trig

MeOZCﬁ/J\ﬂ,COZMe e MeOch@,CogMe
‘NHZ

5

HN—:  5-endo-Trig
0%
3
MeO,C 2 s 5-exo-Trig
0,
HN 100%
(o]
Bad alignment Too far away
H
o) H J
H C OMe
A9 Dy
DUl OMe
H

N lone pair can not reach
=" orbital of Michael acceptor
Diinitz angle attack not possible

6.3 — Baldwin’s Rules

- 3-Exo-Dig and 4-Exo-Dig are disfavored; 5-Exo-Dig, 6-Exo-Dig, 7-Exo-Dig, etc.
are favored

~ — L) /_>
X; Y g b8 v XY SR X ™~
~ \g A ?'Z Y

. ¢ s

5- (i 7-
—————— Disfavored- - - - - - -------------Favored------------
- All Endo-Dig are favored
A (Y a2
2N = Y X LZ
XSy g X") XA L Y’M)
3- 4 5 6- 7-

17



6.3 —Baldwin’s Rules

All endo-Dig cyclizations are favoured

0
OQ)A '-"_ ‘Q'Ar ¢y
o™ Og__J A

Ovelap possible in the 5-endo-Dig
plane of the ring

3- and 4-exo-Dig cyclisations are disfavoured

2 2 3
_1 3 1 4
x/x\\? 225\
Y
3-exo-Dig 4-exo0-Dig

Nuclephile can not attack with the required 120° angle

6.3 — Baldwin’s Rules — Enolate Alkylation

Endocyclic alkylations

¢ 6- to 7- membered RC
+ Y- Favoured
o \m . o * 3-to 5- membered RC
E Disfavoured

(Enolendo)-Exo-Tet

Exocyclic alkylations

(Enolexo)-Exo-Tet e 3-to 7- membered RC
> + Y-
Favoured

)
;

(o)

18



6.3 — Baldwin’s Rules — Intramolecular Aldol

Endocyclic reactions

¢ 3- to 5- membered RC

(Enolendo)-Exo-Trig Disfavoured
o i Yo > " * 6- to 7- membered RC
Y g Favoured

Exocyclic reactions

(Enolexo)-Exo-Trig

> ¢ 3-to 7- membered RC
o T o Y- Favoured

6.3 — Baldwin’s Rules - Enolates

6-(enolendo)-exo-trig versus 5-(enolendo)-exo-trig

o]
m .
N 5-(Enolendo)- 6- (Enolendo}-
B E——
exo-trig exo-tng
0]

Statistics : 4 possibilities to form a 5-membered ring
2 possibilities to form a 6-membered ring
Thermodyn. : 6-membered ring would be predominant or exclusive

19



6.3 — Baldwin’s Rules - Enolates

(o] (0]
1M KOH 6-(Enolendo)-exo-trig 100%
MeOH <05 min 5-(Enolendo)-exo-trig 0%
o o 7% &
H,
(0]

IR (observed)

C=0 Cyclohexanone 1707 cm’
C=0 Cyclopentanone 1740-50 cm™'

Formation of cyclohexanone totally dominates over even statistically

preferred cyclopentanones production.

6.3 — Baldwin’s Rules - Enolates

Only give information about whether processes are favoured or

disfavoured and not allowed and forbidden.

Nucleophilic RC feasibility strongly depends on ring size, geometry

of reacting atom and exo or endo nature of reaction.

Structural modification can dramatically affect the cyclization mode.

If favoured trajectory of attack valid, then reaction will follow the

Baldwin’s rules.

20



6.4 — Stereochemistry of Cyclic Ketone Alkylation

CH,
CH,
CH
Etl CHy | °
—_—
.
10 = 0% Et
CH,

Local groups will have an obvious effect on the direction of
approach of the electrophile

6.5 — Imine and Hydrazone Anions

i L)

~

HaC
o)
HaC ChxNH, H EtMgBr
T2 hge e 5
TSOH THF
BrMg. N

1. C::,I/
o 2.Hy0*

Hac\é,CH3

83%

Often cleaner reactions than with aldehyde and ketone
enolates due to no overalkylation

21



6.5 — Imine and Hydrazone Anions

chiral catalyst _ +
PhC=N,___COsBU + R-Br ———————» PNC=N. COBu
support / KOH

1 2 3
H. Yu et al. Tetrahedron 2004, 60, 8405-8410

P FY BN

-

4 5
B% N3 B CI%
N TJH(mHol,N N oH
6 7
Entry Catalyst Support Time (h) Yield (%) e (%) (Conig.)
1 p) Kaolin 10 97 81 (R)
2 5 Kaolin 05 97 §2(5)
1 6 Kaolin 65 8 §4.(5)
4 7 Kaolin 05 a1 72(5)
5 gt Kaolin 50 a1 86 (R)
6 5 Alumisium oxide as a0 84 (5)
7 5 Montmorillonite K10 2 a0 86 (5)
8 5 Celite 140 50 62 (5)

6.5 — Imine and Hydrazone Anions

Simple case -

_.NMe, 1.n-Buli .NMe, NalO,,
i THF A /\)l\/\) NaH2P04 M
2 B\ _y aq. MeOH
Enantioselective variants — SAMP/RAMP
ACH2OGH4
N H
h RAMP-Hydrazene
NHz

U\,OCH H coﬂ
N 3 3 N

(R)-(+)-1-Amino-2- (methoxymethyl) | |

rrolidine FEAMF' Hydrazone] NH; NH;
gg? Sig (1 g SAMP RAMP

(S}-(+)-1-Amino-2-(methoxymethyl)
pyrrolidine [SAMP-Hydrazone]
$46.1/9 (1 g)

22



6.5 — Imine and Hydrazone Anions

Formation of Hydrazones

i L oo o N—Q\
. _0°C,
R A, N 77.9% gl ~OCH
H

NH,
7 SAMP (5)-8

R = Me, Et, Pr, iPr, Hex, Ph

5 . N
1 v Ny _80°C OCHs
R , h 74-95% R’
R 2

&2
9 SAMP (5)-10

R' = Me, Et, Pr, Bu, Ph, Bn
A% = Me, Et, Pr, Ph
or R', R? = -(CHa)a-, -(CHa)a-, -(CHa)s-, -(CHa)g-, -CH=CH(CHg)a-

Enders, D.; et. al. Tetrahedron 2002, 58, 2253-2329

6.5 — Imine and Hydrazone Anions

N 1. LDA
N 2.EX
| OCH3 3. ozone or H1)H\\\E
R Mel, HCl/pentang .
R? 35-86% R
(S)-10 12 ee=04-00%
R' = Me, Et, Pr, Bu, Ph, Bn;
R? = Me, Et, Pr, Ph
E = Me, Et, Pr, CHpcHex, CHy(CHg)C=CHGCHg, CH,CO,Bu,
CH,C(COE)=CHCO,E
X =Br, |

HaC. CHj
N AL
N Q" "OCH; 1,LDA
H\ OCH, + /\I/H

2. Mel
' 3. HClipentane
CH; CHy CHz CHy 52%
(s)-21 (5,529
0 oH
HaC CH,
CHs CHa
(8,8, 5)-serricornin (30)

de = 88%
Enders, D.; et. al. Tetrahedron 2002, 58, 2253-2329
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6.5 — Imine and Hydrazone Anions

CHy CHy
HaCr, O 1.(9)-21, LDA HsC«.W QCH;
[/i 2.31 NS
Y 93% H N—
OCHs OCH; O
3 32

N
N
HK\ OCHs

CH; CH3
(SrF21

HyCo,, O

Enders, D.; et. al. Tetrahedron :
2002, 58, 2253-2329 OCH;,
swinholide A (33)

6.5 — Imine and Hydrazone Anions

Rationale for Diastereoselectivity

EX
ﬂ 0
N“N LDA or R dFI ~N
OCH, Li, Et;NH RN
RW)'H -p--rLl ?—\ .
"2 R T R | A
(S)-10 HaCO

EX
72-96% lE)(

N

I OCH
WE 3
R'Jﬁ“
R

11 de=31-99%

R' = H, Me, Et, Pr; R? = Me, Et, Pr, Pr, Hex, Ph

and R', A% = ~(CHy)s~, “(CHz)s~, ~(CHy)g-, -(CHa)g-, -CH=CH(CHg),*
R = Et, -(CHy),-

E = Me, Et, Pr, B, allyl

X=8Br|

Enders, D.; et. al. Tetrahedron 2002, 58, 2253-2329
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6.5 — Imine and Hydrazone Anions

CH,
de = 51-80%

ee = 69-80%i(syn)
de = ee ~ 100%(syn)"
NH
o R O / \ c
H\-l)
le R
S E
o]

R2
de = 80- ~100% 0O R? NH, ee295%
ee = 90- ~100%(anti) w A
A’ : ocH; R'7TR?
ee 2 96 ~100% ee = 76->90%

6.6 — Enamines

0® o) NR,
e S -

o L) [ ) [ )
HaC N b 0l N
— R . HC

TsOH, PhH

10% 90%

Work well with reactive electrophiles and give mainly C-
alkylation products

25



6.6 — Enamines

(N) MeO._.O O
o . L) j CO.Me
H = NG
M
—_— JE——
H)|\/\ J\/\
PhH, reflux RN H
1 2 3
HaO*
cO,Me o )
( ) CO.Me N o COMe
1 N H
- ———— e
X
2. AcOH, A H PhH, reflux H
o
6, 48% yield 5 4, 67% yield

Total synthesis of Aspidospermine

G. Stork and J.E. Dolfini, J. Am. Chem. Soc. 1963, 85, 2872

6.6 — Enamines

N o o
HsC H 1.RX HaC.., R H,C.,, R
—— +*
2. H,0*

major minor

Preferred conformation of enamine avoids interaction between
pyrrolidine ring and CH, group; alkylation from below

26



6.6 — Enamines — Stereoselective Alkylation

o \ o}
O N e
—_— —_—
PhH, A 2. Hy0"

90% (80% ee)

C2 symmetric pyrrolidine biases the system such that
electrophile attacks preferably from one face

6.7 — The Aldol Reaction — Intermolecular Cases

a fypical aldol reaction

OoLi Cf\ aldol addition D Oﬁs
PhJ“(H oW en T Ph)%p"
CHy CHg
ketone enolate aldehyde "aldol" product
(nucleophile)} {electrophile) {carbon-carbon

bond formed)

= LT I ~ i
Ph H” “Ph ph)J\'/ “Ph (lose H;0) P "
CHy CH3 o

o}
NaOH OH O

H -

H>|)\H re S ald-ol

NaOH
iy B ,\/{rm
H H
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6.7 — The Aldol Reaction — Position of the Equilibrium

o] NaOH, EtOH
Ph \)LH I—— Ph\/I\I)LH 90%

———

o] NaOH, EtOH OH
Oy == 2%
o]

* These reactions are reversible (base used) and will give
mixtures based on relative thermodynamic stabilities

» Aldehydes are more reactive than ketones and there is less
strain in the aldol products (H vs. R group)

+ Ketone aldols sent to completion by heating and loss of H,O:

O NaOH, EtOH, A OH -H;0
O —= — Oy
o} e}

6.7 — The Aldol Reaction - Catalysis

H. + H.-x.
W ot o P
R/C\C’R -— /C\C/R — R/CQ‘:CH‘ + H30+
Hz FaaiN ¥
H H i
Hess HE H. *
I o R P
, . o
i H H ROHHH
donor acceptar new bond
HHzo
00 R :0-H
1l SN
Py “c/R + H0T
R J/C\ ~, 2
R HH H

Via the enol — acid also catalyzes keto-enol tautomerism and often
will catalyze loss of H,O to give the o,B-unsaturated product
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6.7 — The Aldol Reaction - Catalysis

a} o=
i , OH Clj
R/C&C/R - /CQ,_ _,R + H20
o R C
H H |
H
ara :OD 0! R -
(|: R 1l f | ~ /O ¢
o ™
R T T et
h H H " HH H
donor acceptor new bond
t]reo
0 R :0-H
1l \C/O F
e e g TV
A
" pHH

Via the enolate — deprotonation of enol or keto form generates the
enolate and basic conditions will often catalyze loss of H,O to give
the a,B-unsaturated product

6.7 — The Aldol Reaction — Intramolecular Cases

0

2% NaOH
via B-exo-trig
CHQOH \ g‘ Me

85%

9 co,Et CO,Et
0.5 eq KOt-Bu :
> reported elsewhere
1:1 THF:t-BuOH SIN
o=
N\
CO,Et 0 CO,Et
Chiu et. al. Tetrahedron Lett.
1998, 39, 9229-9232 \ +
o= o
\
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6.7 — Mixed (Crossed) Aldol Reactions

=

~

a
(o} o o] OJ\N 0
10% MaOH 10% NaOH
Hac,l“—c,h * O)LN —— m)\dh —~F M
o B Q
HCI 0L
H:ch oé o C/CHs . H 10% MaOH CoHs
Hz -—

Q
mﬁ;ﬂwau,c.o NaOK23°G

HOHC' CHa-OH

g memdr

ArCHO + ketone is known as the Claisen-Schmidt reaction

One substrate is non-enolizable to avoid mixtures of enolates/products

6.7 — Mixed (Crossed) Aldol Reactions

R' R2 Rt R
“ = =
™ I‘ = | = | =
N cho HC i |.|/’
:{O o © (a) <0 & D>:
—_— =
T oo Of o @ o
CHO | \JL P
| Hac N |
\% P T
R R2 R! R?
1 2 3
o il 13+ 2 = 3b (2600)
1_- 2 — / - o
1b.R'=Cl 2b. RZ = OMe 1a + 2¢ = 3c (33%)
1¢.R'=CHs 2¢.R2=CH, 10 +2a = 3d (26%)
1c + 2a = 3e (39%)

(a) t-BuOK (10mal%), r.t., 16h, THF

Hiratani; et. al. Tetrahedron Lett. 2001, 42, 8351-8355
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6.7 — Mixed (Crossed) Aldol Reactions — Mukaiyama

oTMS e} TiCl, o OTMS

MesSis @ -TiCl
B ——

R R
R™ "OTMS H

Other Lewis acids — SnCl,, TiCl,, InCl,, BF;.OEt,

6.7 — Mukaiyama in lonic Liquids

i o Mmoo om0 )‘i X //?f‘““ BI(OTRt0 (10 mol %) m
P H \1%\“; [Bmim]RE, 25 °C PhMRS R7TH Ph [Bmim]BF,, 25 °C R Ph
e R R
1 2a 3
la 2 3 Eniry  Aldchyde 1 (h]_Productd _ Yiekd of product 3 (%"
Entry  Silylenolate2  r[h] Productd  Yield of product 3 [%]™ )
OSiMe;
1 5 3 g2l 1 H 6 3 79
Ph
OSiMe, N N
2 % £ 83 o
\/\Ph
0OSiMe; 2 H 40 3j 58
3 \T}\P" 23 3 7 FiC
o
(')hiMe:‘ 3 @')‘\H 27 K 87
4 6 3d 56l
}\pclcelu .
QSiMe; o

5 2 3 63t
}_\ 4 H 23 3l 5
OSiMe;
6 é 23 ar gl o -

08iMes 5 du 26 Im 47
7 21 3 56
}\OP’h . Mety
o

0O8iMe; . 6 7 In 51
8 SF 19 3h 64
: - 7 L 40 30 48
[a] Conditions:  benzaldehyde (la) (lLOequiv). silyl enolate EO 07 TH

(2equiv), Bi(OTRzaH:0 (0.10equiv), concentration = 2 [a] Conditions: aldehyde (1.0 equiv.), (1-phenylvinyloxytrimethyl-
[b] Isolated yield. [¢] Including TMS-protected aldol product. [d] A gy, e (2a) (2 equiv.), Bi{OTF)y#H,0 (0.10 equiv.), concentration =
50:50 mixture of synfanti stereoisomers was obtained. [e] dequiv. 5, [b] Isolated yield. e

of silyl enol ether were used. [f] A 55:45 mixture of syalanti stereo-

isomers was obtained. [g] A 61:39 mixture of syn/anti sterecisomers

Ollevier, T.; et. al. Eur. J. Org. Chem. 2005, 4971-4973
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6.7 — Mixed (Crossed) Aldol Reactions — Mukaiyama

Tahle 1. R{OTA3 (1)-Catalyzed Aldol Reactions with Ketones
und Aldehydes.

Rl, R

Rl OTMS R4 1 R R4
> 3 * : © CHLCl °
2 ] . |
R Re R 2t 0 OTMS
3
Eatey Silyl enal Electrophile  Conditions?  Product
ether rRARICO [h,*C] {yield 5
1 Ph—& PhCHO 0.5, .70 3a (92
OTMS o
] FuCHO 2,70 3b (91}
3 NErCHO 5. RT 3e (74
4 PhCOMe 50 3 (55)
5 MeCOMe 2,0 3e (65)
[ O-oms PhCHO 0.5, -70 3 (95)¢
7 FuCHO 1,70 3g (954

AT every case | mol % of 1 tetrahydrate was used as catalyst excepl
for entries 3 and 4 where 5 mol % was used: Fu : 2-furyl;

b Yields in isolated products; € Synfunii = 55/45; d Synfansi = 3367,

Table X Bi(OT)3 (1)-Catalyzed Aldol-type Resctions with Acetals

R, RZ
R OTMS RYOR 1 A3 R4
— + X —_— RS
& 3 5 CH,Cl
H H R OR 2Cly 0 oR
4
Entry  Silylenol Electirophile  Conditions® Product
ether R4RSCO [min, °C] (yield %)®

1 ph—é PhCHIOMe)z 15, -70 da (82)
OT™S

3 PhMeCliOMeh 15, -T0 db (84

3 PCHOMeh 60,70 dc (92)

4 MeCH(OBr),  120,-70 4d (81)
I’h—(_ 2 o

5 ¢ PHCHOMer 15,70 de (90

6 .a.H{L PRCH(OMe)  30.-T0 40 92)
OTMS

7 O—oms PhCH{OMe ) 20, -70 dg (90yd
] MeaC{OMe)y 60, -70 4h (85)
9 HC{OMels 20,70 4i (8K)

10 O (CHRCHOMe 240, -30 j (8
>=(0ms (CH2CHOMe)2 240, - 4 (89)

Dubac, J.; et. al. Synlett 1998, 1249-1251

6.7 — Mixed (Crossed) Aldol Reactions — Mukaiyama

RI _OTMS | pBU/meat, r.t. 24 h

(o]
JL,*P\

RTTH  p? OMe 2 IMHCUTHF

H O

Rl’R;«: RaOMe

Entry R’ R’ Product  Yield (%)
1 2-NO,CgH, CH, 1a 67
2 2-NO,CgH, H 1h 60°
3 4-CIC4H, CH; le 73
4 4-CICH, H 1d 60
5 CgHs CH, le 77
6 CgHs H i 51
7 4-MeCgH, CH; Ig 79
8 4-MeCgH, H 1h 55
No solvent 9 2-OMeC¢H, CH, li 68
10 2-OMeCsHa H 1j 33
1 ~sHsCH=CH CH; 1k 83
12 “sHsCH=CH H 1 65
13 3-CsHyN CH; Im 63
14 3-CsHN H In 794
15 n-CgH 4 CH; lo 58
16 n-Cglly4 H 1p 64

“The reactions were carried out at room temperature for 24 h using
aldehydes (1 mmol), ketene silyl acetals (2 mmol), DBU (0.2 mmol).

P Isolated vield.

€ An aldol condensation product was obtammed in 22% yield.
Including TMS protected aldol product.

Ji, S.-J.; et. al. Tetrahedron Lett. 2005, 46, 507-508
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6.7 — Asymmetric Mukaiyama aldol

oTMS

ZnX, (20 mol %) OH o | \
= CHO  jigand (22 mol %) ~ O~ “N"L\II- o
+ | N N ~)
i THF-H,0 (91) = B
8 9 it EtOH-H,0 (9/1) 10 - 1 e
(1.2 equivs.) i 1-PrOH-H,0 (3M)
Entry Catalyst Solvent Temp. [°C] Time [h] Yield® (syn/ant) Eckl syn
a) ligand and anion effects
1 Al i 0 10 73 (9/1) 53 (S5)0
2 B1 i 0-rt 20 14 10
3 C1 i 0-rt 20 trace -
4 D1 i 0 20 53 50
5 A2 i 0 10 82 —24
6 A3 i 0 9 56 ~13
7 A4 i 0 20 67 —3
8 A5 i 0 20 59 0
9 A6 i 0-rt 40 25 0
10 A7 ii 0 20 58 -27
b) solvent and temperature effects
11 Al i 0 10 80 (9/1) 39
12 Al i —10 48 971%! 62
13 Al i (2:1) —10 48 66!" 73
14 Al jii —10 48 30 65
15 Al it —-20 72 88 (95/5) 69
16 Al ii —20 24 93 (95/5)! 69
17 Al i+ii (1:1) —20 72 43 (95/5) 75
18 Al i+ (2:1) -20 72 34 (96/6) 77
19 Al i+ii (1:1) -25 48 86 (96/4)0! 75
20 A1 i+ii (1:1) -25 48 88 (03/7)0! 72
Mlynarski, J. and Jankowska, J.; Adv. Synth. Catal. 2005, 347, 521-525
6.7 — Asymmetric Mukaiyama aldol
OTMS (o] OH ©
X
" T
HO_ H
= COPh
Me H
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6.7 — Asymmetric Mukaiyama aldol

Diastereoselectivity (syn/anti) is
set by large group on aldehyde
wanting to be equatorial (to avoid
1,3-diaxial interations.

Enantioselectivity is set by the
need to avoid interactions
between the i-Pr group of the
ligand and the Ph group of the
TMS-enol ether nucleophile

P
HTMS) -
2 o ol
i{\ /i
(Siﬁw} -

Me

Ph

K ms
M2 12
(S)] pAlSTOH

Me

l

H
(R) | Ph
Ph~F7|~0H
HS

(RIT o-TMS
Me

QH O

IR)
s

6.7 — E/Z Enolates
1,3-diaxial
H :'-||='r M MI:'r
LDA =
RJ\/MG‘ — O: *L-'}N*,upr —~— Ej -Li"}N“f-Pr
THF = -
R™ Me H
A3 strain
o OLi
E RJ\,“ RN Me  Z
Me
R (E)-(O)-enolate (%) (Z)-(0)-enolate (%)
OMe 95 5
Et 70 30
i-Pr 44 56
t-Bu ~0 100
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6.7 — Aldol Reactions Using Boron Enolates

fo) QB(n-Bujp
(n-Bu),BOTI
EtJI\"’GHS - Et)%’GHS kinetic
EProNEt, ELO
—78°°C, 30 min
*87% (2)
fe) OB(c-Hex),
CHy  (cHex}BCl ,I\ .
Et)'l\z - = EBT® thermodynamic
EtgN, Et,0 CH
~78°C, 10 min N
>99% (B)

« Dialkylboren triflates typically afford (2)-boron enclates, with little sensitivity toward the

amine used or the steric requirements of the alkyl groups on the boron reagent.

- In the case of dialkylboron chiorides the geometry of the the product enolates is much more

sensitive to variations in the amine and the alkyl groups on boron.

« The combination of {c-Hex),BC| and EtzN provides the (E)-boron enclate preferentially.

6.7 — Zimmerman-Traxler TS for aldol

0 OB(n-Bujp O OH
{n-Bu),BOTE PhCHO
EIJJ\-’GHS — Et’J%/GHS — = Et Ph
EProNEL, ELO -78°C ay
~78°C, 30 min a
>97% (2) 7% syn >99%
(Zrenolates [ R 1#
H rl‘[q es
~0- - ‘--.L =
7 | ."-)%01 — A7 YR,
Rz CHy
OML, L CH3 i
. (J\\\..,OH - FAVORED s
+ H‘HQ |[ 1
RoCHO H
2 M
\ / 0 l ~L
=4 — R YR,
H CHz
CHs ]
DISFAVORED Ll
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6.7 — Zimmerman-Traxler TS for aldol

o OB{e-Hex); 0 OH
(e-Hex):BCl
EtJ'I\/GHs = Et)“\ M EtJ\_)‘Pn
EtgN, E4,0 -78°C G
-78°C, 10 min CHe CHs
=09% (E) 75% anti >97%
(Erenclates [ Ry " Ik
M %
-.0— - """-L =2
A |He 12 Ol R Rz
OMLs Fa CHgy
AT " FAVORED ) anti
CHs - q
. 1
OH
RCHO S oM=L o
JQ )d Ri Rz
CHy
n
DISFAVORED =

6.7 — Evans Asymmetric

Aldol Reaction — Chiral Auxiliaries

(Z)-Selective Preparation of Boron Enolates from Evans’ Acyl Oxazolidinones (Imides)

o o
~ NJk,CHa
o
_&O

mBuy, —oTf

neuie|—o
o ?2
i=H

HiC H:
N En

FAVORED

* -PrzNEt

n-| Bu ’n Bu
)\,CHg

En

n-Bu, n-Bu
B" “OTf
n-BuBOTS
ity Jk,cHs
CH,Cly 3 :
En
mBuy o
n-Bu—B I —0,
N for ?. ?
H CHgZ M
Bn
DISFAVORED
¢ PINEL
n-Bu
!
i b

PNy
L{ CHa

En
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6.7 — Evans Asymmetric Aldol Reaction — Chiral Auxiliaries

UNREACTIVE

0 Bn

\{L ~o-}B‘=n B

FAVORED

Open coordination site
required for pericyclic aldol rxn

I

Bn oam Buj,

O'Li‘o
JI\N/K\,CHS
Bn

cf. reactive enolate in
Evans' asymmetric

‘)\ alkylation
E: H, /~o0 |2
Bn
n-Bu N"&
vs. o H 0
u n-Bu="5y =07 T\
\O A\
R
CHy
DISFAVORED

6.7 — Evans Asymmetric Aldol Reaction — Chiral Auxiliaries

Bm

\X\ “O‘}B“‘n Bu

FAVORED

n-Bu n-Bu
?B.V
gn "0
("N R
0 CH
<, o
Bn OH
N R
0~ CH,

Evans, D. A.; Takacs, J. M.; McGee, L. R.: Ennis, M. D.; Mathre, D. J. Bartroli, J. Pure & Appl.

Chem. 1981, 53, 1109-1127.
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6.7 — Evans Asymmetric Aldol Reaction — Migrastatin

Migrastatin

Migrastatin - Gaul, C.; Njardarson, J.T.; Danishefsky, S. J.
J. Am. Chem. Soc. 2003, 125, 6042-6043.

6.7 — Evans Asymmetric Aldol Reaction — Migrastatin

Important disconnections:

. HWE
Asymmetric 0O

aldol % ﬂ -

Ester coupling c::} O

Ring-closing olefin metathesis
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6.7 — Evans Asymmetric Aldol Reaction — Migrastatin

0 oH
DIBALH, PhMe, -78°C Rt 1.NaH, Mel, DMF, RT Sy~ .,
MeO -~0>< .-O>< aH, Me ~OH
T .
—— o then ZnCly, HaC=CHMgBr -3 0 2. 3NHCI, THF, reflux & OH
(2] OH

1

(o] OTMS
1. NaBH,, CeCl3.7H,0 h
0 0 0
MeOH, 0°C veo—7 N
B

Southern (red) portion of Migrastatin

OMe

PhMe, -78°C to RT OMe

2, 75% yield 3, 80% yield
>00% ds

Pb(OAC), NaHCO;
CH,Cly, RT

- B H
2.CSA, H,0, THF OMe TiCly, CHyCly, -78°C OMe

OMe
reflux then TFA, CH:Clz, RT

6 5, 75% yield from 3 4

6.7 — Evans Asymmetric Aldol Reaction — Migrastatin

Finishing the required aldehyde

o] =
3 HO ™7

|
/\(?J\Ll/ LiBH4, H;O, THF, RT /r/
= —_—
\1/ %\I “OH
OMe

7, 44% yield from 5

H
1. Acz0, DMAP, pyridine HO™ ™ 1. Acz0, DMSO, pyridine o’l\[/
CH,Cly, RT = . CH,Cly, RT /|

—— —_——
2. TBSOTY, 2,6-lutidine _ "
CHCly, RT /\l) ‘OTBS fﬁ) OTBS
3. KzC03, Hz0, MeOH, RT OMe OMe
8, 90% yield 9
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6.7 — Evans Asymmetric Aldol Reaction — Migrastatin

Evans chiral auxiliary —asymmetric aldol

(o]
H . , it
o
O/)m/ i ﬁkm 0
T 1. MgCl; EtaN, TMSCI, - HO" v )
E(OAC, RT Bif ., I Bn
ZY  "OTBS -
OMe 2. TFA, MeOH, RT 25N “OTBS
OMe
9 10, 67% vyield from 8
1. TESCI, imidazole
CHzCl3, RT
2. LiBHg, MeOH, THF, RT
o o "~
" - ' H
2 Fla OMe 1. Dess-Marlin periodinane l\/\’
% OMe CH;Clz, RT TESQO" e
TESO" 7 g b M
i ] 2. MeP(O){OMe)s, n-BuLi e
i THF, -78°C to RT <]
T S ZY ‘oTBs
o ‘OTBS 3. Dess-Martin periodinane
(i) = CHyCly, RT OMe
e
12 11, 83% yield

6.7 — Evans Asymmetric Aldol Reaction — Migrastatin

Evans chiral auxiliary
JACS 2002, 124, 392




6.7 — Evans Asymmetric Aldol Reaction

\{ 6 1. n-BuBOT, iPrsNEL HSC‘{CHS OH
(\N CHClp, 0°C (\NJJ\/\
O_QO & E‘?cal_l—{}; 23°C O_'&O CHs
CHa O . n-BugBOTH, i-ProNEt CHy 0 OH
ph¢NLCHa CHGl, 07 o I
0_<\0 E R AP O_'&G CHs

diastersomeric®

imide aldehyde ratio yield
A (CHg)zCHCHO 49711 78
B (CHy):CHCHO <1:500 91
A n-C4HCHO 141:1 75
B n-C4HaCHO =1:500 a5
A CgHsCHO >500:1 88
B CgHsCHO <1:500 89

*Ratio of major syn product to minor syn product.

6.7 — Mannich Reaction

\ H \ R \ R
\ \ Y / Y /
NH Cc=—0 + /CH—C\\ —_— IN—CHQ—C—C\
/ / / o W
/ y , S / .
COOH
\ﬂl“c“a - 5 —_— + \ N
COOH
Ny l @
-2C0, COOH S h COCH
o) ©) ) ’ :i ); g H
{#) tropinone COOH COO(I:—Ji-H COO‘I)-{
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6.7 — Mannich Reaction

1

C. Lindquist et al. Tetrahedron,
2006, 62, 3439-3445

Table 1. Yields and purity of library compounds*

0 o] R1 [0} R!
MeO' MeO N MeO c N
L e h2 e Rz
R 0 ,|( RE b g f R
N N Y
n

R
2 R'R2N"H=pyrrolidine, T7% 8-31
3 R'R2N"H=4-methylpiperidine, 93%
4 R'R2N"H=diethylamine, 78%
5R'RZN methylpiperazine, 45%
6 R'R2N"H=morpholine, 57%

7 R'RIN"H=benzylmethylamine, 6%
Scheme 1. (a) R'R*NH (1 2 equiv), HCHO (1.2 equiv), room temperature, 18 h: (h) R'R'NH (1.5 equiv), HCHO (1.5 equiv), room temperature, 48 h.

O Yield
B Purity

Compound

BnMeNH

6.7 — Mannich Reaction

L § 153 CllI-"I}:&leJ
RIC=CH + (CH,0), + HNR?R? 23,

MW
G. Kabalkag;gIéYSgnlett, 2001, RIC=C C'HgNRjR3 No solvent!
Entry Alkyne Amine Product Yield(%)"
1 CH;(CH,),C=CH (CgHsCHy)oNH (CsH5CHy)NCH,C=C(CHy);CH, 90
2 CH;(CH,)sC=CH (CgHsCHy),NH (CgHsCH,);NCH,C =C(CH,)sCHy 86
3 p-CH;CgH,C=CH (CsHsCHa),NH (CeHsCHy),NCH,C =CCeH CHy-p 80
4 CeHsC=CH HN\/:> CﬁHSCECCHzND 77
F E
5 @C=CH HNDO @FCCHZ N/\:/\O 63
cal

=
Q
Il
o]
=+

Cl
as -0
C=CCH,N N
/
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6.7 — Mannich Reaction

1. CHyNMe,l, EtsN, TH,Cl,
2. HF.pyr., CH,Cls, 0°C

e Brevetoxin B

6.7 — Michael Addition

CeHs CeHs
— £O2C2Hs  oocone CoMs0sC L. NaOH, heat
2. H2C\ W" 2. Hz0", heat
H Y CogtgHs 2R C2Hs02C  COzCoHs HO2C  COzH
HaC

HaC. (Hs HsC. CHs
HaC 0 £02C2Hs  ygpyp,  CzHsO2C NaOCoHs  CzHs02C
3 + Hag, — Dicckmanm

CzHsOH
Hal H £09CaHs 2Hs CZHSOZC

4. HzCNO

CHz

5. H3C—C=C—CO2CzHs +

Cieckmann
o] s}
e CH
CHz 2
_MNaoH _ RaNH
CQHSOH aldo\ (~Hz ) 5
7 00 eHs
Co2CzH
M maocgns | PR
FaY 3 2205
HaC CaHsOH
307 CoaCaHs COaCaHs
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6.7 — Michael Addition in Water

Rodriquez et al. Synlett, 2001, Ph
715-717 )
MegN—FI’—NMeg 0O 0
(o] Q NMe, OR!
Vuf‘\oﬁ e HWZ 10 mol%
H,0 - RT 2 Z
1a- 2a-e €5-100% 3a
Z = CHO, COMe, COOMe, CN
Acceptor Time Yield
Entry Ketoester et (] Product [%]"
o Q
I 1a 2R’ =H,Z=COMe 24 &\/;j: 3 75
2 la 2b:R*=H, Z=CHO 24 é(,_:ﬁ: b R
o] e}
COEt Q
3 1b ﬁj 22:R*=H,Z=COMe 24 é(;i\ 3¢ >W9

5 1e 2b: R*=H, Z = CHO 24

o 2a:R*=H,Z=COMe 22 C]ij(&*)‘i\ 3 >99

CozMe e 90

6.7 — Michael Addition - Intramolecular

LiAlH4 { Et,0 -

ﬂ\/\ 4"‘1 : &/\/OH

(o] CO4Et oG (]
3 4

EWG1._ EWGy: NaH, DMF, THF

4 B\/\' | &
o a EWG, = EWG, = CO,Me

5 b EWG, = EWG; = CN
c EWG, = CN: EWG; = COzMe

0 10y, hv, MeOH

— EWG1
Rose Bengal o M
(o] EWGy

2y Ac20, pyr OMe
DMAP 7a 55%
7h 80%
EWPiIG1 EWG5 Te  92%
%
0
OMe 2a 63% Fall et
2h 35%
2c 60%

PPhy, Ig, Imid, THF, 0 °C

T7%

n__e
Q EWGz
la 90%
1bh T74%
lc 43%

DBU, DMF, rt

al. Tetrahedron Lett. 2005,
46, 5819-5822
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6.7 — Michael Addition - Intramolecular

PPha, DEAD, THF, rt

f 3\ oH —\ S0sPh
SoTT Sor SO,Ph
PhO2S._-50zPh o 2
4
1d
72%
103, hv, MeOH
2 . e = SOzPh DBU, DMF, rt
Rose Bengal
MASO2Ph
2) Acy 0, pyr 75%
DMAP 7d
61%

PhO2§ S0,Ph

o=(:j

OMe
2d

Fall et al. Tetrahedron Lett. 2005,
46, 5819-5822

6.7 — Michael Addition - Intramolecular

CcN o
fr—

4 7
\g \ﬁé k{;«[
©l0R= CHN,
11 R = OMe

Intermolecular Michael addition followed
by intramolecular Michael addition

Srikrishna et al. Tetrahedron
2005, 61, 8855-8859

11 X = OMe b, 92%
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Scheme 2. (a) LIN(TMS),. CH,=C(Me)COOMe, hexane; (b) NaOH,
LM, ELO:

MeOH-H,0. reflux: (¢} (i) (COCl),, l'. eHg: (11)
(d) RhofOAch, CHaCli(e) 040, Ia,

DMAP, CgHe, reflux; () (C
(h) K:COs, MeOH: (1) PCC, silica gel, C

: () Ref. 4.
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6.7 — Robinson Annulation
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