Chapter 16
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During a condensation reaction, a small molecule is
eliminated from the initial adduct.



Condensations of enolate anions with

aldehydes
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Condensations can be carried out using ketones
(G=alkyl; Claisen-Schmidt condensation), esters
(G=0OR; Knoevenagel condensation), or mixed
anhydrides (G=OCOR; Perkin condensation)



Claisen-Schmidt and Knoevenagel
condensations

Claisen-Schmidt reaction:
ketone enolate nucleophile,
aldehyde electrophile

Knoevenagel condensation:
cyanoacetate ester enolate
nucleophile, aldehyde
electrophile

Knoevenagel condensation:
nitroalkane enolate
nucleophile, aldehyde
electrophile

Mal
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Darzens condensation

Alkoxide anion generated by
addition to the aldehyde is
trapped by the alkyl halide as
an intramolecular electrophile

The E(O) enolate of the
haloester reacts through a
chelated transition state to give
the cis-2,3-diphenyl-oxirane:
the alkyl group of the aldehyde
ends up trans to the carbonyl

group.
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Asymmetric Darzens condensation

Using a chiral phase transfer catalyst and
lithium hydroxide as the base in a non-polar
ether solvent allows the enantiomerically
enriched epoxide to be formed.

Note how the alkyl group of the aldehyde
again ends up trans to the carbonyl group in
this reaction
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Aza-Darzens condensation

Addition of a diazoester to an imine Ph Ph. _Ph

constitutes a formal nitrogen analog of A

the Darzens condensation I " NeCHCOE b N\ (16.11)
| H TfOH (0.25 eq) DNI(/ CO,Et

. . K
The reaction may proceed by either of 3__;:'} H ECN, 78'C,6h  y OF
two mechanisms depending on the | (% s 05:0) '-
exact reaction conditions.
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Corey-Chaykovsky reaction

Sulfur ylides add to
carbonyl and imine
groups to give three-
membered
heterocycles.

Addition of sulfonium
ylides to ketones and
aldehydes gives
epoxides.

Addition of
sulfoxonium ylides to
o, 3-unsaturated
ketones gives
cyclopropyl ketones

X
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Vo R 8%, (16.20)
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Stobbe condensation

1) PACHO, NaOEt

SOOEE. PR O~ CO2E

| - = (16.29)
+

“coet  2HOHO Ph” H

1) {CH5CO,E),, KOBU!, +-BuOH

“‘H I I 60°C, 5 h < ‘IC m "I"H OMe
2 I
a-;'-’f OMe 2) H¥ H.0 OMe

(16.30) 'DME R'=CHoCO3Et, R2=CO5H: (16.31) (41%)
R1=CO,H, RE=CH,CO,Et: (16.32) 33%)

The Stobbe condensation involves the addition of the enolate
of a succinate ester to an aldehyde or ketone. The product of
the reaction is a half-ester, where the ester is conjugated, and
the carboxylic acid is not.



The course of
the Stobbe
condensation

Figure 16.1
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Reaction synopsis: Claisen-Schmidt
reaction

O O

R'CHO, base
R >~ R YR

R R

Reagents: NaOH, EtOH; KOH, EtOH; NaOEt, EtOH; etc.
Works best if the aldehyde is aromatic



Reaction synopsis: Knoevenagel

condensation
5 | R
R)HR ac;ir E;se = R/%;/E‘

E, E' = COR, CO,R', CN, NO,, SO,R), etc.

Reagents (all Doebner modifications):
CH,(CO,Et),, NH,OAc, piperidine, AcOH, A;
N=CCH,CO,Et, NH,OAc, piperidine, AcOH, A;
MeCOCH,CO,Et, NH,OAc, piperidine, AcOH, A; etc.



Reaction synopsis: Perkin
condensation

R Ac,0, base 3
2Ny
R A R CO,H

Reagents: Ac,0, NaOAc, A; Ac,O, Et;N, A; etc.
Reaction proceeds more slowly with other anhydrides to
give a-substituted cinnamic acids.



Reaction synopsis: Darzens
condensation

BN
R O R H RO
X>_4G base g Riﬁx_{G
G=R, Ar, OR;

X=0, NR, C(R)—E (E=CO,R, COR, CN, NO,, etc,)

Reagents: RCH(C1)CO,Et, ArCHO, KOBu', THF,; etc.



Reaction synopsis: Corey-
Chaykovsky reaction

Rl Rl RI R'l RI
% RR 4@( E  R®R E
R R

R R

Reagents: Me.,S'T, NaH, Me,SO; Me,ST, KOBU/,
THEF; etc.
or Me,S(O)T, NaH, Me,SO; Me,S(O)'T, KOBu', THF;
etc.



Reaction synopsis: Stobbe
condensation

R>:O R0,0~~COR i R >_(002H
base o

R R CO.,R
Reagents: (CH,CO,Et),, NaOEt, EtOH, A; etc.

Stereochemistry: with aldehydes, E isomer predominates;
with ketones product is close to stereorandom



The path of
the Claisen
condensation

Figure 16.2
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Crossed Claisen condensation: A
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B-ketoester A is the homocoupling product of ester 16.38
B-ketoester D is the homocoupling product of ester 16.39

B-ketoesters C and D lack an acidic hydrogen between the two carbonyl
groups, so these condensation reactions are easily reversed

B-ketoester B is the heterocoupling product of the two esters, and it has
the acidic hydrogen between the carbonyl groups. This product is favored
with long reaction times



Crossed Claisen condensation: B

 the estersin red
have no acidic o
hydrogens, so
none of them can
form an enolate
anion

e the product of
the crossed
Claisen
condensation is
the only one
obtained in these
reactions

O o
#Jmﬂ] _ (Et0),CO, NaH #L M _coE .
[ ] ] DME, 85°C L, T (16.40)"
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Dieckmann and Thorpe-Ziegler

The intramolecular
variant of the Claisen
condensation is known
as the Dieckmann
condensation. The
rpoduct is a cyclic [3-
ketoester

The nitrile analog of the
Dieckmann
condensation is known
as the Thorpe-Ziegler
condensation. The
product is a B-amino-a,

condensations
~"CO.Et 1) Na, PhMe, A A
' 2 J it {f (16.43)
~_-C0zEt  2) HOAc, HO COLE!
(74-81%)
COhMe
OhMe P P §
add qverEEh : _
to ;EFMES H-,H----- 4 (16.45)"
(63%) E )
NC ::"MT'H
MH2

B-unsaturated nitrile




Decarboxylation of [3-ketoacids

B-ketoacids are
susceptible to
decarboxylation under
conditions of acid
hydrolysis

the Krapcho
decarboxylation
involves S, 2 attack of
chloride anion on the
methyl group of a
methyl ester, and
decarboxylation of the
revealed [3-ketoacid

F?I:E HF[ NaQEt, EtCH, A F‘Ij :Ft
fri— 1) NaOEt
((16.46)) 23 R
0 A’ 1] HESD.-_-I__ HEE}_ﬂ. D".,"".,' ICD?Et
N US|
i m 2A(C0y g )
ME.-E?EG o
X\xl NaCl, DMF \". L EEE
Me(O-C i _ff\ HED A [ e \



Reaction synopsis: Claisen
condensation

R._COR

R

i

Reagents: 1) NaOEt, EtOH, A, then 2) HCI, H,O; etc.

O 0©
R\)J\rcozﬂ . R\/g(cozﬂ
‘ R

Equilibrium is favored by deprotonation of (-ketoester
product

Crossed Claisen condensation works best when only one
product can deprotonate to shift equilibrium



Reaction synopsis: Dieckmann
condensation

CO,R CO,R
Goom — 4L
0
n=1, 2, 3, >11
Reagents: 1) NaOEt, EtOH, A, then 2) HCI, H,O; etc.

Reaction works well to form 5- and 6-membered rings, and
large rings
Reaction does not work well to form medium-sized rings



Reaction synopsis: Thorpe-Ziegler
condensation

CN CN

o' — €
Gl NH
2

Reagents: 1) NaOEt, EtOH, A, then 2) HCI, H,O; etc.

Reaction can be used to form medium-sized rings



Reaction synopsis: Decarboxylation

R IO HIO » F{To
R™ >CO,R! R” >CO,H R
Reagents: 1) H,SO,, H,O, A, then 2) A; etc.

or Lil, DMEF, A; LiBr, Me,SO, H,O, A; etc.
(Krapcho)



Figure 16.3

The models of the C—X | ~ /2
bond in heteroatom- Qxéz ------ ,2 9
stabilized carbanions. Jm\ 4 ‘?\
The resonance j

description of the
bonding is shown below

. . RP—(: =+—= RP=(:
the orbital diagram. ’ < P
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Figure 16.4

R'
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Rationalizing the stereochemistry of the
concerted mechanism for the Wittig reaction



Tandem reaction of phosphorus ylide

s~
/ ka

S—
Y e
3N 1) PhaP=CHs, THF, —78°C =
2) LIHMDS, THF, —78°C |
~F TBSO” """  (16.54)
""-\.\‘\_.

MeO,C L
TELSD*"L\/\( 5 TEE_DB_\;;;; e \J
Br -_< ( i S

: |
(73% overall) l'

In step 1, the ylide acts as a carbon nucleophile to effect the S 2 displacement of
bromide anion, giving a new phosphonium salt

In step 2, the new phosphonium ion is deprotonated to a new phosphonium ylide
In step 3, the Wittig reaction is carried out



Representative Wittig reactions with
unstabilized phosphonium ylides

O

PN ﬁ'(\/ PhaP=CH; QKLT/\/ ;
N [§ T~ (16.55)™
H\/&H_ 7

(96%) L
H H
—~COEt _
\,—(GHD PhyP=CHMe ‘I\ /:'t"*, S
Note the Z GKD THF, —78 to 20°C Fxb (16.58)
: . (69%)
stereochemistry in
the new alkene o=, =
g [ C0Me by by, a —4=CO,Me _
(16.57)

dOUbIe bonds o Et,O,0°Ctort, 6h i‘\A&
kfﬁx (59%)

H
MEDHT/’\\I,D ) MEDL— ,,&C'H CD;H
e \__:' '3
o, | )oH [PhaﬁmfcgﬂHlEf 0 ﬁ,wl H,J
- 16.58
H NaCH,SOMe, Me,SO Lﬁ ~ 1858

(78%, mixture of isomers) .
HO™ "CsHy4



Wittig reactions with stabilized
phosphonium ylides

O

O n O 3

__-CHO
H._-CHO @ o /ﬂ
]‘*D Ph;PﬁJEHD Br -
S _ : 0 (16.59)
[ Gk Buli, Et,O “H
alvie
e 2 __CO,Me

Stabilized phosphonium ylides preferentially
form E alkenes



Figure 16.5

H R’ H>,>F:H R)};l{l’__-,
: < Phapl XX T thP._- <M (16.64)
The possible R H o R ® OR
outcomes of (16.69) X lnu
the Schlosser - R M i
Y R>:<R - Phap&H :TL'T- Phgp//J\[‘(:. (16.61)
modification of * * o R o,
the Wittig (16.60 Elou
reaction E R ER
R>_<H p— phsp\)o/y:' (16.62)

(16.63)



Representative Schlosser modifications

Ph=CHO

Ph—CHO

of the Wittig reaction

1) PrGH=PPhg (1.0 eq.), LiBr (2 eq).

THF, —78°C Pnf:;:_T,Er (16.68)
2) PhLi {1.0 eq.), Buz0, —78°C to r.t. Gy
3) BrCFoCF2Br, BusO, —78°C to r.t.

(59%: Z'E92:8)

1) PrCH=PPh4 {1.0 eq.), LiBr {2 eq).

THF, —78°C thh[%r

. 16.67

2} Phi (1.0 eq.), Buz0, —78°C to r.t. . Sl
3) BrCH,0Ac, Bu,O, —78°C to 1.t OAC

(71%:; Z/E 92:8)

Trapping of the oxidophosphorane with a halogen or an electrophile
larger than formaldehyde leads to the E alkene.

[The oxidophosphorane may have the structure of the conjugate base
of the oxaphosphetane]



Figure 16.6

The computational
model of an
oxaphosphetane
conjugate base

carbanion
site
(sp?)



Representative Horner-Wadsworth-
Emmons reactions

OPMB 0 OPMB
MeO,C_P(OMe),
[“/ KHMDS a if (16.68)
. 0 ~Co,Me
The E isomer
is the major N o oo
' (EtO)eP- = .COuEL bes
product, or N, BLTEEC " [ i
- (75%) N3
the only
0 ‘f_fi“‘e
product of the e
- Q 0 Y
reaction )~ cHO (MeO)LF._CO:Me L (71%) ——
A NaH, THF, r.t. then
| add aldehyde, 0°C CE&

"~ ZCOMe
Y

(17%)



Seyferth-Gilbert homologation

TMSO = TMSO /
( ¢ n_ ‘} *-,It ,.f'r
o (Me0)zPCH=Ns ._< —_— —
\=OTBSCHO ~— KO Bu! THF, 30°C }*GTES\“% ‘
"“L (9195) L ‘HH

Reaction converts an aldehyde into an alkyne
The carbon skeleton is extended by one carbon



The Bestm

Seyferth-

Figure 16.7

The reaction path
of the Bestmann
modification of
the Seyferth-
Gilbert

homologation (in

highlight box)

ann modification of the
Gilbert homologation

L ~
e (MeQ)oP. = o
l/ o ~
) 2 >4
| 16.72)
N KzCOg, MeOH, rt. =
{:}-":\-_\__",I.:r" '\-.?".--CH{]' :QEUG‘} G:'-'{:F -\-\.:IF I
R O,
O _{ O _(:\ $ R \)\
] - L — :
/—~N=N »—N=N - 0" AN,
O=p(OMe). (16.73) O=p(OMe), O=F(OMe),
(16.74)
{\ OM .L
fe]
R ©
R O\ R P
i 7 R-OMe
(16.78) R Q MeO
(16.77) s
(16.76)

(16.75)



Corey-Fuchs homologation

1) PhaP (2.2 eq), CBrg (1.1 2q) A

| A

\
'L"'— CHzCIQ. OC -
ﬁ ( - fL r (16.79)

2) n-Buli, THF, —78°C
CHO 3) CICO,Me, -78°C to r.t.

(57% overall)

M
‘1) 3)Tco‘r.e

) ‘ r
- ll -L_ 2) /_A ‘I .lL..__ . '.\L‘_
/{-L__ / - .5y -

i et

Br

Step 1 of this sequence is the Corey-Fuchs reaction.
Treatment of the resulting vinylidene dibromide gives a
vinylidene carbene that rearranges to the alkyne.



Reaction synopsis: Wittig reaction

RS @
. PPh
R Rz_ . R, RS
>:O b = >:<
R ase R R2

Base: NaH/Me,SO; BulLi; NaH/THF; LDA / THEF,; etc.

Stereochemistry: R=alkyl, predominantly Z;
R= COR, CO,R, CHO, CN, Ph, etc;
predominantly E



Reaction synopsis: Horner-
Wadsworth-Emmons (HWE) reaction

RS\. O

R' R-X ' 3
R2 N R R
R ase = R2

Base: NaH/Me,SO; BuLi; NaH /THF; LDA /THF,; etc.
X = alkyl, Ph (Horner); X = alkoxy (Wadsworth-
Emmons)

Stereochemistry: predominantly E.



Reaction synopsis: Schlosser
modification of the Wittig reaction

H

H R
o —=
R R H

Reagents: 1) Ph,P=CHR', -78°C; 2) BuLi, -78°C; 3) HC],
Et,O.

Stereochemistry: predominantly (almost exclusively) E
Intermediate anion that can be intercepted by

electrophiles (H,C=0O; BrCH,CO,Et; BrCF,CF,Br; etc.)



Reaction synopsis: Seyferth-Gilbert
homologation

R1>:o —= R—=—R!
R

Reagents: (MeO),P(O)CH=N,, KOBu', THF;
or (MeO),P(O)C(=N,)COMe, K,CO,, MeOH



Reaction synopsis: Corey-Fuchs
homologation

H
=0 —— R—=H
R

Reagents: 1) Ph,P, CBr,, CH,Cl,; 2) BulLi, THF, -78°C.

Alkynide anion may be intercepted by a variety of
electrophiles.



Peterson olefination

" PhS.__H
/JLL 1) PhSCH,SiMe,/Buli, THF ||/ /
| —23°C 10 0°C, 3 h WN/.L (16.80)
T|P5r:+”‘*~f’:"DH 2) NaHCO,, H,0 ] TIPSO ™1 -
Me -~ py-Me (64%) Me-p~ ™ y-Me
l"._."l 1'|_.l'l
EZ=1.5:1
Me  N-o-CgHiq, s-Buli 2
; 1) -
Me.Si H 2
CHO — 2 - ~7 TCHO  (46.81)
2) CF3COzH, H:0
Ph Ph

(81% overall)

a two-step process involving sequential addition to the carbonyl group and
elimination to give the alkene

initial adduct will fragment under either acidic or basic conditions

stereochemistry of fragmentation of the same adduct changes when the
reaction is carried out under acidic, rather than basic conditions



Mechanism
of the Julia-
Kocienski

reaction

Figure 16.8

L‘}—Hg % ,,E:@

(16.82)
(N2
©0-5 Ry
(16.85) F“%ﬂ*i
Rz R

Hy Ry

Ny

Rid b
(16.83)

R
Ry—\—0_ S

NS

(16.84)



Julia-Kocienski reaction

|
TIPSO H 0 ?/\E:
fs - = I H

as

H,
e
Js
NaHDMS, THF H _ H
DMF, —60°C H p
H (16.86)
(9295) H & H
4 Hs J{Ej[AH
I.-"f<‘1"' H‘H H
TIPSO H

the reaction is especially compatible with
functional groups sensitive to reduction



Ramberg-Backlund reaction

cl
"
o _ .
5 f‘_g,--—? KOBu!, THF, 0°C f«}f (16.87)™
;jlf'-w* (54%) il
i <
Boc Boc
N koBut THE . ST _
[ h e \  (16.88)"
/! ‘o Uy
\}"'E“Jﬂ\\—--‘! r "“*-:"::h"x--—'j
c’ 0,

» first step of the reaction is a nucleophilic ring closure to give the thiirane
dioxide
* suprafacial extrusion of SO, from the thiirane dioxide gives the alkene



Figure 16.9
“ - ol ¢

\
Tl Al —_—— Ti= CH2

%CI\

(16.89) (16.90)
H,
Cp\ /C\ /Cp / R

AN \ 0=
Cp O OCp ,
Cp,Ti=0 R

(16.93) . k LQ

R
\
o= == X
R' ‘—Q 5 O

R’
(16.92) (16.91)

Olefination with methylenetitanocene reagents



Representative olefinations with
Tebbe reagent

d
—COsMe afi
r}’f’%f{ Tebbe reagent I :\ e
L Y > | (16.94)
AN THF, —40°C NN
Boc Boc
- Teoc fy e H Teoc ,
[ \\i\ -0 A *"ﬁ‘*-u"' ez HN”#““:»-’H
I:::I — S I:::I ¥ =
oA~ S [ S o
O... H Tebbe reagent - H
\]\/ pyriding, PhMe, —40°C \1/ (16.95)
o e
"'L " F'th::-;/l 5

The reagent reacts W|th esters to give enol ethers



Olefination with the Lombardo

reagent
_CHO M
MeO h‘ T Zn, CHoBrg, TiCly _ MeO- \}f T (16.96)
CH.CI
hﬂei[}::? NCOMe ¢ éﬂf '5’ r:{} Me

* reagent tolerates sensitive functionality

* unhindered aldehydes tend to give pinacols as
products instead of the alkene

e best used with ketones and hindered aldehydes



Reaction synopsis: Peterson
olefination

I\/‘:O M _ R‘; EHS . acid or R'\/ o :RS
R R base

R HO  SiMeg R R?
M = Li, Mg, etc,;
Stereochemistry: elimination by base is syn; elimination by acid is anti.

Alkene stereochemistry can be defined by choice of reagent to fragment the p-
hydroxysilane.



Reaction synopsis: Julia-Lythgoe

olefination
o —

G = Ph or substituted phenyl

Reagents: 1) BuLi, THF; 2) add aldehyde; 3) Na(Hg), THF, ROH; etc.
or 1) BuLi, THF; 2) add aldehyde; 3) Sml,, DMPU, THF; etc.

Stereochemistry: mainly E, with two largest groups trans to each other.



Reaction synopsis: Julia-Kociensky
Olefination

oxu R
R>=o + ,<—< — >—<

Xy ®
X =N, S (tetrazoles, thiazoles, benzothiazoles)
Reagents: strong, non-nucleophilic base (LDA, Bulj, etc.)

Reduction step is not needed with this reaction
Stereochemistry: as for the Julia-Lythgoe olefination.



Reaction synopsis: Ramberg-
Backlund reaction

o\ zo O\ /O | O\\ ’p _ R R
H \S/ R R \Sf H R S R L
YT DA N R> iﬂ
R R R R . R R |
Reagents:

from unsubstituted sulfone: KOBu', THF, CF,Br,; etc.
from a-halosulfone: KOBu', THF.

Stereochemistry: mixture of E and Z isomers is obtained.



Reaction synopses: Tebbe, Petasis,
and Lombardo olefinations

G Cp, G
=0 + Ti=CH, —— )=
R Cp R

G=H, R’, OR', NR',, etc.

Reagents:
Tebbe: Cp,TiCl,, Me,Al, PhMe, THEF,; etc.
Petasis: Cp,TiMe,, PhMe, A
Lombardo: Zn, CH,Br,, TiCl,, PhMe (age 3 days)



Michael-initiated ring closures (MIRC)

* |leaving group
is in the

Michael E.RB X = R
acfe;tf)r in C Q. ”“J ( e
] r | |
. ) N A e o
this reaction 5 .0 )
CN™, RzCu{CN)Liz, enclate, etc.
E: CN, COR, COzR; X: Cl, Br, |, OTs, epoxide, etc.
* |eaving group e A £
. - R. (<
is in the H>@JE“3 : >J [ — H'*< (16.98)
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Figure 16.10
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The mechanism of the Robinson annelation (annulation)



Robinson annelations in steroid
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Figure 16.11
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The mechanism of the Morita-Baylis-Hillman reaction



Asymmetric Morita-Baylis-Hillman
reaction

MWH ~
| A/l,:::' | | 0
. H,C=CHCO,CH(CF)» i" L (16.112)

o vy

CHO | ] wHE J * G“GH{EFg};
L) j\ N PR
(47%, =07% e.e.)
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the quinine skeleton gives the R allylic alcohol in
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MBH-initiated cyclization
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Benzoin condensation
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reaction is catalyzed by cyanide anion and by NHCs



Intramolecular benzoin
condensation catalyzed by an NHC
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e the triazolium ion reacts with the triethylamine to
generate the N-heterocyclic carbene catalyst



Reaction synopsis: Robinson
annelation (annulation)
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Reagents:
from ketone: KOBu', THF; NaOEt, EtOH; etc.
from enamine: PhH, A; etc.

Enone may be replaced by Mannich base.



Reaction synopsis: Morita-Baylis-
Hillman reaction

OH
E
CHO /E ’t
—
Ro

E: CO,R, CN, COR, NO,, etc.

Reagents: DABCO; DMAP; R;P; etc.
Reaction is accelerated by protic solvents and by Lewis
acids (e.g. Y™)



Reaction synopsis: Benzoin
condensation

FfCHO H

Reagents: KCN, EtOH, A; NHC, CH,Cl,, A; etc.



