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Acidity of Carbonyl Compounds m

* The Acidity of the o Hydrogens of Carbonyl Compounds: Enolate Anions oSN

* Hydrogens on carbons o to carbonyls are unusually acidic
— The resulting anion 1s stabilized by resonance to the carbonyl
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are unusually acidic are not acidic
(pK, = 19—-20). (pK, = 40—50).
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Resonance-stabilized anion




Acidity of Carbonyl Compounds (A

— The enolate anion can be protonated at the carbon or the oxygen BotToN

e The resultant enol and keto forms of the carbonyl are formed
reversibly and are interconvertible

A proton can add here. /\ /\A proton can add here.

\C'“C + HB
Enolate
/ anion \
HO O H
£ N 7
C= C + B:- C—C, +B:
2 %
Enol form Keto form




Keto-Enol Tautomerism (A

UMASS.

e Keto and Enol Tautomers

e Enol-keto tautomers are constitutional 1somers that are easily
interconverted by a trace of acid or base

— Most aldehydes and ketones exist primarily in the keto form because
of the greater strength of the carbon-oxygen double bond relative to
the carbon-carbon double bond

Keto Form Enol Form
OH
|| (\j
/’
Acetaldehyde CH:/ SH = CH2/ H
(~100%) (extremely small)
OH
|| (|;
P
Acetone CHS/ CH, “= CHZ > CH,
(>99%) (1.5 X 1074%)

Cyclohexanone é @
4

(98.8%) (1.2%)




Keto-Enol Tautomerism m

UMASS.

BEOSTON

— B-Dicarbonyl compounds exist primarily in the enol form

— The enol 1s more stable because it has a conjugated ©
system and because of stabilization of the enol through

hydrogen bonding
T T
C C C C
X
ca cH] cH,—cH{ ScH  CH,
Pentane-2,4-dione Enol form
(24%) (76 %)
Hydrogen bond
CO O5 Q¢ SO
(P — 1]
H3C/ ‘\$/ \CH3 H3C/ \(lz,// \CH3
H H

N —

Resonance stabilization of the enol form 5




Reactions via Enols/Enolate Ions m

n , UMASS.
— Racemization BOSTON

e An optically active aldehyde or ketone with a stereocenter at
the al-carbon can racemize in the presence of catalytic acid or
base

— The intermediate enol or enolate has no stereocenter at the

oL position
\ I omernor [ \
“\“..‘C —CC¢H; —> “\\‘,..C — LG “\“,..C —CCH;
H,C"/ H,C"/ H"/
- H I | CH,
(R)-(+)-2-Methyl-1- (*)-2-Methyl-1-
phenylbutan-1-one phenylbutan-1-one
(racemic form)
Csz\ C") Csz\ OH (+)- and (=)-2-methyl-1-
C—CC.H OH~ or H;O™ e / phenylbutan-1-one
“\\\»7 677 i / _C\ (in the racemic
H,C H H,C C.H. form shown above)
(R)-(+)-2-Methyl-1- Enol
phenylbutan-1-one (achiral)
(chiral)




Reactions via Enols/Enolate Ions (A

UMASS.

e The mechanisms of base and acid catalysed racemization are
shown below

-)HEOH
0: :Q: O—H
\ § Y 7 N / .
S & = C=C — C=C + OH~
L VT N A A N =
HO: H
R P
Enolate anion Enol
(achiral) (achiral)

0O: H—O™H O—H :0—H
\C—C/ + | — \ { _‘\C_C/ + H—O—H
\\““7 e H S W /J \ #

H H
’L 0 H Enol

(achiral)
H




Reactions via Enols/Enolate Ions m

— Halogenation of Ketones UMASS.
e Ketones can be halogenated at the o position in the presence of acid or
base and X,
— Base-promoted halogenation occurs via an enolate
H O X O
| " acid | "
C—C— +X, > —C—C— + HX
| or base |
7 9 v A w O
Step 1 Bi~ + —C—C B:H+ C==C_ == C=C_ +B:"
N /7N /7N
Enolate Enol
anion
—
Step 2 \C—C/ |
v /7N
. X .
O: O:
K) . / fast I / .
X=X +—C—C, —— —C—C_ +X
N N 8

Enolate anion




Reactions via Enols/Enolate Ions m

BOSTON

— Acid-catalyzed halogenation proceeds via the enol

H p H X
O: OH

| / ’_\ (-\ fast | C}/ slow '\ /OH
Step] —C—C. + H:B———C-—C —— C=C + H:B

N N\ /7N

Enol
X O-—H
Step 2 X2 XQ o~ O ; SN (lj c// +X
te — -
& /7N TN

X O H X O :
Siep 3 (I: c ﬂx L (lj C// HX
te = + X —/]/]3@—(C— -+
PN N




Reactions via Enols/Enolate Ions m

BOSTON

Haloform Reaction

* Reaction of methyl ketones with X, in the presence of base results in
multiple halogenation at the methyl carbon

O M §| X
12 Y 7
CHs—C— (|: H+: Bx—CH —i— C H——CH,—C—C—H + X~
H H H
30 H
..\ o /
P L
C.H, H
Enolate anion
0 0" X 0 K
CH:—C— | —H -l- B—C Hs—C— (|3 - C6H5—C—(|3—X + X~
H H H
W
I B then X
Acidity is
increase.d by the. — O H
electron-withdrawing "\ F <
halogen atom. /C:C\ I |
C H. X CGHS_C_(lj_X 10

Enolate anion




Reactions via Enols/Enolate Ions m

UMASS.
* When methyl ketones react with X, in aqueous hydroxide the reactiof®*™°"

gives a carboxylate anion and a haloform (CX;H)

— The trihalomethyl anion 1s a relatively good leaving group (the

negative charge is stabilized by the three halogen atoms)
‘0% X 08 X
IS | . |
CH,—C—C—X 4+ JOH=—CH,—C—C—X

| |
V ‘OH X
D-?.. %
/+\—= C—X
X

N .
:OH X "O‘\TH
lT

-:0: X
G -
CGHS—(lj—(lj—X = C.H,—C

!'(llj'. T
CH,—C + H—C—X
Ng. |
4 X
Carboxylate Haloform

anion 11




The Aldol Reaction m
UMASS.

 The Aldol Reaction: The Addition of Enolate Anions to Aldehydes and
Ketones

e Acetaldehyde dimerizes in the presence of dilute sodium
hydroxide at room temperature

— The product is called an aldol because it 1s both an
aldehyde and an alcohol

OH O

O
| 104 NaOH, H,O | |
2CH.CH — —> CH,CHCH,CH
3-Hydroxybutanal
(““aldol’’)
(50%)

12




The Aldol Reaction

e The mechanism proceeds through the enolate anion

:6:—

|
Step I H— O + H—CH,—C—H—| :CH,—C—H «— CH,—=C—H |+ H— O:

Enolate anion H

In this step the base (a hydroxide ion) removes a proton from the «
carbon of one molecule of acetaldehyde to give a resonance-stabilized enolate anion.

'.0.‘ _.O.. :6:_ ..O._
2| I | |
Step 2 CH3—C—H + ‘=CH2—C—H — CH3—CH—CH2—C—H
\_/ An alkoxide anion

:6:—

CH,=C—H
The enolate anion then acts as a nucleophile and attacks the carbonyl
carbon of a second molecule of acetaldehyde, producing an alkoxide anion.

o/—\ O—n
| || . | i

74

BOSTON

Step 3 CH,—CH—CH,—C—H + H— O H—CH,—CH—CH,—C— H-l—‘O o |
Stronger base Aldol Weaker base

The alkoxide anion now removes a proton from a molecule of water to form the aldol.

13




The Aldol Reaction m
UMASS

BOSTON

— Dehydration of the Aldol Product

o If heated, dehydration to an o,B-unsaturated carbonyl compound occurs

— Dehydration is favorable because the product is stabilized by

conjugation of the alkene with the carbonyl group
The double bonds of

The a hydrogens the alkene and carbonyl
are acidic. groups are conjugated.
:O_H .'O'. -().‘
[ I

CH,—CH CH—C—H — CH,—CH=CH—C—H + H—O: + H—O:"
| 2-Butenal |
H (crotonaldehyde) H

H—6=J

e In some aldol reactions, the aldol product cannot be 1solated because it 1s
rapidly dehydrated to the o,B-unsaturated compound

Addition product Condensation product
0  OH O | o)
base | " —HL0 ”
2 RCH,CH —— | RCH,CHCHCH | —— RCH,CH=C—CH
R !
Not isolated An enal

(an a,B-unsaturated aldehyde) 14




The Aldol Reaction m

BOSTON

— Synthetic Applications

 The aldol reaction links two smaller molecules and creates a new

carbon-carbon bond

OH O OH
- L N |

" OH NaBH
2 RCH,CH ——> RCH,CHCHCH ———> RCH,CHCHCH,0H

2

R R
Aldehyde An aldol A 1,3-diol
HA J{—HZO
O
H,/Ni ” LiAIH,*
RCHQCHz(leCH2OH (Tgh RCH,CH=CCH ——— RCHZCH=(|?CH20H
R pressure R R
A saturated alcohol An «, B-unsaturated An allylic alcohol
aldehyde
l H,, Pd—C
O
RCHzCHz(liHCH
R 15

An aldehyde




The Aldol Reaction m

» Aldol reactions with ketones are generally unfavorable because the PotAew
equilibrium favors the starting ketone

— The use of a special apparatus which removes product from the
reaction mixture allows isolation of a good yield of the aldol product

of acetone
@) OH O
I OH~ | [
2 CH,CCH, CH3(|:CH2CCH3
CH,
(80%)

— The Reversibility of Aldol Additions

e Aldol addition products undergo retro-aldol reactions in the presence of
strong base

(80%)
OH O O; O o) 0
| | OH- “es | [
CHS(ll—CHZCCHB CH3(|3—CH2CCH3= CH3(|3 + ~:CH,CCH, ——
2
CH, CH, CH,
(5%) (95%) 16

O
H,0 |

2

2 CH,CCH,




The Aldol Reaction m

- - UMASS
— Acid-Catalyzed Aldol Condensation
 This reaction generally leads directly to the dehydration product
Reaction:
CH,

" HCl
2 H,C—C—CH, —— H,C—C—CH=C—CH, + H,0

4-Methylpent-3-en-2-one

Mechanism:
‘0" *0—H :0—H
R O e | .
H,C—C—CH, + H—Cl: =H,C—C-“CH,~H + (17 = H,C—C—=CH, + H—C(lI:

The mechanism begins with the acid-catalyzed formation of the enol.

Qﬁ—H CH, *O—H  CH,
HSC—(,?=CH2 + (|3£Q"—H= H3C—(”3—CH2—(‘J—§)—H
o, o,
Then the enol adds to the protonated carbonyl group of another molecule of acetone.
*O—H  CH, ‘0" CH,
H3C—(“3—CH2—(:J—€)—H = H3C—(”3—C|_H/T%Tj(.|ji—ﬁ —
CH, H CH, H
o)
(”) (|ng

H,C—C—CH=C—CH, + H—Cl: + =i|')—H

H 17

Finally, proton transfers and dehydration lead to the product.




The Aldol Reaction m
UMASS

Crossed Aldol Reactions BOSTON

e Crossed aldol reactions (aldol reactions involving two different aldehydes)
are of little use when they lead to a mixture of products

I I oy I
\ _ OH™ :
CH,CH + CH,CH,CH W CH,CHCH,CH + CH,CH,CHCHCH

2
CH,
3-Hydroxybutanal 3-Hydroxy-2-
(from two molecules methylpentanal
of acetaldehyde) (from two molecules
of propanal)

OH O OH (")

| || |
+ CH3CH(|?HCH + CH,CH,CHCH,CH

CH,

3-Hydroxy-2-methylbutanal 3-Hydroxypentanal
(from one molecule of acetaldehyde and one molecule of propanal)

18




The Aldol Reaction m

BOSTON

— Practical Crossed Aldol Reactions

e Crossed aldol reactions give one predictable product when one of the
reaction partners has no a hydrogens

— The carbonyl compound without any & hydrogens 1s put in basic
solution, and the carbonyl with one or two & hydrogens 1s added

— Dehydration usually occurs immediately

This Reactant with No  This Reactant with

« Hydrogen Is an « Hydrogen Is
Placed in Base Added Slowly Product
| 1 i
OH~
C,H.CH + CH,CH,CH T CH.CH=C——CH
Benzaldehyde Propanal 2-Methyl-3-phenyl-2-propenal
(a-methylcinnamaldehyde)
(68%)
(0] (0] (o)
I I OH- I
C,H.CH + C,H.CH,CH P CGHSCH:(|2CH
CGH5
Benzaldehyde Phenylacetaldehyde 2,3-Diphenyl-2-propenal
1 el ™1
ilute N
HCH +  CHCH—CH o, CH,—C——CH
CH,OH
Formaldehyde 2-Methylpropanal 3-Hydroxy-2,2-
dimethylpropanal 19
(>64%)




The Aldol Reaction m

BOSTON

— (Claisen-Schmidt Reactions

e Crossed-aldol reactions in which one partner 1s a ketone are called
Claisen-Schmidt reactions

— The product of ketone self-condensation 1s not obtained because the
equilibrium 1s not favorable

O O

| | OH -
C6H5CH + CH3CCH3 W" C{,-HSCH:CHCCH3
4-Phenylbut-3-en-2-one

0
|

(benzalacetone)
(70%)

O O O

| | on .y

CH.CH + CH,CC.H; W CH.CH=—CHCC H;
1,3-Diphenylprop-2-en-1-one
(benzalacetophenone)

(85%)

20




The Aldol Reaction

‘O e

a I @II |
H—Q:‘+HECH2—C—CH3— S CHY—C —CH, <— CH,—C—CH,| + H— (l):

Step 1

Enolate anion

In this step the base (a hydroxide ion) removes a proton from the o
carbon of one molecule of the ketone to give a resonance-stabilized enolate anion.

'.O.' ’.O.' :6 o ..O.‘
L [ | I
Step 2 C6H5—C—H + CHz—C—CH_,, — C6H5— CH— CHZ—C —CH3
An alkoxide anion

:6:_

CH,—C—CH,
The enolate anion then acts as a nucleophile—as a carbanion—and attacks the carbonyl
carbon of a molecule of aldehyde, producing an alkoxide anion.

Step 3
:?:_/_?\A :-|O-_H _.(|:|)._
C,H,—CH—CH,—C—CH, + H-—"0—H —> CJH,—CH—CH,—C—CH, + ~0—H

The alkoxide anion now removes a proton from a molecule of water.

Step 4
:0—H O :0—H  :0:<
| || S
C6H5—CH—(fI-_le—CH3 — CH,—CH-XCH=C—CH, —
H

H—5:) o

I . .
C,H,—CH=CH—C—CH, + H—c|): + H—0:"

H
4-Phenylbut-3-en-2-one 2 1
(benzalacetone)

Dehvdration produces the conjugated product.




The Aldol Reaction m

BOSTON

— Condensation with Nitroalkanes

 The avhydrogens of nitroalkanes are weakly acidic (pKa = 10) because the
resulting anion 1s resonance stabilized

+/O Ty +(/;O | +/O_
R—CHZ—N\ + ~:B > R—CH N\ «—> R—CH=N\ + H:B
O- O~ O-

Resonance-stabilized anion

e Nitroalkane anions can undergo aldol-like condensation with aldehydes
and ketones

— The nitro group can be easily reduced to an amine

o)
OH
CH.CH + CH,NO, —> C,H.CH=CHNO,

C.H.CH=CHNO, —2™, ¢ 11.CH,CH,NH,

22




The Aldol Reaction m
UMASS

BOSTON

Cyclization via Aldol Condensations

e Intramolecular reaction of dicarbonyl compounds proceeds to form five-
and six-membered rings preferentially

— the aldehyde carbon is attacked preferentially because an aldehyde 1s
less sterically hindered and more electrophilic than a ketone

O
I | on- [
CH,CCH,CH,CH,CH,CH ——> CCH,
(73%)
o ‘O; H—O: £ e
O H—O:
b ER S <
s %) H
O
s
This enolate leads to The alkoxide anion removes
ﬂ the main product via an a proton from water.
intramolecular aldol
Other enolate anions reaction.
:0—H —:0—H H
cLuy -
+ H—C|)= + H—OQ:"
0: o
Base-promoted dehydration leads to a 23

product with conjugated double bonds.




The Aldol Reaction

BOSTON

Lithium Enolates

 In the presence of a very strong base such as lithium diisopropyl amide
(LDA), enolate formation 1s greatly favored

— Weak bases such as sodium hydroxide produce only a small amount
of the enolate

I o
C + Na*OH- —— C. +  H,0
ol 2
cH, CH, CH SCH{"
Weaker acid Weaker base Stronger base Stronger acid
(pK, = 20) (pK, = 16)
I e
C + (i-C;H,),N Lit —> Ce + (i-C4H,),NH
cH, CH, cH SCHJ
Stronger acid Stronger base Weaker base Weaker acid
(pK, = 20) (pK, = 38)
5— &+
(i-CGH),NH + CH,Li IHE, (-C,H)N-Li*+ CH,
Stronger acid  Stronger base Weaker base Weaker acid
(pK, = 38) (pK, = 50) 24




The Aldol Reaction m

BOSTON

— Regioselective Formation of Enolate Anions
e Unsymmetrical ketones can form two different enolates

 The thermodynamic enolate i1s the most stable enolate i.e. the one with
the more highly substituted double bond

— A weak base favors the thermodynamic enolate

B -
u O~ A OJ e O~ This enolate is more stable
H,C H H,C_ )& H H,C ‘ because .the double -hond
weak base in a is more highly substituted.
—— , It is the predominant
protic solvent = R
enolate at equilibrium.
Kinetic 2-Methylcyclohexanone Thermodynamic
(less stable) (more stable)
enolate enolate

e The kinetic enolate is the enolate formed fastest and it usually is the
enolate with the least substituted double bond

— A strong, sterically hindered base such as lithium diisopropyl amide
favors formation of the kinetic enolate

O Li* This enolate is formed

O
H,C 6 — Hf\ H,C faster because the
Li*"NG-C,H,), hindered 5tr0ng.base
H DME‘ > removes the less-hindered
proton faster. 25

Kinetic enolate




The Aldol Reaction

— Lithium Enolates in Directed Aldol Reactions

BOSTON

* Crossed aldol reactions proceed effectively when a ketone is first
deprotonated with a strong base such as LDA and the aldehyde 1s added

slowly to the enolate

The ketone is added to LDA,
the strong base, which removes an
a hydrogen from the ketone
to produce an enolate.

The aldehyde is added and the
enolate reacts with the aldehyde
at its carbonyl carbon.

An acid-base reaction occurs
when water is added at the

end, protonating the lithium alkoxide.

CH,—C-XCH,> H

e
lLi*‘N(i—CgHQz, THF, —78°C

(LDA)
(|);L1
CH,;—C=CH,
3 HSCCSZCH3
E
O
0113(%HQCHCHZCH3
O_Li+
lHL\OH
O
CHSCHICHZ('}HCHZCHS

26
OH




The Aldol Reaction

U
e An unsymmetrical ketone can be selectively deprotonated with LDA %
form the kinetic enolate and this will react with an aldehyde to give
primarily one product

STON

0) OLit (”)
[ LDA, THF | CH,CH
CH,CH,CCH, — —— CH,CH,C=CH, ———

e 1T
H,O L
CH,CH,CCH,CHCH, —— CH,CH,CCH,CHCH,
(75%)

A single crossed aldol
product results.

27




The Aldol Reaction m

BOSTON

— Direct Alkylation of Ketones via Lithium Enolates

* Enolates can also be alkylated with primary alkyl halides via an S2
reaction

— Unsymmetrical ketones can be alkylated at the least substituted
position if LDA 1s used to form the kinetic enolate

O Li* O:) O
H,C H,C e m TG CH,
LDA CH,~—1I
_— - >
DME (—Lil)
(56%)
O
H,C CH,C H,
C,H,CH,—Br _
(-LiBr)
(42-45%)

28




The Aldol Reaction m

BOSTON

a-Selenation: A Synthesis of @, f-Unsaturated Carbonyl Compounds

e A lithium enolate can be selenated with benzeneselenyl bromide

O N O (S
CH e g [HNG-CHy),] | CH Lithium
C()Hs/ub( 3+ Li N(-C;H,), C.H. XN 3 enolate
%/ H
This step is
C.H.S B a nucleophilic
H.Se—DBr | substitution
o V at the selenium

atom.
O CH An
- )k ~ 773 a-benzene-
Br+ C¢Hs (le selenenyl
ketone

SeCH:

29




The Aldol Reaction m

BOSTON

* The arselenyl ketone is converted to the ¢ f~unsaturated carbonyl
compound by reaction with hydrogen peroxide

— Elimination of the selenoxide produces the unsaturated carbonyl

| H,0 [ H,
CH, —>2>—> C
/C\cﬁ " (onidation) v gy /C\cﬁN/\H

|
C H.Se ;s? )
CH,~ O+

intramolecular
elimination
(- C,H_SeOH)

C H.

A 4

O

C
CH,” CH=CH,

30




Additions to o,-Unsaturated Carbonyls m

BOSTON

o Additions to &, -Unsaturated Aldehydes and Ketones

&, f-Unsaturated aldehydes and ketones can react by simple (1,2) or
conjugate (1,4) addition

— Both the carbonyl carbon and the 3 carbon are electrophilic and
can react with nucleophiles

o
0 +H O T Simple
|| C | addition
| | Nu
. C\\\ ~ C\ - B
le + Nu: — :OH ‘O
| | | I
i/c\ ///fc\ — g /C\ /C\ Conjugate
| C : e addition
Nu | Nu /\
H
Enol form Keto form
O:~ O:-

C 31




Additions to o,B-Unsaturated Carbonyls m
UMASS

BOSTON

e Stronger nucleophiles such as Grignard reagents favor 1,2 addition
whereas weaker nucleophiles such as cyanide or amines favor 1,4 addition

O OH
EL.O | Simple
CH,CH=CHCCH, + CH,MgBr ————— CH,CH=CHCCH, addition
d (2) H‘0+ v
: product
CH,
(72%)
_|_
O
Conjugate
CH,CHCH,CCH, addition
| product
CH, (in keto form)
(20%)
O O
C,H.OH
CH.CH=CHCCH, + CN- ———— C,H.CH—CH,CC H,
CH,CO,H | =
CN
95%)

CH, O CH, c”)

|
CH,C=CHCCH, + CH,NH, ——> CH3(|3—CH2CCH3

CH,NH
(75%) 32




Additions to o,-Unsaturated Carbonyls m

BOSTON
(\ .
.77 *H-—O0O:
1 oy
H
HC6+ @C CH, —H,C—C—CH=C—CH, —
. )\ HxC—N—H
CH,;NH, ) o
. H
H—(|) 7
H
The nucleophile attacks In two separate steps, a proton
the partially positive [3 is lost from the nitrogen atom and a
carbon. proton is gained at the oxygen.
g ™1
H,C— C| CH=C—CH,; <= H;C— (|: CH,—C—CHj,
H,C—N—H H,C—N—H
Enol form Keto form

33




Additions to o,-Unsaturated Carbonyls m
UMASS

BOSTON

— Conjugate Addition of Organocopper Reagents

e Organocopper reagents add almost exclusively 1n a conjugate manner to
o, funsaturated aldehydes and ketones

O O
| (1) CH,Cu
CH,CH=CH—C—CH, > CH,CHCH,CCH,
2) H,0 * :
CH,
(85%)
O O O
(1) (CH,),CuLi
> +
2) H,0
‘CH, CH,
CH, CH, CH,
(98%) 2%)

34




Michael Addition m

BOSTON

— Michael Additions

 Addition of an enolate to an ¢ f-unsaturated carbonyl compound usually
occurs by conjugate addition

e This reaction 1s called a Michael addition

||5 CH
*"C H.CH-2CH>CC H, N

®
=
OIO

CH. 35




Robinson Annulation m

BOSTON

e A Robinson annulation can be used to build a new six-membered ring
on an existing ring

— Robinson annulation involves a Michael addition followed by an
aldol condensation to close the ring

O 5 O CH,
CH, CH,
| H,— H(”: H, — “cH
- ey Al CH,OH 2
O (conjugate O C
dditi
2-Methylcyclo- Methyl vinyl acilifton) H C/ \0
hexane-1,3-dione ketone -
aldol base
condensation l (—H,0)
O cH,
O
(65%)

36




