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Reactions o to Carbonyl Groups

» Carbonyl compounds can undergo reactions at the carbon
that is a to the carbonyl group.

* These reactions proceed by way of enols and enolates.

* The reaction results in the substitution of the electrophile E*
for hydrogen.
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Keto-Enol Tautomers

* Enol and keto forms are tautomers of the carbonyl group that
differ in the position of the double bond and a proton.

* These constitutional isomers are in equilibrium with each
other.
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¢ A keto tautomer has a C=0 and an additional C-H bond.
¢ An enol tautomer has an O-H group bonded to a C=C.

Equilibrium of Keto-Enol Tautomers

the keto form for

most carbonyl

compounds largely because the C=0 is much stronger than a

* For simple carbonyl compounds, <1% of the enol is present

* Equilibrium favors
C=C.
at equilibrium.

* With

CH; o C o
3\ H3 .
CH3

> 99%

unsymmetrical
possible, yet they still total <1%.

ketones,
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1,3-Dicarbonyl Compounds

* With compounds containing two carbonyl groups separated by
a single carbon (called B-dicarbonyl or 1,3-dicarbonyl
compounds), the concentration of the enol form sometimes
exceeds the concentration of the keto form.
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2,4-pentanedione conjugated C=C
B-dicarbonyl compound
24% keto tautomer 76% enol tautomers

* Two factors stabilize the enol of B-dicarbonyl compounds:
conjugation and intramolecular hydrogen bonding.
* The latter is especially stabilizing when a six-membered ring is

formed, as in this case. 5

Tautomerization Catalyzed by Acids and Bases
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(2) Mechanism 23.1 Tautomerization in Acid

N (W o « With acid, protonation precedes
Lof o, '*'r?H '2“ '9“ deprotonation.
H — -— UH - pP——
- C\c/ 1 < C\C/H A % 2] o C\\c/ « Protonation of the carbonyl oxygen
1‘ - d/ \ H,0: I | S forms a resonance-stabilized cation in
resonance-stabilize + Hy0: g
protonation cation deprotonation 3 Step [1), and deprotonation in Step [2]

forms the enol. The net result of these
two steps is the movement of a double
bond and a proton.
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{?) Mechanism 23.2 Tautomerization in Base
o:

“ ; '*'=QH \’,t”j: :(i):’ “HjﬁH :EI)'H « With base, deprotonation precedes
564 é’;H T. c %7 /C\\c/ ? /C\\c/ protonation.
/ ' T T T * Removal of a proton from the o carbon
- reconance:slaiised - + IGH forms a resonance-stabilized enolate in
deprotonation ph protonation L Step [1].

* Protonation of the enolate with H,O
forms the enol in Step [2].



Enol Structures

* Enols are more electron rich than alkenes because the OH
group has a powerful electron-donating resonance effect.

» This causes them to be quite reactive toward electrophiles.

* A resonance structure can be drawn that places a negative
charge on one of the carbon atoms, making this carbon
nucleophilic.

* The nucleophilic carbon can react with an electrophile to
form a new bond to carbon.
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* Reaction of an enol with an electrophile E* forms a new C-E bond on the o carbon.
The net result is substitution of H by E on the o carbon.

Formation of Enolates

* Enolates are formed when a base removes a proton on a
carbon that is a to a carbonyl group.

* The C-H bond on the a carbon is more acidic (pK, is ~20)
than most other sp® hybridized C-H bonds, because the
resulting enolate is resonance stabilized.
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Acld-base reaction %): s C(Pl: :c|>: <«—negative charge on O
\ -
that forms an enolate = _C_ é VH — /C\C. - — /C\\C P g
N\ 1
o carbon

resonance-stabilized
enolate anion
* Though considerably more acidic than most C-H bonds in
alkanes and alkenes, the a carbon is still less acidic than
O-H bonds in alcohols or carboxylic acids.
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Table 23.1 A Comparison of pK, Values

Compound pK, Conjugate base Structural features of the conjugate base
® 5 * The conjugate base has a (-) charge on C,
g CHsCH, 50 CHiCH, but is not resonance stabilized.
e Bl e B o * The conjugate base has a (-) charge on C,
CHz=CHCH, s CHy=CH-CH, CHa=CH=CH, and is resonance stabilized.
z
29 :0: 10 * The conjugate base has two resonance
; £ (CH;),C=0 19.2 é‘; = — é\ structures, one of which has a (-) charge
25 CH; “CH, CH; “CH, on O.
o >
<
e pre * The conjugate base has a (-) charge on O,
Q H
£ CHyCH,OH 16 CHACHQY but is not resonance stabilized.
»
Hell * The conjugate base has two resonance
1 CH3CO,H 4.8 é - — é\ structures, both of which have a (-) charge
Vv CH3 0% CH3 ~O: on 0.
*R of the ji base i acidity.

* CH,=CHCH; is more acidic than CH;CH,CHj.
* CH3COOH is more acidic than CH;CH,OH.

* Placing a negative charge on O in the conjugate base increases acidity.
* CH3CH,0OH is more acidic than CH;CH,CHs.
* CH3COCH; is more acidic than CH,=CHCH,.
* CH3COOH (with two O atoms) is more acidic than CH;COCH,.

Electron Density of Enolates and Alkoxides

* The acetone enolate is resonance stabilized.

* The negative charge is delocalized on the oxygen and
carbon atoms.

* The alkoxide anion is not resonance stabilized.
* The negative charge is concentrated on the oxygen atom

only.
Copyright © The McGraw-| P . Inc. P d for or display
The negative charge is The negative charge is
delocalized on C and O. concentrated on O.
5 £
. /\ .
CHy™ C“gHz B T CHY C\CH3

acetone enolate an alkoxide anion
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Enolates from Esters, Amides, and Nitriles

* Enolates can be formed from esters and 3° amides as well,
although a hydrogens from these compounds are somewhat
less acidic.

* Nitriles also have acidic protons on the carbon adjacent to
the cyano group.
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07 negative charge on O

:0 :E):> :
R g R P«(“: R (I:
Ester C\/C\/ “oR —— T 0R —— CTOR + HBY
- I |
BY “H H H H
resonance-stabilized enolate i h N
pK, =25 / negative charge on
Nitrile RZCH-C=N: —— R-GHiCLN: «— R-cH=C=Nf + HB*
B SH resonance-stabilized carbanion
pK, =25
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p-Dicarbonyl Compounds

* The protons on the carbon between the two carbonyl groups
of a B-dicarbonyl compound are especially acidic because
resonance delocalizes the negative charge on two different
oxygen atoms.
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B-Dicarbonyl compound negative charge on O negative charge on O
v v
:(I?: :(l?: :(I?: :(l?: :(l):_ :(l?: :('?: :(I):_
Gy € B (M «— Cs_C > G .G
CH3 g/c\/ “CH, CH3 \(l:/ “CH, CH3 \\9/ “CH,4 CH3 \ciz/’ “CHg
g7 "HH H H H
2,4-pentanedione Three resonance structures can be drawn for enolates
pK,=9 derived from B-dicarbonyl compounds.
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Table 23.2 pK, Values for Some Carbonyl Compounds and Nitriles

Compound type

[1] Amide

[2] Nitrile

[3) Ester

[4] Ketone

[5) Aldehyde
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Example

o
I

c
CH; “N(CH3),
CH;—C=N

e
Lo
CH; “OCH,CH,
Q
c
CH; CHy

o
1l

AN

CH; H

Equilibrium of Enolate Formation

pK

30

25

25

19.2

Compound type

[6] 1,3-Diester

(7] 1,3-Dinitrile

[8] B-Keto ester

[9] B-Diketone

Example

o
Il Ii
A AN

CHaCH,0™ “CHj  OCH,CHs

N=C-CH,~C=N
9 9
PPN
CH; CH; “OCH,CHy4
2 9
6. G
CH; "CH; “CHj

pK

13.3

10.7
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* The formation of an enolate is an acid—base equilibrium, so
the stronger the base, the more enolate that forms.
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Enolate formation— 1]
An acid-base equilibrium _C

acid

BTN

LH + B

N

pK, = 20

Stronger bases drive the equilibrium to the right.

-— G

HoH
Il
NG

+ HB*

| conjugate acid

* The extent of an acid-base reaction can be predicted by
comparing the pK, of the starting acid with the pK, of the

conjugate acid formed.

* The equilibrium favors the side with the weaker acid.
« Common bases used to form enolates are OH, OR, H and

dialkylamides ( NR,).

14
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Table 23.3 Enolate Formation with Various Bases:
RCOCH; (pK, = 20) + B: = RCOCH, + HB*

Base (B:) Conjugate acid (HB*) pK, of HB" % Enolate
1] Na*"OH H,0 15.7 <1%
[2] Na®"OCH,CHs CH;CH,OH 16 <1%
[3] K*"OC(CHa)s (CH3);COH 18 1-10% (depending on
the carbonyl compound)
[4] Na*H~ H, 35 100%
[5] Li* "N[CH(CHa).]> HN[CH(CH3),], 40 100%

15

LDA—A Strong Nonnucleophilic Base

» To form an enolate in essentially 100% yield, a much stronger
base such as lithium diisopropylamide, Li* N[CH(CH,),l,,
abbreviated LDA, is used.

* LDA is a strong nonnucleophilic base.
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L |
CH; HCH; H
\C:‘ \Cs .
&
e -3
< ’ -

Li*
lithium diisopropylamide ”
The N atom is too crowded
LDA to be a nucleophile.
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Preparation and Use of LDA

LDA quickly deprotonates essentially all of the carbonyl starting
material, even at —=78°C, to form the enolate product.
THF is the typical solvent for these reactions.
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o} (o)
é + LDA =/ é + HN[CH(CHa3),],
—;:’:C diisopropylamine
pK, = 20 t pK, = 40

Equilibrium greatly favors the products.
Essentially all of the ketone is converted to enolate.

LDA can be prepared by deprotonating diisopropylamine with
an organolithium reagent such as butyllithium, and then used
immediately in a reaction.
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Preparation of LDA

CH30HZCHQCH2—/Lir:‘\‘HTV‘N[CH(CHS)Z]Q ——> CHaCH,CH,CHy—H + | Li*"N[CH(CHg)l

diisopropylamine LDA 17

Chemistry of Enolates

Enolates are nucleophiles, and as such, they react with many
electrophiles.

Since an enolate is resonance stabilized, it has two reactive
sites—the carbon and oxygen atoms that bear the negative
charge.

A nucleophile with two reaction sites is called an ambident
nucleophile.

In theory, each of these atoms could react with an
electrophile to form two different products, one with a new
bond to carbon, and one with a new bond to oxygen.

18



Reactive Site of Enolates

* Enolates usually react with electrophiles on the a carbon,
because this site is more nucleophilic.

* Since enolates usually react with carbon, the resonance
structure that places the negative charge on oxygen will
often be omitted in multistep mechanisms.
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Enolate—An ambident nucleophile

HoH H O
I Sy I £+ ||
C\CQH —»{?] /C\EC & /C\g/E Preferred pathway
o
A\ /‘ | AS
two reactive sites I Newbond new bond
o E
:?:/\E+ Cl)/
C (o This path does not
- Q(|3/ 2 7 \\Cli/ usually occur.
+ HB*

E* = electrophile
19

Enolates of Unsymmetrical Carbonyl Compounds

* When an unsymmetrical carbonyl compound Ilike 2-
methylcyclohexanone is treated with base, two enolates are
possible.
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Path [1] ~
( ] kinetic enolate
removal of

H less substituted enolate

}ﬂ CHy This enolate is formed faster.
H
i o more substituted C=C
Path [2]
2-methylcyclohexanone removal 0, lhermodynamic enolate

a3’ H
more substituted enolate
This enolate is more stable.

» Path [1] occurs more quickly because it results in removal of the
less hindered 2° H, forming the kinetic enolate.

» Path [2] results in formation of the more stable (thermodynamic)

enolate, which predominates at equilibrium.
20



Formation of Kinetic Enolates

* It is possible to regioselectively form one or the other enolate
by the proper use of reaction conditions, because the base,
solvent and reaction temperature all affect the identity of the
enolate formed.

» The kinetic enolate forms more quickly, so mild reaction
conditions favor it over slower processes with higher
energies of activation.

* The kinetic enolate is the less stable enolate, so it must not
be allowed to equilibrate to the more stable thermodynamic
enolate.

21

Conditions that Favor Kinetic Enolates

» A strong nonnucleophilic base—a strong base ensures that
the enolate is formed rapidly.

* A bulky base like LDA removes the more accessible
proton on the less substituted carbon much more quickly
than a more hindered proton.

» Polar aprotic solvent—the solvent must be polar to dissolve
the polar starting materials and intermediates.

* It must be aprotic so that it does not protonate any
enolate that is formed.

* Low temperature—the temperature must be low (-78°C) to
prevent the kinetic enolate from equilibrating to the
thermodynamic enolate.

o o

H CHsy He_ CHs
H LDA
/ THF

less substituted C

-78°C
major product

22

kinetic enolate

11



Conditions that Favor Thermodynamic Enolates

* A thermodynamic enolate is formed with a strong base in a
polar protic solvent at room temperature.

* A strong base—such as Na* OCH,CH; or K* OC(CH,),, yields
both enolates, but in a protic solvent enolates can also be
protonated to re-form the carbonyl starting material.

* At equilibrium, which can be attained by running the reaction
at room temperature (25°), the lower energy intermediate
always wins out so that the more stable, more substituted
enolate is present in a higher concentration.
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o} O

SHG Na*~OCH,CH, -~CHs
\ CH3CH,OH
25°C )
more substituted C major product

thermodynamic enolate
23

Enolate Structure

* Recall that an enolate can be stabilized by the delocalization
of electron density only if it possesses the proper geometry
and hybridization.

* The electron pair on the carbon adjacent to the C=0 must
occupy a p orbital that overlaps with the two other p orbitals
of the C=0, making an enolate conjugated.

« All three atoms of the enolate are sp? hybridized and trigonal
planar.

Flg ure 23.2 Copyright ® The McGraw-Hill Companies, Inc. Permission required for reproduction or display

The hybridization and geometry sp? 5
of the acetone enolate o \¥ .
(CH5COCH,)~ CH3—C< = CHs—z/ ¥ lone pair in a p orbital
C—H —H
A V/
H H \spz
acetone enolate three adjacent p orbitals

24
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Racemization at the a Carbon Atom

* When the a carbon to the carbonyl is a stereogenic center,

treatment with aqueous base leads to racemization by a two-
step process:

» deprotonation to form a planar enolate

* protonation from either face to re-form a racemized
carbonyl compound
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2
H,0 C.g-CHCHs
planar carbon front ©/C Hg \He— new bond
(o] (0]
I Il T
C\é/CHcha -OH C\-C’-/CHcha enantiomers
B = 7 -
O:*'H CH, H,0 ©/ CHg J’
HO:™
Q + H,0 Il
A g H,0 C..g-CH:CHs
chiral starting material achiral enolate behind 4=+ new bond
CHgz H
racemic mixture
[* denotes a stereogenic center.] 25

Reactions at the o Carbon

» Enolates react with electrophiles to form substitution
products.
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:0: | new bond

X—X I
> /C\C/X + X Halogenation
Substitution reactions P;\.__/ | /\
at the o carbon ~C =
| :0: | new C-C bond
R—X I
enolate — /C\Cin + X- | Alkylation
o

/\

* Enolates react with other carbonyl groups at the electrophilic
carbon.

Hox
I LA s I
Reactions with other /7 TC=Q8 C.oo |
carbonyl compounds -~ \C/ /3 g \/C\_?_Q_
enolate new C—C bond
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Halogenation at the o Carbon

* Treatment of a ketone or aldehyde with halogen and either
acid or base results in substitution of X for H on the
a carbon, forming an a-halo aldehyde or ketone.
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e} (e}
Halogenation ! o H Xz (Ié o X
R/ \C/ H+ o 7OH R/ \C/
/\ /\
R =H or alkyl a-halo aldehyde
X5 =Cly, Bry, I or ketone

Example 2 2
Cl
Cl,
HCI, H,0

* The mechanisms of halogenation in acid and base are
somewhat different—reactions done in acid generally involve
enol intermediates.

* Reactions done in base generally involve enolate

intermediates. »7

Acid-Catalyzed Halogenation

* When halogenation is conducted in the presence of acid, the
acid often used is acetic acid, which serves as both the
solvent and the acid catalyst for the reaction.
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[l Bl’g Il

5 _ P C + HBr
CHg \CTs CH,COOH CHg  ~CHoBr

substitution of one H by Br
* The mechanism of acid-catalyzed halogenation consists of
two parts:

* tautomerization of the carbonyl compound to the enol
form

* reaction of the enol with halogen
28
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( 2) Mechanism 23.3 Acid-Catalyzed Halogenation at the o Carbon
Part [1] Tautomerization to the enol

~“H-0,CCHj,

o EH [TO:CCH; OH « In Part [1], the ketone is converted to its enol
LoH — LEDH — CsH + tautomer by the usual two-step process:
Chs o O % e G ¢ CH4COH protonation of the carbonyl oxygen, followed
t t H by deprotonation of the o carbon atom.
p i P ion  enol

Part [2] Reaction of the enol with halogen

o 4 ,H; BT o * In Part [2], addition of the halogen to the enol
\;_?H _BriBr :(H),: - 191 lew © followed by deprotonation forms the neutral
L H > Lo ._Br — C.orgr 4+ HBr substitution product (Steps [3]-[4]). The overall
CH; °C B CHy G M CHy G process results in substitution of H by Br on
H HH HH the o carbon.

a-bromoacetone

29

Halogenation at the o Carbon in Base

» Halogenation in base is much less useful, because it is often
difficult to stop the reaction after addition of just one halogen
atom to the a carbon.

» For example, treatment of propiophenone with Br, and
agueous OHyields a dibromoketone.
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R @
C C CH
“CH,CH;  Br, \/c\/ 8
“OH Br Br
propiophenone

Both o H's are replaced by Br.
* The mechanism for introduction of each Br atom involves the
same two steps:
» deprotonation with base followed by

* reaction with Br, to form a new C-Br bond
30
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( {\«) Mechanism 23.4 Halogenation at the o Carbon in Base

o o ar (e o « Treatment of the ketone with base
C.__CH 1] Gz /CH [2) C.___CHj forms a nucleophilic enolate in
(\ o5 * = ‘ NN 0 > ‘ N /C/ +1Br' Step [1], which reacts with Br,
i H H 54 > H i ~ BrH (the electrophile) to form the
= sl 2 monosubstitution product—that is,

one o H is replaced by one Br on the
« carbon.

propiophenone enolate OneaHis
replaced by Br.

Only a small amount of the enolate forms at equilibrium
using "OH as base, but the enolate is such a strong
nucleophile that it readily reacts with Br,, thus driving the
equilibrium to the right.

The same steps can be repeated to introduce a second
bromine at the a carbon.
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:0: :0: *BrQBr :0:
1 ] I " |

CigCHs L Cg/ers @ C o -CHs
©/ VA 5 ©/ i ©/ /A + Br
Br H T:QH BTr i szz Br Br

a-bromopropiophenone

The electronegative Br disubstitution
stabilizes the negative charge. product 31

Haloform Reaction

The addition of one Br atom stabilizes the second enolate
due to the electron-withdrawing inductive effect of Br.

As aresult, the a H of a-bromopropiophenone is more acidic
than the a H atoms of propiophenone, making it easier to
remove with base.

Halogenation of a methyl ketone with excess halogen, called
the haloform reaction, results in the cleavage of a C-C
c bond and formation of two products, a carboxylate anion
and CHX; (commonly called haloform).

The final cleavage step is actually a nucleophilic
substitution, made possible by the fact that the
tri-substituted CX; is now a good leaving group.

32
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Haloform Reaction

In the haloform reaction, the three H atoms of the CH; group are
successively replaced by X to form an intermediate that is
oxidatively cleaved with base.

Methyl ketones form iodoform (CHI,), a pale yellow solid that
precipitates from the reaction mixture.

This reaction is the basis of the iodoform test to detect methyl
ketones.

Methyl ketones give a positive iodoform test (appearance of a
yellow solid) whereas other ketones give a negative iodoform
test (no change in the reaction mixture).
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The haloform reaction (|? X, (excess) (l?
C e PN +  HCXs
R TCH3 OH R (on
carboxylate haloform
This C—C bond is cleaved. anion
Example ?J cll)

C\CH I C\0*
3 » (excess) ” HCl, 33
“OH iodoform
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(2> Mechanism 23.5 The Haloform Reaction

Part [1] The conversion of CH; to Cly
:0: :0: -IDI :0: :0: « In Part [1], each of the three hydrogen atoms
3 L & of the CH; group is replaced with iodine via the

CH = CagH —, O H__, C__I : . ;
R /C\i Rl R (l:/ @ R /C\/ repeat2x. B /c\” two-step mechanism previously discussed —
H H-; H I'H  Steps[1]H2] 1 that is, deprotonation followed by
‘OH enolate + I halogenation to form the substitution product.
+ H0: « Steps [1] and [2] are then repeated twice more
to form the triiodo substitution product.
Part [2] Oxidative cleavage with "OH
,:(”): :1:‘).:; :(H>: :9:  In Step [3], "OH adds to the carbonyl group in
i (3] R-CrCly (4] /s - (5] T s a typical nucleophilic addition reaction of a
R Cly éHT R Q’H‘; R O ketone, but the three 1 atoms give this ketone
HO? l I, + a good leaving group, “Cls.
b HCls + Elimination of "Cl,in Step [4] results in
iodoform

cleavage of a carbon-carbon bond, and
then in the last step, proton transfer forms the
carboxylate anion and iodoform.

34

17



Halogenation Reactions at a Carbons

Figure 23.3
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[1] Halogenation in acid

R Y R

Dt

CH; CH3COOH R”™ ™ “CH,X

O=

monosubstitution on the o carbon
R

[2] General halogenation in base

o} (0]
L L é'; CH polysubstitution on the o carbon
R™ "CH,CH, “OH R” \5:\/
XX

[3] Halogenation of methyl ketones with excess X, and base

O
I X; (excess) I oxidative cleavage
T — + HCX
YN -OH AN 3
R™ "CH,4 R™ O haloform
35

Elimination Reaction of a-Halo Carbonyls

* a-Halo carbonyl compounds undergo two useful reactions—
elimination with base and substitution with nucleophiles.

* By a two step method involving elimination, a carbonyl
compound such as cyclohexanone can be converted into an
o,B-unsaturated carbonyl compound.
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(0] (@] (0]
o o_Br . &
Brp Li,CO4 <« Anewrmbondis
CH;COOH B LiBr ) formed in two steps.
DMF
cyclohexanone (] 2-bromocyclohexanone (2] 2-cyclohexenone
halogenation elimination

36
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Substitution Reaction of a-Halo Carbonyls

* a-Halo carbonyl compounds also react with nucleophiles by
S\2 reactions.

» For example, reaction of 2-bromocyclo-hexanone with CH;NH,
affords the substitution product A.
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(0] O
Br NHCH,
CH3NH,
_
Sp2
2-bromocyclohexanone A

37

Intramolecular Nucleophilic Substitution

* A related intramolecular nucleophilic substitution of an
a-halo ketone was a key step in the synthesis of the
antimalarial drug quinine, shown in Figure 23.4.

Figure 23.4
Intramolecular nucleophilic
substitution in the synthesis
of quinine

Copyright © The McGraw-Hill Companies, Inc. Permiss:

required for reproduction or display

Z

z
-Br (\NH (. /l
O\)’\/)/ o Hog SN
H
CHO o~/ 2 naon | OO CHO_~__~
g\(hj reduction n \j

intramolecular Sy2 N

quinine

* Intramolecular Sy2 reaction of a nitrogen nucleophile with an a-halo ketone affords a compound that
can be converted to quinine in a single step. The new C—N bond on the « carbon is labeled in red.
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Direct Enolate Alkylation

» Treatment of an aldehyde or ketone with base and an alkyl
halide results in alkylation—the substitution of R for H on the
o carbon atom.

Copyright © The McGraw-Hill C: Inc. required for or display.
:(R: =i X :?:
1 2
JOEH 4 ipA —i. / @, C R 4 x
C THF Sp2 T
/\ —78°C | I\
T nucleophile T R = CHg or 1° alkyl
deprotonation nucleophilic attack
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o o o}
LDA « a3~ = +cr
THF ‘
-78 °C
new C—C bond
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Enolate Addition with Esters and Nitriles

» Since the second step is an Sy2 reaction, it only works well
with unhindered methyl and 1° alkyl halides.

* Hindered alkyl halides and those with halogens bonded to
sp? hybridized carbons do not undergo substitution.

» Ester enolates and carbanions derived from nitriles are also
alkylated under these conditions.
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= new C—C bond
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Esters ? LDA 1l ﬁ-l:,cHr‘Br Il
_C, e C —F C,

CHZ0” “CHg THFC CH;0” “CH, CHz0” "CH,~CH,CH; + Br

-78°
H CHy
CH3 Br \ /«<——— new C—-C bond
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itril C. Co.
Nitriles CN oA, CN
THF S
-78°C
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Stereochemistry of Enolate Alkylation

* The stereochemistry of enolate alkylation follows the general
rule governing stereochemistry of reactions: an achiral
starting material yields an achiral or racemic product.
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(0] (0] (0] (0]
. CH,CH CH,CH +CH,CH
[1] LDA, THF, 78 °C 2=e o S Sy 2738
[2] CH;CH,I \
new stereogenic center Two enantiomers are formed

in equal amounts.
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Kinetic Product of Enolate Alkylation

* An unsymmetrical ketone can be regioselectively alkylated to
yield either the kinetic or thermodynamic product.

* Treatment of 2-methylcyclohexanone with LDA in THF
solution at —78°C gives the less substituted kinetic enolate.

* The enolate then reacts with CH;l to form A.
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O 0} o}

H CHjz _ CHs CHs CHj

LDA i CHs1 1
—_—— —_— + 1
THF
=78 °C I )
2-methyl- kinetic enolate 2,6-dimethylcyclohexanone
cyclohexanone A
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Thermodynamic Product of Enolate Alkylation

* Treatment of that same ketone, 2-methylcyclohexanone, with
NaOCH,CH; in CH;CH,OH solution at room temperature
forms the more substituted thermodynamic enolate.

* The enolate then reacts with CH;l to form B.
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CH; Na 23 3 CHy |, -
CHaCH,OH
2-methyl- 25°C thermodynamic 2,2-dimethylcyclohexanone
cyclohexanone enolate B
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Application of Enolate Alkylation

* One step in the synthesis of tamoxifen, a potent anticancer
drug, involves enolate formation and alkylation with CH;CH,|.
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OCHg OCHg

»

Br. N yZ
| NaH
7 0
HH
A enolate
’ CH4CH,I
OCH,

Br, O
several
steps O
0

HCH,CH;

tamoxifen

Only the Z isomer of the C=C
provides beneficial effects.

44

22



Malonic Ester Synthesis

 The malonic ester synthesis results in the preparation of
carboxylic acids having two general structures:

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

R—CH,COOH R—(;)HCOOH
R

* The malonic ester synthesis is a stepwise method for
converting diethyl malonate into a carboxylic acid having
one or two alkyl groups on the a carbon.
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H H H
Malonic ester I _ | | I
synthesis H—(IZ—COOCHZCH3 = H (ID COOEt R CID COOH or R (IZ COOH
COOCH,CH, COOEt H I R
diethyl malonate [CH3CH, = Et] f
from RX from RX and R'X
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Decarboxylation of Malonic Esters

» Heating diethyl malonate with acid and water hydrolyzes both
esters to carboxy groups, forming a p-diacid (1,3-diacid).
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H H
| H,O* |
H-C—~COOEt —=2=»  H-C-COOH + EtOH
COOEt Hydrolyze COOH (2 equiv)
diethyl malonate | the diester. malonic acid
B-diacid

» B-Diacids are unstable to heat and decarboxylate resulting in
cleavage of a C—C bond and formation of a carboxylic acid.
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COOH 0=C (0 OH OH
B-diacid O-H enol
+

0=C=0 =  CO,
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Decarboxylation Result

* The net result of decarboxylation is cleavage of a C-C bond
on the a carbon, with loss of CO,.

» Decarboxylation occurs readily whenever a carboxy group
(COOH) is bonded to the a carbon of another carbonyl group.
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H 0
H-¢-cooH —2+ cHe-¢ + co
This C—C bond —— | 3 2
is broken. COOH OH
B-diacid

* This can also occur with B-keto acids, forming a ketone.
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This C—C bond
is broken. H
(@] Os“ (: ([) OH O
‘,l COOH G~ Cs
re-draw 0 A tautomerization
— ——
B-keto acid enol
+CO, 47

Path of Malonic Ester Synthesis

* Thus, the malonic ester synthesis converts diethyl malonate
to a carboxylic acid in three steps.
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H,/{-‘O'Et ”‘H‘—/\;( R/ new C—C bond
gl = 1] & 2 | 3]
H—CIZ—COOEK —_— H—(ll—COOEt —2* H—CI‘,—COOEt W R—CH,COOH
COOEt COOEt Y COOEt 2
diethyl malonate + EtOH + X T + CO,
deprotonation alkylation hydrolysis + EtOH
and (2 equiv)

decarboxylation

[1] Deprotonation —removing the acidic a proton.

[2] Alkylation — Nucleophilic enolate displaces halogen on an
alkyl halide.

[3] Hydrolysis and decarboxylation — heating with agueous

acid causes loss of CO,. "
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Example of Malonic Ester Synthesis

* The synthesis of 2-butanoic acid (CH;CH,CH,COOH) from
diethyl malonate illustrates the basic process:

Copyright © The McGraw-Hill C ies, Inc. F required for ion or display.
new C—C bond
CH,CH
H (IJ COOEt L1 MaCkt \H‘(E 2CO(:;Et RO CH3CH,——CH,COOH
i [2] CHCH,Br | B 2
COOEt COOEt 0 4
diethyl malonate from from

CH3CH,Br CH,(CO,E),
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Repeated Malonic Ester Synthesis

« If the first two steps of the reaction sequence are repeated
prior to hydrolysis and decarboxylation, then a carboxylic
acid having two new alkyl groups on the a carbon can be
synthesized.

* This is illustrated in the synthesis of 2-benzylbutanoic acid
[CH;CH,CH(CH,C4zH;)COOH] from diethyl malonate.
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first new C—C bond second new C—C bond
H CH,CH CH,CH
H é COOEt [ HeaEt >é 2C:O(;Et tee CgHsCH. —é—ZCOgEt
I [2] CHaCH,Br I [2] CgHsCH,CI &R
COOEt COOEt COOEt
diethyl malonat 8
iethyl malonate Hio

CH,CH;  <—from CH4CH,Br
from CgHsCH,Cl— CSH5CH2—(I3—COOH
H ot
from
CH,(CO,Et), 50
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Intramolecular Malonic Ester Synthesis

* An intramolecular malonic ester synthesis can be used to

form rings having t

hree to six atoms,

provided

appropriate dihalide is used as starting material.
* For example, cyclopentanecarboxylic acid can be prepared

from diethyl malonate and 1,4-dibromobutane
(BrCH,CH,CH,CH,Br) by the following sequence of reactions.
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CH,(CO,Et
Bro l NaOEt
Intramolecular - “\\"I'
malonic ester ~:C—COOEt
synthesis éOOEt

Br
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H
COOEt NaOEt
COOEt
Br + NaBr

COOH 2
A

cyclopentane-
carboxylic acid

+ EtOH + CO,
(2 equiv)

__COOEt
| “cooEt
<

P

the

1 new C—C bonds

d<cooa
COOEt

+ NaBr
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Retrosynthetic Analysis of Malonic Esters

* To use the malonic ester synthesis, you must be able to
determine what starting materials are needed to prepare a
given compound—that is, you must work backwards in the

retrosynthetic direction

* This involves a two-step process:
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[1] Locate the o carbon to the COOH group, and identify all alkyl groups bonded to the

o carbon.

[2] Break the molecule into two (or three) components: Each alkyl group bonded to the
o carbon comes from an alkyl halide. The remainder of the molecule comes from

CH,(COOEt),.
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Product of the Two components needed
malonic ester synthesis
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H—(|:“—COOH —— CH,(COOEt),
H
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Acetoacetic Ester Synthesis

* The acetoacetic ester synthesis results in the preparation of
methyl ketones having two general structures:

Copyright © The inc. Pormission reqy o display

(I? 0]

/C\ O
R—CH;  “CH, R—CH”™ “CH,

* The acetoacetic ester synthesis is a stepwise method for
converting ethyl acetoacetate into a ketone having one or
two alkyl groups on the a carbon.
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T o} 0] 0
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e CH; “CH, CH; “CH,~R CH “CH-R
COOEt R
ethyl acetoacetate t

from RX from RX and R'X
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Outcome of Acetoacetic Ester Synthesis

* The steps in acetoacetic ester synthesis are exactly the same
as those in the malonic ester synthesis.

* Because the starting material is a B-ketoester, the final
product is a ketone, not a carboxylic acid.
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0O O
RMOR'

B-keto ester
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COOEt COOEt  y COOEt 3
ethyl acetoacetate I + EtOH I + X T + CO, + EtOH
deprotonation alkylation hydrolysis
and
decarboxylation
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Repeated Acetoacetic Ester Synthesis

If the first two steps of the reaction sequence are repeated
prior to hydrolysis and decarboxylation, then a ketone
having two new alkyl groups on the a carbon can be
synthesized.
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ethyl acetoacetate
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Retrosynthetic Analysis of Acetoacetic Esters

* To determine what starting materials are needed to prepare a
given ketone using the acetoacetic ester synthesis, you must
again work in aretrosynthetic direction.

* This involves a two-step process:

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction o display.

[1] Identify the alkyl groups bonded to the o carbon to the carbonyl group.

[2] Break the molecule into two (or three) components: Each alkyl group bonded to the
o carbon comes from an alkyl halide. The remainder of the molecule comes from

CH;COCH,COOEt.

For a ketone with two R groups on the o carbon,
three p its are ded
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1] Il
M |=—|_ _c A
CH3 “CZH cH; “c4R| == | Rx
COOEt FL' RX
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Synthesis of Ketones

* The acetoacetic ester synthesis and direct enolate alkylation
are two different methods that can prepare similar ketones.
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Method [1] E\ [1] LDA (\? The same product
Direct enolate alkylation - O, «— is formed by two
CH; "CHy  [2JCHgl  CH3 “CH,~CH, different routes.
acetone 2-butanone l
o o (o]
Method [2] ‘l:\ H [1] NaOEt I H0* e
Acetoacetic ester synthesis CHY \(I;/_H [2] CH,l CHY \c‘:/—CHJ A CH3 ~“CH,~CHj
COOEt COOEt 2-butanone

ethyl acetoacetate

« Each method has its own advantages and disadvantages.

* The two step direct enolate alkylation usually requires a very
strong base like LDA to be successful, whereas the acetoacetic
ester synthesis utilizes NaOEt, which is prepared from cheaper
starting materials.

* This cost factor makes the acetoacetic ester synthesis an

attractive method, even though it involves more steps. o
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