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Preface to the Second
Edition

The gratifying response to the first edition has encouraged us to undertake the
revision of Part B to reflect the rapid development in synthetic methodology which
has occurred since the first edition was prepared. The organizational format is
similar to the first edition with two major exceptions. A new chapter (Chapter 3)
“Functional Group Interconversion by Nucleophilic Substitution,” has been added.
This chapter summarizes synthetically valuable nucleophilic substitutions at both
sp” and sp? carbon. Thus such common functional group transformations as conver-
sion of alcohols to halides, preparation of nitriles and acylation of amines, among
others, are covered in the new chapter. The classical methods for such reactions
are well-covered in introductory texts but the development of milder and more
selective methods and the basic importance of such transformations in synthesis
seemed to necessitate the inclusion of this material. Chapter 11, which dealt with
synthesis of polymers, polypeptides, and polynucleotides, has been dropped. The
adequate description of these highly developed but somewhat specialized techniques
now seems beyond the scope of a chapter of reasonable size.

As in the first edition, the references presented are considered to be examples
and do not reflect any effort to recognize author’s priority of discovery. Where
possible, examples which illustrate improved methodologies for well-established
reactions have been used but in many cases other equally satisfactory techniques
are available. Although the authors of ‘the referenced papers are an international
group, the predominance of the references are to the Journal of the American
Chemical Society and to the Journal of Organic Chemistry, with Tetrahedron Letters
also being well-represented.

About half of the problems are new. As in the first edition, they have been
drawn from published literature. Very few of the questions are of the drill variety,
and students, particularly undergraduates, will find them challenging. We have
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found them to be an excellent basis for discussion in class as well as being exercises
which can provide the student with the opportunity to apply the factual material
presented in the chapter and to develop routes for synthesis of specific molecules.
Many of the synthesis problems have been presented in the retrosynthetic mode
which has received wide acceptance in the research literature. A formal discussion
of retrosynthetic analysis of complex molecules is presented in the final chapter.
We thank numerous colleagues for their encouraging responses to the first
edition and their help in pointing out errors and suggesting modifications. We hope

this revised edition will serve as a bridge for students to pass from an introductory

course in organic chemistry to the independent study of the research and review
literature in organic synthesis.

Charlottesville, Virginia Francis A. Carey
December, 1981 Richard J. Sundberg
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Alkylation of Nucleophilic
Carbon. Enolates and
Enamines

Since practically all syntheses of any complexity involve carbon-carbon bond-
forming steps as an essential feature, the availability of methods which allow two
molecular fragments to be connected by the reaction of a nucleophilic carbon with
an electrophilic one can be crucial to the success of a synthetic plan. The emphasis
in this chapter is on enolate ions and enamines, two of the most useful kinds of
carbon nucleophiles, their preparation, and their reactions with alkylating agents.
Certain related nucleophilic carbon species will also be discussed.

1.1. Generation of Carbon Nucleophiles by Deprotonation

The most general means of generating carbon nucleophiles involves removal
of a proton from a carbon by a Bronsted base. The anions produced are carbanions.
Both the rate of deprotonation and the stability of the resulting carbanion are
enhanced by the presence of substituent groups that can stabilize negative charge.
A carbonyl group bonded directly to the carbanionic carbon can delocalize negative
charge by resonance and is an especially important function in carbanion chemistry.
The anions formed by deprotonation of the carbon alpha to a carbonyl group bear
most of their negative charge on oxygen and are commonly referred to as enolates.
Several typical examples of proton abstraction equilibria are listed in Scheme 1.1.
Electron delocalization in the resulting carbanions is represented by the resonance
structures presented in Scheme 1.2,
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Scheme 1.1. Generation of Carbon Nucleophiles by Deprotonation

Il - Il
1 RCH,COR’' + NR; & RCHCOR'+HNR}
I _ Il
2 RCH;CR’ + NH,” & RCHCR’ + NH;3
I I _ T
3 CH;CH,OCCH,COCH,CH; + CH;CH,0" &2 CH;CH,OCCHCOCH,CH3 + CH,;CH,0H
Il Il _ Tl
4 CH;CCH,COCH,CH; + CH;CH,0™ & CH;CCHCOCH,CH; + CH3CH,0H
O

I I
5 N=CCH,COCH,CH; + CH,;CH,O™ 2 N=CCHCOCH,CH; + CH3;CH,0OH

6 RCH,;NO,; + HO™ & RCHNO, + H,0

The efficient generation of a significant equilibrium concentration of a car-
banion requires careful choice of a proper Bronsted base. The acidity of the carbon
acid must be greater than that of the conjugate acid corresponding to the base
used or the equilibrium will be unfavorable. Acidity is usually expressed as pK,,

Scheme 1.2. Resonance in Some Carbanions

1 Enolate of ketone
o-
RgH—gR' o RCH:((?R’
2 Malonic ester anion

I | I Il
CH3;CH,0C—CH=COCH,CH; <« CH,CH,0C—CH—COCH,CH; <
| I
3 Acetoacetic ester anion
P9 P ?
CH;C—CH=COCH,CH; ¢+ CH3;C—CH—COCH,CH; + CH;C=CH—COCH,CH;
4 Cyanoacetic ester anion
(I)_ Il Il
5 Nitronate anion
o-
+/ +/
RCH—N < RCH=N
- A N
(0] (e}




which is equal to —log K, and applies by definition to dilute aqueous solution. Since
many important carbon acids are quite weak acids (pK, > 15), accurate measures
of their equilibria in aqueous solutions are impossible and acidities are determined
in a variety of organic solvents and secondarily referenced to water in an approxi-
mate way. The data produced are not true pK,’s and their approximate nature is
indicated by referring to them as simply pK values rather than as pK,’s. Table 1.1

Table 1.1. Approximate pK Values for Some Carbon Acids and Some Common Bases

Carbon acid pK* (PKpmso) Common bases™®  pK°© (pKpmso)
0O,NCH,NO, 3.6 CH5CO,~ 4.2 (11.6)
CH;COCH,NO, 5.1
PhCH,NO, (12.2)*

CH;CH,NO, 8.6 (16.7)°

CH;COCH,COCH; 9

PhCOCH,COCH; 9.6 PhO~ 9.9 (16.4)

CH;NO, 10.2 (17.2)°

CH,COCH,CO,CH,CH; 10.7 (CH;CH,)sN 10.7

CH;COCH(CH;)COCH; 11 (CH3CH,),NH 11

NCCH,CN 11.2 (11.1)°

CH,(SO,CH,CH3), 12.2 (14.4)

CH,(CO,CH,CH,), 12.7

Cyclopentadiene 15

PhSCH,COCH; (18.7)® ,

PhCH,COCH; (19.8)° CH,0~ 15.5' (29.0)°

CH,CH,CH- 15 HO™ 15.7° (31.4)

(CO,CH,CH3;),

PhSCH,CN (20.8)®

PhCH,CN 21.9¢

(PhCH,),S0, (23.9)° CH;CH,0~ 15.9 (29.8)
(CH,3);CO~ 19 (32.2)

PhCOCH; 15.8* (24.7)¢

CH;COCH; 20 (26.5)°

CH;CH,COCH,CH; (27.1)°

Fluorene 20.5 (22.6)°

PhSO,CHj; (29.0)°

PhCH,SOCH;,4 (29.0)

CH,;CN 25 (31.3)°

Ph;CH 33 (30.6)° NH,"~ 35 (40.7)
CH;SOCH,~ 35 (35.1)°
(CH;CH,),N~ 36

PhCH; @2)"

CH, (55)"

. D.J. Cram, Fundamentals of Carbanion Chemistry, Academic Press, New York (1965), pp. 8-20, 41.

id oo o

Koo @™

. H. O. House, Modern Synthetic Reactions, second edition, W. A. Benjamin, Menlo Park, CA, 1972, p. 494.

. pK of the conjugate acid.

. F. G. Bordwell, J. E. Bares, J. E. Bartmess, G. J. McCollum, M. Van Der Puy, N. R. Vanier, and W. S. Matthews,
J. Org. Chem. 42,321 (1977).

. W. S. Matthews, J. E. Bares, J. E. Bartmess, F. G. Bordwell, F. J. Cornforth, G. E. Drucker, Z. Margolin, R. J.
McCallum, G. J. McCollum, and N. R. Vanier, J. Am. Chem. Soc. 97, 7006 (1975).
F. G. Bordwell, J. E. Bartmess, and J. A. Hantala, J. Org. Chem. 43, 3095 (1978).

. F. G. Bordwell, J. E. Bares, J. E. Bartmess, G. E. Drucker, J. Gerhold, G. J. McCollum, M. Van Der Puy, N. R.
Vanier, and W. S. Matthews, J. Org. Chem., 42, 326 (1977).

. Estimated: D. Algrim, J. E. Bares, J. C. Branca, and F. G. Bordwell, J. Org. Chem. 43, 5024 (1978).
True pK, in water: P. Ballinger and F. A. Long, J. Am. Chem. Soc. 82, 795 (1960).
W. N. Olmsted, Z. Margolin, and F. G. Bordwell, J. Org. Chem. 45, 3295 (1980).

. In water: M. Novak and G. M. Loudon, J. Org. Chem. 45, 2494 (1977).
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presents a listing of the pK data for some typical carbon acids. The table includes
a listing of the customary bases used for deprotonation. A favorable equilibrium
between a carbon acid and its carbanion will be established if the base which is
used appears below the acid in the table. The strongest acids appear at the top of
the table, the strongest bases at the bottom. Also included in the table are pK
values determined in dimethyl sulfoxide (pKpmso). The range of acidities which
can be directly measured in dimethyl sulfoxide is much greater than can be measured
in aqueous media, thereby allowing direct comparisons between species to be made
more confidently. The pK values are normally greater in dimethyl sulfoxide than
in water because water stabilizes anions by hydrogen bonding more effectively than
does dimethyl sulfoxide. While it would be desirable to have all acidity data on a
common scale, especially the pK, scale, it is likely that pKpmso will become the
more readily accessible data and be more useful in carbanion chemistry.’

From the pK values reported in Table 1.1 an approximate ordering of some
substituents with respect to their ability to stabilize carbanions can be established.
The order suggested is NO, > COR > CN = CO;R > SO,R > SOR > Ph = SR »
H>R.

By comparing the approximate pK values of the conjugate acids of the bases
with those of the carbon acid of interest, it is possible to estimate the position of
the acid-base equilibrium for a given reactant-base combination. If we consider
the case of a simple alkyl ketone, in a protic solvent, for example, it can be seen
that hydroxide ion and primary alkoxide ions will convert only a fraction of such
a ketone to its anion: '

o
RgCH3 + RCH,0” «—— Ré=CH2 + RCH,OH

The slightly more basic tertiary alkoxides are comparable to the enolates in basicity,
and a more favorable equilibrium will be established with such bases:

o-
I |
RCCH; + R3;CO™ & RC=CH, + R;COH

Stronger bases, such as amide anion, methylsulfinylcarbanion (the conjugate
base of dimethyl sulfoxide),” and triphenylmethyl anion, are capable of effecting
rapid and essentially complete conversion of a ketone to its enolate. Lithium
diisopropylamide, generated by addition of n-butyllithium to diisopropylamine, is
widely used for this purpose.’ It is a very strong base, yet is sufficiently bulky so
as to be relatively nonnucleophilic—a feature that is important in reducing a number
of side reactions. The lithium and sodium salts of hexamethyldisilazane
[(CH3)3Si],NH are easily prepared and handled compounds with properties similar

1. W. S. Matthews, J. E. Bares, J. E. Bartmess, F. G. Bordwell, F. J. Cornforth, G. E. Drucker, Z.
Margolin, R. J. McCallum, G. J. McCollum, and N. R. Vanier, J. Am. Chem. Soc. 97, 7006 (1975).

2. E.J. Corey and M. Chaykovsky, J. Am. Chem. Soc. 87, 1345 (1965).

3. H. O. House, W. V. Phillips, T. S. B. Sayer, and'C.-C. Yau, J. Org. Chem. 43, 700 (1978).



to lithium diisopropylamide.4
RCCH; + [(CH;),CHLNLI 2 RC=CH, + [(CH3),CH],NH

For any of the other carbon acids in Table 1.1, similar consideration allows
us to estimate the position of the equilibrium with a given base. It is important to
bear in mind the position of such equilibria as other aspects of reactions of
carbanions are considered.

1.2. Regioselectivity and Stereoselectivity in Enolate Formation

An unsymmetrical dialkyl ketone can form two regioisomeric enolates on
deprotonation:

(o o
RZCHIC|CH2R' L R2C=(|?CH2R’ or RZCH(|3=CHR’

In order to exploit fully the synthetic potential of enolate ions, some control
over the regioselectivity of their formation is required. While, in most cases, it is
not possible to direct deprotonation so as to form one enolate to the exclusion of
the other, experimental conditions can be chosen which will provide a reasonable
excess of the desired regioisomer. So that we may understand the reasons why a
particular set of experimental conditions leads to the preferential formation of one
enolate while a different set leads to the other, we need to examine enolate
generation in more detail.

The composition of an enolate mixture may be governed by kinetic or ther-
modynamic factors. In the former case, the product composition is governed by
the relative rates of two competing proton-abstraction reactions. The enolate ratio
is governed by kinetic control.

o-
R2C=ClCH2R’

y‘ A
I [A)_ &
R,CHCCH,R' + B~ \ (B] ks

ky o-

RZCH(\Z=CHR'
B

On the other hand, if enolates A and B can be interconverted rapidly, equili-
brium will be established and the product composition will reflect the relative
thermodynamic stability of the enolates. The enolate ratio is governed by thermo-
dynamic control.

4. E. H. Amonoco-Neizer, R. A. Shaw, D. O. Skovlin, and B. C. Smith, J. Chem. Soc., 2997 (1965);
C. R. Kruger and E. G. Rochow, J. Organometal Chem. 1, 476 (1964).
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o
R,C=CCH,R’
. A
K(l
/ : ka/k
A a. —a
i « oK e
R,CHCCH,R + B ] b kb
AN & (‘T
R,CHC=CHR'
B

By adjusting the conditions under which an enolate mixture is formed from a
ketone, it is possible to establish either kinetic or thermodynamic control. Ideal
conditions for kinetic control of enolate formation are those in which deprotonation
is rapid, quantitative, and irreversible.” This ideal is approached experimentally by
using a very strong base such as lithium diisopropylamide or triphenylmethyllithium
in an aprotic solvent in the absence of excess ketone. Lithium as the counterion is
better than sodium or potassium for regioselective generation of the kinetic enolate.
Protic solvents promote enolate equilibration by allowing protonation-deproton-
ation pathways to operate on the isomeric enolates. Excess ketone seems to catalyze
equilibration in much the same way by acting as a proton source.

The composition of enolate mixtures can be determined by allowing the
enolates to react with acetic anhydride. Rapid formation of enol acetates occurs,
and subsequent determination of the ratio of enol acetates reveals the ratio of
enolates present in the solution.®

i i
O o OCCH;3 OCCH;

| , | (CH,C0),0 _ , L )
R,C=CCH;,R' + R,CHC=CHR —2—2— R,C=CCH,R’ + R,CHC=CHR

" Alternatively, chlorotrimethylsilane can be used to react with the enolate
mixture to give the corresponding enol trimethylsilyl ethers.” The enol acetate or
enol trimethylsilyl ether mixture can be analyzed by gas chromatography or by
nuclear magnetic resonance (nmr). Table 1.2 shows the data obtained for several
ketones. Some of the data were measured by the techniques just mentioned. In a
number of cases the data are more qualitative and indicate the enolate which gave
rise to isolated products on subsequent reaction with electrophiles.

o o OSi(CHs)s OSi(CHy),
R,C=CCH,R’ + R,CHC=CHR’ ~H:8C | p c—CCH,R’ + R,CHC=CHR'

5. For a review, see J. d'Angelo, Tetrahedron 32, 2979 (1976).
6. H. O. House and B. M. Trost, J. Org. Chem. 30, 1341 (1965).
7. H. O. House, M. Gall, and H. D. Olmstead, J. Org. Chem. 36, 2361 (1971).



Table 1.2. Compositions of Enolate Mixtures

A. Regioselectivity

1? o (Ol (o
CH, —» CH, CH,
Kinetic control (Ph;CLi/ 28 72
dimethoxyethane)
94 6

Thermodynamic control (Ph;CLi/
equilibration in the presence
of excess ketone)

2h<c O O_ O_
CH, CH, CH,
—
Kinetic control (LDA/ 1 99
dimethoxyethane)
Thermodynamic control 78 22
(Et;N/DMF)
3¢ (0) (o o
CeH; CoH; CoH;
—
Kinetic control (LDA /tetrahydrofuran, =70°C)" Only enolate Only enolate
Thermodynamic control (KH, tetrahydrofuran)®
4 H H H
O (o o~
—
H H H
Kinetic control (Ph;CLi/ 13 87
dimethoxyethane)
Thermodynamic control 53 47
(equilibration in the
presence of excess ketone)
sf 0 (o

Il |
CH3CH:CH2CCH3 had CHJCH?_CHzcchZ

Kinetic control (LD A /tetrahydrofuran, -78°C) Only enolate
detected

7
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Table 1.2—continued

B. Stereoselectivity

6 o) CH, o} CH, CH,CH,
I N / N /
/ AN / AN
H CH,CH,4 H 0.
Z -enolate E-enolate
Kinetic control. (lithium 13 87
2,2,6,6-tetramethylpiperidide/
tetrahydrofuran)
Thermodynamic control 84 16

(equilibration in the presence
of excess ketone)

7h [e) CH, [oN CH,4 C(CH3;);
| N, N,/
/ N
H C(CH;); H (O
V4

Kinetic control (LDA/ >98 <2
tetrahydrofuran)

g" (R CHJ\ /0‘ CH;\ /Ph
CH;CH,CPh - Cc=C C=C
/ N / N
H Ph H O._
z E
Kinetic control (LDA/Tetrahydrofuran) >98 <2
(0] CH;3(CHy) (O H o~
I N N,/
CH;(CH,),CCH; —» Cc=C C=C
/ N / N
H CH; CH;(CH,), CH;
z E
Kinetic control (Ph;CK/dimethoxyethane) 37 9
Thermodynamic control (Ph;CK/ 46 12

equilibration in presence of
excess ketone)

(l)_
CH3(CH2)4C:CH2

Kinetic control 54

Thermodynamic control 42

a. H. O. House and B. M. Trost, J. Org. Chem. 30, 1341 (1965).

b. H. O. House, M. Gall, and H. D. Olmstead, J. Org. Chem. 36, 2361 (1971).

c. H. O. House, L. J. Czuba, M. Gall, and H. D. Olmstead, J. Org. Chem. 34, 2324 (1969).

d. E. Vedejs, J. Am. Chem. Soc. 96, 5944 (1974); H. J. Reich, J. M. Renga, and I. L. Reich, J. Am. Chem. Soc. 97,
5434 (1975).

e. E. Vedejs, D. A. Engier, and J. E. Telschow, J. Org. Chem. 43, 188 (1978).

f. G. Stork, G. A. Kraus, and G. A. Garcia, J. Org. Chem. 39, 3459 (1974).

g. 'Z. A. Fataftah, 1. E. Kopka, and M. W. Rathke, J. Am. Chem. Soc. 102, 3959 (1980).

h. C. H. Heathcock, C. T. Buse, W. A. Kleschick, M. C. Pirrung, J. E. Sohn, and J. Lampe, J. Org. Chem. 45, 1066
(1980).



A fairly consistent relationship is found in these and related data. Conditions
of kinetic control usually favor the less-substituted enolate. The principal reason
for this result is that removal of the less hindered hydrogen is more rapid, for steric
reasons, than removal of more hindered protons, and this more rapid reaction leads
to the less substituted enolate. Similar results are obtained using either lithium
diisopropylamide or triphenylmethyllithium. On the other hand, at equilibrium it
is the more substituted enolate that is usually the dominant species. The stability
of carbon-carbon double bonds increases with increasing substitution, and it is this
substituent effect that leads to the greater stability of the more substituted enolate.
Highly substituted enolates, especially if the substituents are bulky, are not solvated
effectively, however, and may be present in only minor amounts at equilibrium.

Kinetic deprotonation of a,B-unsaturated ketones usually occurs preferentially
adjacent to the carbonyl group. The electron-withdrawing inductive effect of the
carbonyl group is probably responsible for the faster rate of deprotonation at this

position.
(0] OLi*
[QNCH(CH,);}LP

> Ref. 8
CH, THF, 0°C CH,

CH, CH,

(only enolate)

Under conditions of thermodynamic control, it is the enolate corresponding
to deprotonation of the y-carbon atom which is present in greater amounts.

CH; 0] (O CH, o~
2N l Nenm | N [
C=CHCCH; —7> CH,=C—CH=CCH; > C=CH—-C=CH, Ref. 9
/B a o NH, Y | a a’ a a
CH, CH, CH;
Y major enolate Y (less stable)

(more stable)

These isomeric enolates differ in stability because the first is fully conjugated,
whereas cross-conjugaton is present in the second. The cross-conjugated isomer
restricts the delocalization of the negative charge to the oxygen and a' carbon,
whereas in the conjugated system the oxygen, @ carbon, and y carbon all bear
part of the negative charge.

The terms kinetic control and thermodynamic control are applicable to other
reactions besides enolate formation; this concept was covered in general terms in
Part A, Section 4.9. In discussions of other reactions in this chapter, it may be
stated that a given reagent or set of conditions favors the “thermodynamic product.”
This statement means that the mechanism operating is such that the various possible
products are equilibrated after initial formation. When this is true, the dominant
product can be predicted by considering the relative stabilities of the various possible
products. On the other hand, if a given reaction is under *‘kinetic control,” prediction

R. A. Lee, C. McAndrews, K. M. Patel, and W. Reusch, Tetrahedron Lett., 965 (1973).
G Bi

8.
9. G. Biichi and H. Wiiest, J. Am. Chem. Soc. 96, 7573 (1974).
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or interpretation of the relative amounts of products must be made by analyzing
the competing rates of formation of the products.

The stereoselectivity of enolate formation, either under conditions of kinetic
or thermodynamic control, is less well understood. Clearly, as entries 7 and 8 of
Table 1.2 show, the stereoselectivity can be very high under conditions of kinetic
control. Apparently, Z-enolates of ketones are both more stable and formed faster
than E -enolates. '’

1.3. Other Means of Generating Enolates

The development of conditions under which lithium enolates do not equilibrate
with other possible isomeric enolates has permitted the use of reactions that are
more regioselective than proton abstraction to generate specific enolates. Three
such methods are shown in Scheme 1.3. The synthetic use of solutions containing
specific enolate species is described in the following section.

Cleavage of enol trimethylsilyl ethers or enol acetates by methyllithium (entries
1 and 3, Scheme 1.3) as a route to specific enolate formation is limited by the
availability of these materials. Preparation of the enol trimethylsilyl ethers and
enol acetates from the corresponding ketones usually affords a mixture of the two
possible derivatives, which must be then separated. It is sometimes possible to find
conditions that favor the formation of one isomer; for example, reaction of 2-
methylcyclohexanone with lithium diisopropylamide and trimethylchlorosilane
affords the less highly substituted enol ether preferentially by 99:1 over the more
highly substituted one (kinetically controlled conditions).""

Enol trimethylsilyl ethers may be cleaved by benzyltrimethylammonium
fluoride (entry 2, Scheme 1.3). The driving force for this cleavage is the formation
of the very strong Si-F bond, which has a bond energy of 142 kcal/mol.

Lithium-ammonia reduction of «,8-unsaturated ketones (entry 4, Scheme
1.3)" provides a more generally useful method for generating specific enolates
since the desired starting material is often readily available by the use of various
condensation reactions (Chapter 2)."!

1.4. Alkylation of Enolates

The alkylation of relatively acidic substances such as B-diketones, B-ketoesters,
and esters of malonic acid can be carried out in alcoholic solvents using metal

10. C. H. Heathcock, C. T. Buse, W. A. Kleschick, M. C. Pirrung, J. E. Sohn, and J. Lampe, J. Org.
Chem. 45, 1066 (1980).

11. (a) H. O. House, L. J. Czuba, M. Gall, and H. D. Olmstead, J. Org. Chem. 34, 2324 (1969); (b)
for a review of the chemistry of O-silyl enol ethers, see J. K. Rasmussen, Synthesis, 91 (1977).

12. For a review, see D. Caine, Org. React. 23, 1 (1976).



Scheme 1.3. Generation of Specific Enolates

A. Cleavage of enol trimethylsilyl ethers

1 OSiMe, O7Li*
CH(CH,), L CH(CH3),
sLi o,
dimethoxyethane + (CH,),Si
CH CH
* CH, ’ CH,
2° OSi(CH,), O~ PhCH,N(CH,),
CH,; . ~ CH,
PhCH,N(CH;);F + (CH3)3SiF
THF
B. Cleavage of enol acetates
3C
i 2 equiv CH,Li - o+ .
PhCH=COCCH; : 2= » PhCH=COLi" + (CHj;);COLIi
| dimethoxyethane I
CH; CH;

C. Lithium-ammonia reduction of a,B-unsaturated ketones

49
com (OO0
o -0 = +LiTO

. G. Stork and P. F. Hudrlik, J. Am. Chem. Soc. 90, 4464 (1968); see also, H. O. House, L. J. Czuba, M. Gall, and
H. D. Olmstead, J. Org. Chem. 34, 2324 (1969).

b. I. Kuwajima and E. Nakamura, J. Am. Chem. Soc. 97, 3258 (1975).

. G. Stork and S. R. Dowd, Org. Synth. 55, 46 (1976); see also H. O. House and B. M. Trost, J. Org. Chem. 30,
2502 (1965).

d. G. Stork, P. Rosen, N. Goldman, R. V. Coombs and J. Tsuji, J. Am. Chem. Soc. 87, 275 (1965).

Y

e}

alkoxides as bases. The presence of two electron-withdrawing substituents favors
formation of a single enolate by removal of a proton from the carbon situated
between them. Alkylation then occurs by an Sy2 process.

Some examples of the more important alkylation reactions with relatively
acidic carbon acids are included in the reactions shown in Scheme 1.4. These
reactions are all mechanistically similar in that a carbanion, formed by deprotonation
using a suitable base, attacks an electrophilic substrate in an Sxy2 manner. The
alkylating agent must be a reactive one toward nucleophilic displacement. Primary
halides and sulfonates, especially allylic and benzylic ones, are the best alkylating
agents. Secondary substrates usually give poor to moderate yields because of
competing elimination. Tertiary halides give only elimination products.

Methylene groups can be dialkylated if sufficient amounts of base and alkylating
agent are used. Dialkylation can be an undesirable side reaction if the monoalky]
derivative is the desired product. Use of dihalides as the alkylating reagents leads
to ring formation, as illustrated by the diethyl cyclobutanedicarboxylate synthesis
(entry 7) shown in Scheme 1.4. This example, as well as entry 8, illustrates the
synthesis of cyclic compounds by intramolecular alkylation reactions. Five-
membered rings are formed with particular ease in these reactions. The relative

11
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Scheme 1.4. Alkylations of Relatively Acidic Carbon Acids

1*  CH3COCH,CO,C;Hs + CH;(CH,);Br NaOEt, CH,;COCHCO,C,Hs

(CH2)3CH3

2b NaOE
CH,(CO,C,Hy), + @—Cl e \f>—cu(cozczns)2 (61%)

3°  CH,COCH,COCH, + CH,l <%, cmcoclﬂcom3 (75-77%)

(69-72%)

CH,
4 CH,COCH,CO,C,H, + CICH,CO,C,H, %8, CH,COCHCO,C,H,
CH,CO,C,H,
s Ph,CHCN + KNH, — Ph,CCN
Ph,CCN + PhCH,Cl — Ph,CCN
- | (98-99°,)
CH,Ph
6  PhCH,CO,C,H, + NaNH, — PhCHCO,C,H;
PhCHCO,C,H, + PhCH,CH,Br — PhCHCO,C,H,
- (17-81%,)

CH,CH,Ph

7*  CH,(CO,C,Hy), + BrCH,CH,CH,Cl 298 <><C02C2H’ (53-552)
CO,C,H,

g  CICH,CH,CH,CN + NaNH;, — [>—CN (s2-53%)
9 0o

o)
CO,CH, . CO,CH,
+ BrCH,(CH,)sCO,C,H; —5yr CH,(CH,),CO,C,H;

(85% on 1-mol scale)

a. C.S. Marvel and F. D. Hager, Org. Synth. 1, 248 (1941).

b. R. B. Moftett, Org. Synth. IV, 291 (1963).

c. A. W. Johnson, E. Markham, and R. Price, Org. Synth. 42, 75 (1962).

d. H. Adkins, N. Isbell, and B. Wojcik, Org. Synth. II, 262 (1943).

e. C. R. Hauser and W. R. Dunnavant, Org. Synth. IV, 962 (1963).

f. E.M. Kaiser, W. G. Kenyon, and C. R. Hauser, Org. Snyth. 47, 72 (1967).

g. R.P. Mariella and R. Raube, Org. Synth. IV, 288 (1963).

h. M. J. Schlatter, Org. Synth. III, 223 (1955).

i. K.F.Bernardy, J. F. Poletto, J. Nocera, P. Miranda, R. E. Schaub, and M. J. Weiss, J. Org. Chem. 45, 4702 (1980).

rates of the reaction are 650,000:1:6500:5 for formation of three-, four-, five-,
and six-membered rings, respectively.'?

KO-t-Bu_ , 47y \
CI(CH,),CH(CO,CH,CH;); —hon” (%(COZCHZCHg)z

The preparation of 2-substituted B-ketoesters (entries 1, 4, and 9) and 2-

13. A. C. Knipe and C. J. M. Stirling, J. Chem. Soc. B, 67 (1968). For a summary of factors which
affect intramolecular alkylation of enolates, see J. Janjatovic and Z. Majerski, J. Org. Chem. 45,
4892 (1980).



substituted derivatives of malonic ester (entries 2 and 7) by the methods illustrated
in Scheme 1.4 play an important role in the synthesis of ketones and carboxylic
acids. Both B-ketoacids and substituted derivatives of malonic acid undergo a ready

decarboxylation reaction:

H\
(H)) |0 CO. c|)H (l:|)
-Co, N
Ce>Cy — C R C
x7 o X7 N¢” X~ >CH—R
R R’ | |
R’ R’
B-keto acid: X = alkyl or aryl ketone
Substituted malonic acid: X = OH substituted

acetic acid

Examples of this approach to the synthesis of ketones and carboxylic acids are
presented in Scheme 1.5. In the preparation of 2-heptanone (entry 1), ethyl
acetoacetate functions as a syrnthetic equivalent to acetone.

o) 0 0
I I I
CH,CCHCO,CH,CH; = CH;CCH, — CH,CCH,(CH,);CH;

(0]
| ]
|—¢ CH3é(l:H(CH2)3CH3

CO,CH,CH;,3

The reason for using ethyl acetoacetate as the source of a carbon nucleophile
rather than using acetone itself is based on several considerations.

(a) The pK, of ethyl acetoacetate is 10.7 while that of acetone is 20. Thus,
much weaker bases will suffice to give a much higher equilibrium concentration of
carbanion. In addition, the alkyl halide used as the alkylating agent will be less
likely to undergo elimination in a less basic medium.

(b) Acetone can undergo self-condensation by reaction of its enolate with
acetone itself. Because ethyl acetoacetate can be converted quantitatively to its
enolate, it will not self-condense.

(c) Itis often difficult to convert a ketone cleanly to a monoalkylation product.
Once the monoalkylation product is formed, it too can be converted to an enolate
which can react with the alkylating agent. Thus, methylation of the thermodynamic
enolate of 2-methylcyclopentanone gives a mixture of 2,2-dimethyl (63%) and
2,2,5-trimethylcyclopentanone (16%).'* These processes can occur very rapidly in

o Li

H,C T
CH,1 3
gy ey

14. H. O. House and B. M. Trost, J. Org. Chem. 30, 2502 (1965).
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o) O Lit O Li" (0]
CH, H,C
R Gl
CH,

o

o)
CH, CH,
SOy = e
CH,

protic solvents or when a weakly coordinating cation is used. It is for this reason
that base-catalyzed alkylations of ketones in protic solvents seldom give good yields
of monoalkylation products. The use of specific lithium enolates in aprotic solvents

minimizes these difficulties.'’

Similar to the use of ethyl acetoacetate as a synthetic equivalent to acetone,

malonic ester is a popular choice as a synthetic equivalent to ethyl acetate
synthesis of carboxylic acids (Scheme 1.5, entries 2 and 3).
O\ /O O\ .
/C-—(_?H——C/ = C—CH,
CH,CH,0 OCH,CH, CH,CH,O

in the

Some examples of regioselective alkylations of simple ketones are presented
in Scheme 1.6. These examples illustrate the most useful modes of enolate gener-
ation, including deprotonation (entries 3 and 4), enone reduction (entries 1, 2, and

S), and cleavage of silyl enol ethers (entries 6 and 7).

The stereochemistry of enolate alkylations has been studied by determining

the stereochemistry of products from alkylation of cyclic ketones.

stereochemistry of alkylation of the enolates 1 and 2 has been determined.

slleillen

1 C(CH,), C(CH,), C(CH,),

111 mixture

The
While

‘Ref. 16

1 (generated by cleavage of the enol acetate with methyllithium) shows no prefer-
ence for the two possible approaches by alkylating agent, 2 undergoes alkylation

Li*O
_CHl
C(CHJ)a C(CH,)3
2 (generated by cleavage (43%, only monoalkylated
of enol silyl ether) product)

15. H. O. House, Rec. Chem. Progr. 28, 98 (1967).

16. H. O. House, B. A. Terfertiller, and H. D. Olmstead, J. Org. Chem. 33, 935 (1968).
17. H. O. House, W. V. Phillips, and D. VanDerveer, J. Org. Chem. 44, 2400 (1979).

Ref. 17



Scheme 1.5. Synthesis of Ketones and Carboxylic Acid Derivatives via Alkylation 15

Techniques
SECTION 1.4.
ALKYLATION OF
H,0, "OH H: ENOLATES
' CH,COCHCO,C,H, =25 CH,COCHCO; T3> CH,CO(CH,),CH, (5261
(CH,),CH, (CH,),CH,
(see Scheme 1.4)
b NaOBu
2*  CH,CO,C,Hy), + C,H,,Br —=""» C,H,,CH(CO,C,H,),

C,H,CH(CO,C,H,), 1208 , B, c iy CH(CO,H),
2

C,H,,CH(CO,H), 4> C4H,,CO,H + CO, (66-75%)

3 CO,C,H, ) CO,H
QX O e Omcom - co

CO,C,H,

(see Scheme 1.4)

4 NCCH,CO,C,H, + QCH ,C1 N2k, CH, CHCN
co C,H,

Cl
1)H,0. "OH
12),4.
3 A, -CO,
QCHZCHZCN
Cl
5 o} o}
CO,CH, N CO,CH;,
+ PhCH,Cl —> CH,Ph

(0} 0}
CO,CH, CH,Ph
CH,Ph + LiIl — + CH,l + CO, (12-76°,)

R. Johnson and F. D. Hager, Org. Synth. 1, 351 (1941).
E. Reid and J. R. Ruhoff, Org. Synth. 11, 474 (1943).

B. Heisig and F. H. Stodola, Org. Synth. 111, 213 (1955).
A. Skorcz and F. E. Kaminski, Org. Synth. 48, 53 (1968).
Elsinger, Org. Synth. V. 76 (1973).

J.
E.
G.
J.
F.

canow

faster from its less hindered side. In general, the transition state for
alkylation of an enolate ion appears early along the reaction coordinate and
resembles the enolate ion more than it does the products. High stereoselectivity is
to be expected only if one face of the enolate ion is appreciably more hindered
than the other.
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Scheme 1.6. Regioselective Enolate Alkylation

2b

3c

49

Se

6f

78

H H
NHy , o ’
fo) Li""O H H
(CH;);CH,
O Li* o o
CH, CH, CH,
Li, NH, Mel CH, H,C CH
_— s _— +
(60%) (2%)
O"Li* o
H,C CH,Ph
[(CH3);CH],NLi PhCH,Br (42-45%)
Br .
o) o (o f o
_Llba | _¥c, ——— > Br
THF, -78°C
7/ (19%)

O™ Li*+

.CH,CH=CH,
_LiNHy CHy=CHCHyBr

(45%)
(trans/cis ~20/1)

(CH,;),Si0 ? CH
CH(CH,), | CH(CH,),
1) MeLi (80%)
2) Mel H,C
CH,
);Si0 Q
PhCH CH
1 rave e O o
2) PhCH,Br o
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1.5. Generation and Alkylation of Dianions'®

In the presence of a very strong base, such as an alkyllithium, potassium or
sodium amide, or lithium diisopropylamide, 1,3-dicarbonyl compounds may be
converted to their dianions by sequential deprotonation. For exampie, reaction of
benzoylacetone with lithium diisopropylamide leads first to the enolate generated

o 0] O"Li* O

I I oA | i
C—Cl‘T‘lZ—C—CH:, Tur? C=CH—C—CH, Ref. 19
T

pK,=9.6 pK ~20

by deprotonation of the methylene group between the two carbonyl groups. A
second equivalent of base can deprotonate the methyl group to give a dienolate.

O°Li* O O-Li* O7Li*
L DA ]
C=CH—C—CH, —p&> C=CH—C=CH,

Alkylation reactions of dianions occur at the more basic enolate function.'® The
beauty of this technique is that it allows alkylation of 1,3-dicarbonyl compounds

oLi* O7Li* (0] o
l | 1) CH,CH,l Il It
C=CH—C=CH, ETC CCH,CCH,CH,CH, Ref. 19

to be carried out cleanly at the less activated position. Since, as discussed earlier,
alkylation of the monoanion occurs at the carbon between the two carbonyl groups,
the site of monoalkylation can be controlled by proper choice of the amount and
nature of the base. This approach has significantly expanded the synthetic utility
of enolate alkylations. A few examples of the formation and alkylation of dianions
are collected in Scheme 1.7.

A procedure for the direct metalation of a variety of carboxylic acids, using
two equivalents of lithium diisopropylamide in tetrahydrofuran, has been
described.?® These dianions can be alkylated on the a-carbon atom (entry 6, Scheme
1.7).

R OLi*
RCHCO,H —PA, RCHCO,Li R4, \czc/
] THF | THF / N
R’ R’ R’ oLi*

18. For reviews, see (a) T. M. Harris and C. M. Harris, Org. React. 17, 155 (1969); (b) E. M. Kaiser,
J. D. Petty, and P. L. A. Knutson, Synthesis, 509 (1977).

19. G. Stork, G. A. Kraus, and G. A. Garcia, J. Org. Chem. 39, 3459 (1974).

20. P. L. Creger, J. Org. Chem. 37, 1907 (1972).
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Scheme 1.7. Generation and Alkylation of Dianions

0 o 0"

[l | | Il
CH,CCH,CHO —jgnts CHy=C—CH=CH -5 PhCH,CH;CCH,CHO (50%)
2 o o 3

I NaNH, | | | Bube I
CH;CCH,CCH; — 5> CH,=C—CH=CCH; 8-> CH(CH,):CCH,CCH;
3¢ ? (81-82%)

o} o H
CH, CHOH . CH, CHO" 3 CHO"
BuB
2¢quii — CH,(CH,),
lNaOH,HZO
o}
CH,
CH,(CH,)s3
(54-74%)
+ 0 o O

Il 1) NaH ! | 1) EtBr I

CH;CCH,CO,CH; $-32% CH,=CCH=COCH; —a=> CHy(CHz),CCH,CO,CH,
3 (84%)
55

| | I
CH,=CCH=COCH; + (CH;),C=CHCH,Br - (CH;),C=CHCH,CH,CCH,CO,CH;
(85%)

6f
/O'Li*
1) NaH, [(CH,),CH],NH, THF _
(CH;),CHCO,H > LDA THF (CH3)2C_C\O_N8+
12») f}:{f,}iscnzcmr (CH3)2(‘:_CH2CH2C5H5 (83-90%)

CO;H

a. T. M. Harris, S. Boatman, and C. R. Hauser, J. Am. Chem. Soc. 85, 3273 (1963): S. Boatman, T. M. Harris, and
C. R. Hauser, J. Am. Chem. Soc. 87, (1965); K. G. Hampton, T. M. Harris, and C. R. Hauser, J. Org. Chem.
28, 1946 (1963).

. K. G. Hampton, T. M. Harris, and C. R. Hauser, Org. Synth. 47, 92 (1967).

. S. Boatman, T. M. Harris, and C. R. Hauser, Org. Synth. 48, 40 (1968).

S. N. Huckin and L. Weiler, J. Am. Chem. Soc. 96, 1082 (1974).

F. W. Sum and L. Weiler, J. Am. Chem. Soc. 101, 4401 (1979).

P. L. Creger, Org. Synth. 50, 58 (1970).

moooo

1.6. Medium Effects in the Alkylation of Enolates

The rate of alkylation of enolate ions is strongly dependent on the solvent in
which the reaction is carried out.”’ The relative rates of reaction of the sodium
enolate of diethyl n-butylmalonate with n-butyl bromide are shown in Table 1.3.

21. For reviews, see (a) A. J. Parker, Chem. Rev. 69, 1 (1969); (b) L. M. Jackman and B. C. Lange,
Tetrahedron 33,2737 (1977).



Table 1.3. Relative Alkylation Rates of Sodium Diethyl
n-Butylmalonate in Various Solvents®

Dielectric
Solvent constant, € Relative rate
Benzene 23 1
Tetrahydrofuran 7-3 14
Dimethoxyethane 6-8 80
Dimethylformamide 37 970
Dimethyl sulfoxide 47 1420

a. From H. E. Zaugg, J. Am. Chem. Soc. 83, 837 (1961).

Dimethyl sulfoxide and N,N -dimethylformamide, as Table 1.3 shows, are par-
ticularly effective in enhancing the reactivity of enolate ions. Both of these com-
pounds belong to a class of solvents called polar aprotic. Some other members of
this class, also often used as solvents in reactions between anions and alkyl halides,
include N -methylpyrrolidone and hexamethylphosphoric triamide. Polar aprotic
solvents, as their name implies, are materials which have high dielectric constants
but which lack hydroxyl groups or similar hydrogen-bonding functionalities.

(O o) N” O
| Il '
CH;—$—CH, H—C—N(CH3), CH, O=P[N(CH3):]s
dimethyl sulfoxide (DMSO) N,N-dimethylformamide (DMF) N -methylpyrrolidone hexamethylphosphoric
triamide (HMPA)

e=47 e=37 €=32
. e =30

The reactivity of an alkali metal (Li*, Na”, K”) enolate is very sensitive to its
state of aggregation, which is, in turn, influenced by the reaction medium. The
highest level of reactivity, often difficult to achieve, is'given by the “‘bare’” unsolvated
enolate anion. Given an enolate ion-metal cation pair, we expect that a medium
in which the full measure of enolate reactivity could be expressed would be one
in which the cation was strongly solvated and the enolate ion not solvated at all.
Polar aprotic solvents of the kind just shown are good cation solvators and poor
anion solvators. Each one (DMSO, DMF, HMPA, and N -methylpyrrolidone) has
a negatively polarized oxygen available for coordination to the alkali metal cation.
Coordination to the enolate ion is much less effective because the positively
polarized atom of these polar aprotic substances is not nearly as exposed as the
oxygen; it occupies a relatively shielded position. Thus, these solvents provide a
medium in which enolate ion—-alkali metal cation pairs are dissociated to give a less
encumbered, more reactive enolate ion.

O™ M~ O

= =

ion pair bare enolate ion

+ solvent — + [Msolvent), ]*

solvated cation
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Polar protic solvents also possess a pronounced ability to separate ion pairs,
but are less useful as solvents in enolate alkylation reactions because they can
coordinate to both the alkali metal cation and to the enolate ion. Coordination to
the enolate occurs through hydrogen bonding. The solvated enolate will be relatively
less reactive because solvation lowers its energy. The hydrogen-bonded enolate
must, in effect, shed some of its solvent molecules in order to react with an alkyl
halide. Polar protic solvents include water, ammonia, and alcohols. Consequently,
if a particular enolate can be generated with potassium tert-butoxide as the base,
the enolate could be alkylated at a faster rate if dimethyl sulfoxide, rather than
tert-butyl alcohol, were chosen as the solvent.

O~ M+ O™ - - HO-solvent
>=< + solvent-OH — >=< + [M(solvent-OH), 1"
ion pair solvated enolate solvated cation

Tetrahydrofuran, dimethoxyethane (see Table 1.3), and diethylene glycol
dimethyl ether are weakly polar solvents which are good cation solvators. Coordina-
tion to metal cations involves the oxygen lone pairs and the opportunity for chelated
structures makes dimethoxyethane and diglyme more effective than tetrahydro-
furan. All of these solvents, because of their low dielectric constants, are less
effective at separating ion pairs and higher aggregates than are polar aprotic solvents.
This is advantageous when a kinetically controlled regioselective alkylation is
desired and tetrahydrofuran and dimethoxyethane are the solvents of choice in
such reactions. These solvents also have advantages over the polar aprotic solvents
in terms of product isolation and purification.

()

0O CH;0OCH,CH,0CHj3; CH,0CH,CH,0CH,CH,0CHj3
tetrahydrofuran (THF) dimethoxyethane (DME) diethylene glycol
dimethyl ether (diglyme)
Sometimes enolate reactivity can be enhanced by adding a reagent to the
medium which can bind alkali metal cations strongly by chelation. One popular
choice for this purpose is tetramethylethylenediamine (TMEDA), which

oY Yam
M\ 0. i O o 0
CH,—N  N—CH, (I "Na* D [ Li* j
o i "o o o

CH, CH, k/(')\/l __/

| ¥ ’
metal chelate of dicyclohexyl-18-crown-6-Na* complex 12-crown-4-Li" complex
tetramethylethylenediamine
chelates metal ions through lone pairs on both nitrogens. The interior of dicyc-
lohexyl-18-crown-6 is of such size as to allow sodium or potassium ions to
fit comfortably in the cavity. This macrocyclic polyether is a good chelating agent
with high selectivity for these cations. The smaller macrocyclic polyether 12-crown-4
binds Li* preferentially. Strong binding of the cation lowers the state of aggregation



of alkali metal enolates and increases their reactivity. The addition of hexamethyl-
phosphoric triamide (HMPA) to nonpolar media such as ether and tetrahydrofuran
is often used as a means to increase the reactivity of enolates and other carbanionic
reagents.

1.7. Oxygen versus Carbon as the Site of Alkylation

Enolate anions are ambident nucleophiles. Alkylation of an enolate anion may
occur at either of two sites, carbon or oxygen.

P i
C-alkylation RC=CH, + R'X —» RCCH,R’

" o
O-alkylation RC=CH, + R'’X - RC=CH,

Since most of the negative charge of an enolate ion is on the oxygen atom, it
might be supposed that O-alkylation would dominate. A number of factors other
than charge density can intervene to affect the C/O-alkylation ratio, however, and
it is normally possible to direct the alkylation of enolates toward carbon in syntheti-
cally useful amounts.

O-Alkylation will be most pronounced when the enolate ion is most free.
When the potassium salt of ethyl acetoacetate is treated with ethyl sulfate in the
polar aprotic solvent hexamethylphosphoric triamide, the major product (83%) is
O-alkylated. In tetrahydrofuran, where ion pairing occurs, all of the product is
C-alkylated. In t-butanol, where the acetoacetate anion is hydrogen bonded to the
solvent, again only C-alkylation is observed.?

CH,;C=CHCO,CH,CH; + (CH3CH,0),S0, —»
CH,CH,O !
CH;C=CHCO,CH,CH; - + CH,CCHCO,CH,CH;4
CH,CH,
in hexamethylphosphoric triamide 83% 15% (2% dialkyl)
in r-butanol 0% 94% (6% dialkyl)
in tetrahydrofuran 0% 94% (6% dialkyl)

Higher C/O ratios are observed with alkyl halides than with alkyl p-toluenesul-
fonates. The highest C/O-alkylation ratios are given by alkyl iodides. For ethylation
of potassio ethylacetoacetate in hexamethylphosphoric triamide, the product com-
positions shown below were obtained?*:

22. A. L. Kurts, A. Masias, N. K. Genkina, I. P. Beletskaya, and O. A. Reutov, Dokl. Akad. Nauk.
SSSR (Eng.) 187, 595 (1969).

23. A. L. Kurts, N. K. Genkina, A. Masias, I. P. Beletskaya, and O. A. Reutov, Tetrahedron 27, 4777
(1971).
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OK"
| HMPA
CH;C=CHCO,CH,CH; + CH;CH,X —>
CH;CH,;0 (”)
CH;C=CHCO,CH,CH; + CH3;CCHCO,CH,CH;
CH,CH;4
X = OTs 88% 11% (1% dialkyl)
X=a 60% 329 (8% dialkyl)
X = Br 39% 5% (23% dialkyl)
X =1 13% 71% (16% dialkyl)

Leaving group effects on the ratio of C- to O-alkylation are customarily correlated
with reference to the “hard-soft acid-base” (HSAB) rationale.>* Of the two
nucleophilic sites in an enolate ion, oxygen is harder than carbon. Nucleophilic
substitution reactions of the Sn2 type proceed best when the nucleophile and leaving
group are either both hard or both soft.>> Consequently, ethyl iodide, with the very
soft leaving group iodide, reacts preferentially with the softer carbon site rather
than the harder oxygen. Oxygen-containing leaving groups (p-toluenesulfonate and
sulfate) are hard, and alkylating agents derived from them react faster with the
harder nucleophilic site (oxygen) of the enolate.

More basic enolates exhibit generally similar behavior. The sodium enolate of
isobutyrophenone reacts with ethyl bromide in dimethoxyethane to give five times
as much C-alkylation as O-alkylation.?®

In brief, we can maximize the amount of O-alkylation through the use of an
alkyl p-toluenesulfonate in a polar aprotic solvent. We can maximize the amount
of C-alkylation by using an alkyl iodide in a nonpolar or hydrogen-bonding solvent.

Cyclization of enolate anions by intramolecular nucleophilic substitution is
subject to an element of stereoelectronic control which determines whether C- or
O-alkylation occurs. This can be illustrated by the following two reactions®’

CH3 Br CH3 CH;; EL
CHJj:\/ - CHp via CHJI\S/
H,C -
O”™CH, H,cC © 70
(only product)
CH, CH,
LDA .
CHJj/\/\L e CHjjij via CHJ\/\L
O” >CH, Br o CH:, SCH Br
(only product)

In order for C-alkylation to occur, the p orbital of the a-carbon atom must
be aligned with the C-Br bond in the usual geometry associated with the Sy2

24. T.-L. Ho, Hard and Soft Acids and Bases Principle in Organic Chemistry, Academic Press, New
York (1977).

25. R. G. Pearson and J. Songstad, J. Am. Chem. Soc. 89, 1827 (1967).

26. H. D. Zook, T. J. Russo, E. F. Ferrand, and D. S. Stotz, J. Org. Chem. 33, 2222 (1968).

27. J. E. Baldwin and L. I. Kruse, J. Chem. Soc. Chem. Commun., 233 (1977).
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accessible and cyclization to the cyclohexanone occurs. When the ring to be closed
is five membered, however, colinearity cannot be achieved as easily. Cyclization
at oxygen then occurs faster than does cyclopentanone formation. The transition
state for O-alkylation involves electrons in a lone-pair orbital on oxygen and is
less strained than the transition state for C-alkylation in this system.

—
Br—C\\_H C8 H H"'C<O H
/7
H
geometry required for intramolecular
O-alkylation of enolate

In enolates formed from «,B-unsaturated ketones by proton abstraction from
the y-carbon, there are three potential sites for attack by electrophiles: the oxygen,
the a-carbon, and the y-carbon. The kinetically preferred site for both protonation
and alkylation is the a-carbon. Protonation of the enolate provides a method for

converting a,B-unsaturated ketones and esters to the less stable 3,y-unsaturated
isomers: '

HJC CBH17 H;C CBHH HJC C5H1~,
H,C AcOH, H,C H,C
H,0 +
Ref. 28
O O O
(major) (minor)
LiNR, H,0

CH,CH=CHCO,C,H; —— —— CH,=CHCH,CO0,C,H; + CH,CH=CHCO,C,H; Ref.29

(87°.) (13°)

28. 1. H. Ringold and S. K. Malhotra, Tetrahedron Lett., 669 (1962); S. K. Malhotra and H. J. Ringold,
J. Am. Chem. Soc. 85, 1538 (1963).
29. M. W. Rathke and D. Sullivan, Tetrahedron Lett., 4249 (1972).
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Alkylation also takes place selectively at the a-carbon:

CH, o}
Re ] i
/czgrlccn3 + CH,=CHC=CHCH,Br "3t N“N“Z CszcH(‘: CHCHZ_CIHCCHii Ref. 9
CH, CH, CH, C
Y BN vy

(88%) CH, CH,

Phenoxide ions offer opportunities for C- or O-alkylation which are closely

balanced:

In this case, C-alkylation is burdened energetically by the fact that aromaticity is
destroyed as C-alkylation proceeds:

o 0 OH
- OG-
R
H H R
The effect of solvent on the site of alkylation has been clearly demonstrated. In
solvents such as dimethyl sulfoxide, dimethylformamide, ethers, and alcohols,
O-alkylation dominates. In water, phenol, and trifluoroethanol, however, extensive
amounts of C-alkylation occur.’® These latter solvents form particularly strong

hydrogen bonds with the oxygen atom of the phenolate anion. This strong solvation
decreases the reactivity at oxygen and favors carbon alkylation.

“/OCH ,Ph
O /

CF,CH OH CH Ph

' ‘ LOH i i ~OCH,Ph

(85°,)

1.8. Alkylations of Aldehydes, Esters, and Nitriles

Among the groups of compounds having functionalities that can stabilize
negative charge on carbon, ketones have been the most widely studied. Alkylation

30. N. Kornblum, P/. J. Berrigan, and W. J. LeNoble, J. Am. Chem. Soc. 85, 1141 (1963); N. Kornblum,
R. Seltzer, and P. Haberfield, J. Am. Chem. Soc. 85, 1148 (1963).



Scheme 1.8. Alkylation of Esters and Lactones

CO.CH. LLLDATHE -70C X CO,CH, (~90%)
213 5) CH,(CHy),l, HMPA, 25°C (CH,),CH
2)6 3

1 O—NCH(CH,): Li*. THF, -78°C
CH;(CH,),CO,C,H;5

» CH3(CH,);CHCO,C,H 75%
2) CH,CH,CH,CH,Br 3 2)3| 225 (75%)
e~ o
T
CH,
CH, 0

CH,CH,CH,CH;
O
H H
O 1) LDA o)
g 2) CH,l, HMPA -~
H H 82%)

HO CH,0
O O (65%)
CH,
o
Williams and L. M. Sirvio, J. Org. Chem. 45, 5082 (1980).

o
. T.R.
. M. W. Rathke and A. Lindert, J. Am. Chem. Soc. 93, 2320 (1971).
. S. C. Welch, A. S. C. Prakasa Rao, C. G. Gibbs, and R. Y. Wong, J. Org. Chem. 45, 4077 (1980).
. W
. H

1a

2b

3C
1) LDA, DME CH,
i Y
2) CH,=CH(CH,);Br
3) LDA, DME

4) CH,1 H,C

O (86%)

"(CH,),CH=CH,
CH,

44

5¢
1) 2LDA. THF, -78°C

-
2) 2CH;l, HMPA, -45°C

H. Pirkle and P. E. Adams, J. Org. Chem. 45, 4111 (1980).
.-M. Shieh and G. D. Prestwich, J. Org. Chem. 46, 4319 (1981).

o a0 o

of aldehyde enolates is rare because of the pronounced tendency of aldehydes to
undergo aldol condensation (Chapter 2). Rapid and quantitative conversion of the
aldehyde to the enolate is required in order to minimize aldol condensation,
suggesting the use of very strong bases. Only a few examples of this approach have
been reported. Success has been achieved using potassium amide in liquid
ammonia®' and potassium hydride in tetrahydrofuran.’?> Alkylation via enamines
or imine magnesium salts provides an indirect procedure for alkylation of aldehydes.
These reactions will be discussed in Section 1.9.

1) KH, THF

2) BrCH,CH=C(CH3,), Ref. 32

CHO
(88%)

31. S. A. G. De Graaf, P. E. R. Oosterhof, and A. van der Gen, Tetrahedron Lett., 1653 (1974).
32. P. Groenewegen, H. Kallenberg, and A. van der Gen, Tetrahedron Lett., 491 (1978).
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Base-catalyzed alkylations of simple esters require strongly basic catalysts.
Relatively weak bases such as alkoxides promote condensation reactions (Chapter
2). The techniques for successful formation of ester enolates which have been
developed typically involve amide bases, most commonly lithium diisopropylamide,
at low temperature.>® The resulting enolates can be successfully alkylated with
alkyl bromides or iodides. Some examples of the alkylation of enolates of esters
and lactones are presented in Scheme 1.8.

Less hindered bases can be used to form the enolate, provided tertiary butyl

esters are employed to retard reactions at the carbonyl group. For example, lithium

amide in liquid ammonia has been successfully used for the alkylation of z-butyl

34
acetate.
Acetonitrile (pKpmso 31.3) can be deprotonated provided relatively strong,
nonnucleophilic bases such as lithium diisopropylamide are used.’® The lithio

<7
_n; LDA . _ 1) O . —

CH3C=N ﬁ?’ LlCHzC:N W (CH3)3SI(7OBE/E})'12CH2CH2C=N Ref. 35
derivative can be alkylated on carbon. Phenylacetonitrile (pKpmso 21.9) is consider-
ably more acidic than acetonitrile and is more easily deprotonated. Dialkylation
of phenylacetonitrile has been used as a key step in the synthesis of meperidine,
an analgesic substance’ 6.

7\ CH,CN + CH,N(CH,CH,Cl), —=N , ©7<:\NCH3
CN

l

NCH,
CO,CH,CH,

meperidine

1.9. The Nitrogen Analogs of Enols and Enolates—Enamines and
Metalloenamines

The nitrogen analogs of ketones and aldehydes are known as imines or
azomethines. These compounds can be prepared by condensation of amines with

33. (a) M. W. Rathke and A. Lindert, J. Am. Chem. Soc. 93, 2318 (1971); (b) R. J. Cregge, J. L.
Herrmann, C. S. Lee, J. E. Richman, and R. H. Schiessinger, Tetrahedron Lett., 2425 (1973); (c)
J. L. Herrmann and R. H. Schlessinger, Chem. Commun., 711 (1973).

34. W. R. Dunnavant and C. R. Hauser, J. Org. Chem. 25, 1693 (1960); H. Sisido, K. Sei, and M.
Nozaki, J. Org. Chem. 27, 2681 (1962).

35. S. Murata and I. Matsuda, Synthesis, 221 (1978).

36. O.Eisleb, Ber. 74,1433 (1941); cited in H. Kagi and K. Miescher, Helv. Chim. Acta 32,2489 (1949).



ketones and aldehydes.37 When secondary amines are heated with ketones and

=Z

R
Il
R—C—R + RNH; - R—C—R + H,0

aldehydes in the presence of an acidic catalyst, a related condensation reaction
occurs and can be driven to completion by removal of water. This is often accom-
plished by azeotropic distillation. The condensation product is a substituted vinyl-
amine or enamine.

OH
il | H* N -H*
RCCHR, + R)NH 2 R’ZN—?—CHRZ = RﬁN:?—CHRz LN RZN—(I:=CR2
R R R

There are other methods for preparing enamines from ketones that utilize
strong dehydrating reagents to drive the reaction to completion. For example,
mixing carbonyl compounds and secondary amines followed by addition of titanium
tetrachloride rapidly gives enamines. This method is applicable to hindered as well
as to ordinary amines.*® Another procedure involves converting the secondary
amine to its trimethylsilyl derivative. Because of the higher affinity of silicon for
oxygen than nitrogen, enamine formation is favored and takes place under mild
conditions.*®

The B-carbon atom of an enamine is a nucleophilic site because of conjugation
with the nitrogen atom. Indeed, acidification of enamines results in protonation at
the carbon atom, giving an iminium ion. The nucleophiliciiy of the B-carbon atom

R;N—(]:=CR2 - Rﬁﬁ:?—éRz
R R
R'ZN—(IZ:CRZ Hy RQ&:(I:—CHRZ
R R

of enamines can be utilized in certain synthetically useful alkylation reactions:

R
e . ) I

RZN—$=@?‘$H2—G< ~ RIN=C—C—CH,R" H30, RC—C—CH:R"
R R" R R R

The enamines derived from cyclohexanones have been of particular interest. The
enamine mixture formed from pyrrolidine and 2-methylcyclohexanone is pre-
dominantly 3.*° The tendency of pyrrolidine to provide the less substituted cyclo-
hexanone enamine is quite general. A steric effect is responsible for this preference

37. P. Y. Sollenberger and R. B. Martin, in Chemistry of the Amino Group, S. Patai (ed.), Interscience,
New York (1968), Chap. 7.

38. W. A. White and H. Weingarten, J. Org. Chem. 32, 213 (1967).

39. R. Comi, R. W. Franck, M. Reitano, and S. M. Weinreb, Tetrahedron Lett., 3107 (1973).

40. W, D. Gurowitz and M. A. Joseph, J. Org. Chem. 32, 3289 (1967).
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o)
e,
+ — N N
[Nj @cn, ©/CH3
H
3 4

(90 %) (10%)

for the less substituted enamine. Interaction of the nitrogen lone pair with the 7
system of the double bend requires coplanarity of the darkened bonds in the
structures shown:

H H H H
steric
H N H H N H‘ﬂ"H‘(repulsion
7
H H H C—H
g N\
C—H H
AN
H
3 4

A serious nonbonded repulsion destabilizes the more substituted isomer 4.

Because of the predominance of the less substituted enamine, alkylations occur
primarily at the less substituted a-carbon. Synthetic advantage can be taken of this
selectivity. Hydrolysis of the alkylated enamine produces the alkylated ketone.
Some typical reactions are shown in Scheme 1.9.

Enamines, like enolate anions, are ambient nucleophiles. Alkylation at nitrogen
is sometimes a competing reaction. The product of N -alkylation, after hydrolysis,
leads to recovery of starting ketone.

O
:N: R'X : j H,0 I

+
— N ——— RCCHR,
/k\ R,/ >=CR2
R CR, R

Alkylation of enamines requires relatively reactive alkylating agents, such as
methyl iodide, benzyl halides, a-haloketones, a-haloesters, and a-haloethers.
Enamines react efficiently with electrophilic olefins by conjugate addition, an aspect
of their chemistry which will be described in Section 1.10.

The nitrogen analogs of enolate ions, referred to as metalloenamines, can be
prepared by deprotonation of imines:

NR’ NR' “NR’
Il n base Il ” | "

Just as enamines are more nucleophilic than enols, metalloenamines are more
nucleophilic than enolate anions and react efficiently with alkyl halides. One useful
application of metalloenamine chemistry is that it permits a-alkylation of aldehydes.



Scheme 1.9. Enamine Alkylations

12

2b

3¢

4-!

O 1) pyrrolidine (¢]
2) CH,=CHCH,Br CH,CH=CH,
3)H,0
(66 %)
o
)] lidi
2 MeCHICO,Et | i«’iﬁ’;ixéz"é Et CzH, CHCO,C,H;
3)H 20
CH.O.CCH o 1) pyrrolidine fe) C\]\{J (|-|)
3 2) MeCOCHBrMe
2 2 - CH3O CCHZ \d‘CHCCH:, al %)
3)H,0
O (o)
1) pyrrolidine CH,
2) Mel
3)H,0
OCH, OCH,
(60 %)
CH ?SCHJ CH ?éﬂs
(0] 0] 1) pyrrolidine (o] O
—_—————eep
2) CH,=CCH,Cl, Nal,
(IZl 91%)
3 diizsgpropylamine CH2=CI:CH2 CH2(|:=CH2
° a © cl

®

o a0 o

G. Stork, A, Brizzolara, H. Landesman, J. Szmuszkovicz, and R. Terrell, J. Am. Chem. Soc. 85, 207
(1963).

D. M. Locke and S. W. Pelletier, J. Am. Chem. Soc. 80, 2588 (1958).

K. Sisido, S. Kurozumi, and K. Utimoto, J. Org. Chem. 34, 2661 (1969).

G. Stork and S. D. Darling, J. Am. Chem. Soc. 86, 1761 (1964).

J. A. Marshall and D. A. Flynn, J. Org. Chem. 44, 1391 (1979).
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(CH3),CHCH=O0 + (CH;);CNH, — (CH;),CHCH=NC(CH,), =Me8r,

MgBr
(CH3)2C=CH~N/
\C(CHa)a
PhCHZCIJ
(CH3),CCH=0 «'1% (CH,),C—~CH=NC(CH3); . Ref. 41
CH,Ph (lezPh

(80% overall yield)

With imines of unsymmetrical ketones, alkylation occurs at the less substituted a-
carbon.*!

(I) 1) cyclohexylamine

‘ 2) CH,CH,M [l
CH3CCH(CH,), LM THE i (CH,),CCH(CHs),  (70%)

3) CH;CH,CH,CH,I
4) H,0"

N-benzylimines undergo double-bond migration on treatment with catalytic
quantities of base.

NCH,Ph N=CHPh

H, CH, CH,
PhCH,NH, KOtBu

CH3\ CHJ CHJ

I | l

CH, CH, CH,

Compound 7 can be converted to a metalloenamine by addition (not deproton-
ation) of tert-butyllithium. Alkylation and hydrolysis gives the alkylated ketone.
The product of this sequence is the same one which would be expected **

(I?(CHm o
~N—CHPh CH,
-BuLi CH 1) CH,l
= TR cH, CH; Ref. 42
CH, l
| CH,
CH, (93%)

from the lithium-ammonia reduction-alkylation of cyclohexenone 5, but it is
claimed that the procedure involving the metalloenamine is more efficient.

Metalloenamines derived from dihydro-1,3-oxazines are key intermediates in
an alkylation reaction leading to aldehydes.

41. G. Stork and S. R. Dowd, J. Am. Chem. Soc. 85, 2178 (1963).
42. P. A. Wender and M. A. Eissenstat, J. Am. Chem. Soc. 100, 292 (1978).



CH, CH, CH,
o n-BuLi (6] n-BuBr (o)
_ _—
CH, /)\ THE © CH, /k CH, /X
h.C N7 CH; H.C rf CH, H,c. N TCH,(CH,),CH;
Li
0
s 4
% CH5(CH,);CH,C Ref. 43

2 (65%) \H

1.10. Alkylation of Carbon by Conjugate Addition

The previous sections have dealt primarily with reactions in which the new
carbon—carbon bond is formed in an Sy2 reaction between the nucleophilic carbon
species and the alkylating reagent. There is another general and important method
for alkylation of carbon that should be discussed at this point. This reaction involves
the addition of a nucleophilic carbon species to an electrophilic multiple bond. The
reaction is applicable to a wide variety of enolates and enamines. The electrophilic
reaction partners are typically a,3-unsaturated ketones, esters, or nitriles, but other
electron-withdrawing substituents also activate the carbon-carbon double bond to
nucleophilic attack. The reaction is called either the Michael reaction or conjugate
addition.** The process can also occur with other nucleophiles, such as alkoxide
ions or amines, but these reactions are outside the scope of the present discussion.

In contrast to the reaction of enolate anions with alkyl halides, which require
an equivalent of base, alkylation by conjugate addition is catalytic in base.

o-
Il | :
RCCHR; + B~ & RC=CR; + BH
(o X O R X
| N / T e
RC=CR, + C=C + RC—-C-C-C
/ N Lo N
R
O R X O R X
L L 7 oL L _
RC——?—-?—C\ + BH 2 RC—C|I——IC-—(‘:—H + B
R R

All the steps are reversible. A favorable equilibrium is assured if the starting
material is a stronger acid than the product and the reaction is carried out in a
medium (usually an alcohol) which is capable of protonating the anionic adduct.
The kinetic or thermodynamic enolate can be used depending on the reaction
conditions. By far the most common, however, are those reactions involving the
thermodynamic enolate in weakly basic media such as sodium ethoxide in ethanol.

43. A. 1. Meyers, A. Nabeya, H. W. Adickes, I. R. Politzer, G. R. Malone, A. C. Kovelesky, R. L.
Nolen, and R. C. Portnoy, J. Org. Chem. 38, 36 (1973).
44. E. D. Bergmann, D. Ginsberg, and R. Pappo, Org. React. 10, 179 (1959).
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The reaction is most familiar with such nucleophiles as the enolates of malonate
esters or B-keto esters, which are stabilized by two electron-attracting substituents.
Good yields of alkylation products of simple ketones and nitroalkanes, however,
have been obtained.

Evidence has been obtained that addition of ester enolates to the carbonyl
group of a,B-unsaturated ketones can be faster than conjugate addition.*> Conju-
gate addition leads to the more stable product and, since these reactions are normally
carried out under conditions of equilibrium control, is the course which is usually
observed.

OLi
/
(CH5),CHCO,CH, —;g—;\ (CH5),C=C
OCH,
o) HO_ C(CH,),CO,CH, o
_OLi

OCH, C(CH,),CO,CH,

-78°C 88% 5%

25°C 7% 83%

Enamines are also reactive as nucleophiles in the Michael reaction. A wide
variety of olefins having one or more electron-attracting groups in conjugation with
the double bond have been employed as the acceptor molecule. Acetylenes can
also function as the electrophilic species.

Some typical examples of Michael reactions are recorded in Scheme 1.10. The
reaction is of very broad scope, and a large number of examples have been
tabulated.*’

Cyanide ion acts as a carbon nucleophile toward electrophilic alkenes, leading
to overall addition of hydrogen cyanide:

X
Ne + Ne=c” M ne—d—don
/ AN bl
The standard conditions for such reactions involve alcoholic solutions of potassium
or sodium cyanide. Triethylaluminum-hydrogen cyanide and diethylaluminum
cyanide have been introduced for the same purpose.*® These reagents have been
successful in instances where the more standard procedures involving cyanide ion
fail. These reagents also provide a degree of control over the stereochemistry of
the reaction. The former reagent gives kinetically controlled product, while the
latter leads to the thermodynamically more stable nitrile. Some examples of these
additions are given in Scheme 1.11.%’

45. A. G. Schultz and Y. K. Lee, J. Org. Chem. 41, 4045 (1976).

46. W.Nagata, M. Yoshioka, and S. Hirai, J. Am. Chem. Soc. 94,4635 (1972); W. Nagata, M. Yoshioka,
and M. Murakami, J. Am. Chem. Soc. 94, 4654 (1972).

47. For a review, see W. Nagata and M. Yoshioka, Org. React. 25, 255 (1977).
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atom of an a,B-unsaturated carbonyl system involves organometallic reagents. This SECTION 1.10.
i i iscussed in Chapter 6. ALKYLATION OF
reaction will be discus p YLATION OF
CONJUGATE

ADDITION

Scheme 1.10. Alkylation of Carbon by Conjugate Addition

r Q 9 53%
CH, KOC(CH ), CH,; (3%
_ CHy,y
+ H,C=CHCO,CH, CH,CH,CO,CH,
CN
NHJI”
2*  PhCH,CHCN + H,C=CHCN — PhCH,CCH,CH,CN (100%)
CONH, CONH,
N
¥ CHyCOLCH), + HyC=CCO.CyH, Naok, (H,C,0,C),CHCH,CHCO,C,H,
Ph (55-60%) Ph
+ (|:H3
PhCH,N(CH,);  OH
4  (CH,),CHNO, + CH,=CHCO,CH, s OZNC|CH2CHZCOZCH3
CH,
(80-86 92)
CN oN
|
5 PhCHCO,C,H, + CH,=CHCN —(C—H’—‘)QCHO—H—» PhCCH,CH,CN (6983 %)
. CO,C,H;
i
6f CCH3
I RN CHCO,C,H
7 + CH,CCH,CO,C,H, —SN'OH, / 22T e
CO,CH, CO,CH,

7 CH, O CH,
N o o)

I 1) dioxane, 16h
+ CH,=CHCCH, 1) dioxane, 16hr | o

2) NaOAc, HOAc, H,0 N
reflux CHZCHZCCH;,
CH(CH,;), CH(CH3y),

(66%)

. H. O. House, W. L. Roelofs, and B. M. Trost, J. Org. Chem. 31, 646 (1966).

S. Wakamatsu, J. Org. Chem. 27, 1285 (1962).

E. M. Kaiser, C. L. Mao, C. F. Hauser, and C. R. Hauser, J. Org. Chem. 35, 410 (1970).
R. B. Moftett, Org. Synth. IV, 652 (1963).

E. C. Horning and A. F. Finelli, Org. Synth. IV, 776 (1963).

K. A

K.D

oW

Ider, H. Wirtz, and H. Koppelberg, Justus Liebigs Ann. Chem. 601, 138 (1956).
. Croft, E. L. Ghisalberti, P. R. Jeffries, and A. D. Stuart, Aust. J. Chem. 32, 2079 (1979).
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2b CH, CH,
KCN.NH Cl +
EIOH H, O
TN " YéN
H,C’ H,C
(12°,) 42°,)
3 H,c 9
NaCN
CHJO CH,0
(100°,)
4¢
CgHys
Et,Al— HCN éct?g
CH,CO, CH,CO, (::N o
(92-93°))
53
Il AICN Il
(CH3),C=CHCCH, AN, (CH3):CCH;CCH
CN
(55%)
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PROBLEMS
(References for these problems will be found on page 619.)

1. Arrange in order of decreasing acidity:

[l
(a)  CH3CH,NO,, (CH3),CHCPh, CH;CH,CN, CH,(CN),
(b)  [(CH;),CHI,NH, (CH53),CHOH, (CH,),CH,, (CH;);CHPh

Il [l I I Il
(© CH;CCH,CO,CH,, CH3CCH,CCHj3;, CH;0CCH,Ph, CH;COCH,Ph

I || I Il
(d) PhCCH,Ph, (CH3);CCCH3, (CH;);CCCH(CH3),, PhCCH,CH,CH3

2. Write the structure of all possible enolates for each ketone. Indicate which
you would expect to be favored in a kinetically controlled deprotonation. Which
would you expect to be the most stable enolate in each case?

(a) CH, (b)
) T
CH,
C(CH,),
(c) (d) CH,
o}
I o
(CH,),CHCCH, CH,
H,C CH,
) o () CH,
CH,
CH, \O
CH,
EtO” "OEt H.c” “CH,
(g) o (h)
CH,
CH,
_CH,
CH, 0

3. Suggest reagents and reaction conditions suitable for effecting each of the
following conversions:
(a) 2-methylcyclohexanone to 2-benzyl-6-methylcyclohexanone.
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o)
®d) o CH, CH,
CH, CH,
(c) o) 0]
h
" ph CH.P
(d) C|H3
CH,CN CHCN
@ @
to
T"‘ N
|
CH, Ph CH,Ph
(e) ﬁ OSi(CH3),
CH3;CCH=CH, to CH,=C—CH=CH,
(f) (l? o
CCH, @
to
CH,CH, CH,Br
(8) o
I Oy ._CH,
CCH, Sc”
CH,CH,CH,Br

4. Intramolecular alkylation of enolates has been used to advantage in synthesis
of bi- and tricyclic compounds. Indicate how such a procedure could be used
to synthesize each of the following molecules by drawing the structure of a
suitable precursor:

(a) (c) CO,CH;,

<

(b) CO,CH, (d)

A

H,CO0,C
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OCH,Ph m PROBLEMS
¢

. Predict the major product of each of the following reactions:

o)

(a)  PhCHCO,Et (1) 1 equiv LINH,/NH,
CH,CO,Et (2) CH,l

(b)  PhCHCO,Et (1) 2 equiv LiNH,/NH,
CH,CO,H @ed

(c) PhCHCO,H (1) 2 equiv LiNH,/NH,
CH,CO,Et (2) CH,1

. Treatment of 2,3,3-triphenylpropionitrile with one equivalent of potassium
amide in liquid ammonia followed by addition of benzyl chloride affords
2-benzyl-2,3,3-triphenylpropionitrile in 97% yield. Use of two equivalents of
potassium amide gives an 80% yield of 2,3,3,4-tetraphenylbutyronitrile under
the same reaction conditions. Explain.

. Suggest readily available starting materials and reaction conditions suitable for
obtaining each of the following compounds by a procedure involving alkylation
of nucleophilic carbon:

I
(a) PhCHZCHz(IZHPh (b) (CH,),C=CHCH,CH,CCH,CO,CH;
CN
(c) 0 (d) CH,=CHCH=CHCH,CH,CO,H
CH,
CH,CO,H
CH,
(o}

(e) 2,3-diphenylpropanoic acid (f) 2,6-diallylcyclohexanone

. CN
(g) (h) |
H2C=CHCH2(|:Ph
CH,0 o) CNH,
CH,CH, CH,CH=CH, I
(i) (I? §)) CH2=CH(‘3HCH2CECH
0
?  cn,co CO,CH,CH,
CH,CCH,CH,
o)

. Suggest starting materials and reaction conditions suitable for obtaining each
of the following compounds by a procedure involving a Michael reaction:

(a) 4,4-dimethyl-5-nitropentan-2-one



38

CHAPTER 1
ALKYLATION OF
NUCLEOPHILIC
CARBON - ENOLATES
AND ENAMINES

(b) diethyl 2,3-diphenylglutarate
(c) ethyl 2-benzoyl-4-(2-pyridyl)butyrate
(d) 2-phenyl-3-oxocyclohexaneacetic acid

(e) o)
NCCH, CH,CH,CN
) o}
)
CH,CCH,
i
(g) CH;CH2$HCH2CH2CCH3
NO,
(h) (CH;)ZCHCIZHCHZCHZCOZCHZCH3
CH=0
. Ph
® 9 | (k) OCH,
CHCH,NO,
CHNO,
NO, ¢
. Ph O CH=0
| Il 1)) HO
) Ph‘CHCHCHZCCHa H.C CH,CH,CCH;,
CN ’ o

. In planning a synthesis, the most effective approach is to reason backwards

from the target molecule to some readily available starting material. We call
this retrosynthetic analysis and specify a retrosynthesis by an arrow of the type
shown below. In each of the following problems, the target molecule is shown
on the left and the starting material on the right. Determine how you could
prepare the target molecule from the indicated starting material using any
necessary organic or inorganic reagenté. In some cases more than one step is

necessary.
(a o o
CH, CO,C,H,
SEEENNS!
(b) ]E Q
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CCH CCH
H,C -*C;{J H,C 3 PROBLEMS
H,C [: H,C
i i
CH,CO CH,CO
(d) El) (l? —> || ||
(CH30),PCH,C(CH,)4CH3 (CH5;0),PCH,CCH;
(e) PhCH2CH2$HC02C2H5 @ PhCHzCOzCsz
Ph
(f) O
o
(g) CH,
o @ NCCH,CO,C,H;
CN
(0}
(h) OCH,CH=CH, OH
O HO
O=< @
O HO
(i) [><CH3 = D<CH3
CCH,CH,C=CH, CCH,CO,CH,CH
I | I ’
CH, O

10. In asynthesis of diterpenes via compound C, a key intermediate B was obtained
from carboxylic acid A. Suggest a series of reactions for obtaining B from A:

HO OH
@Q S -
A O
B

H,C’ CH,
C

11. In a synthesis of the terpene longifolene, the tricyclic intermediate D was
obtained from a bicyclic intermediate by an intramolecular Michael addition.
Deduce the possible structure(s) of the bicyclic precursor.
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12.

13.

14.

15.

16.

CH,

Substituted acetophenones react with ethyl phenylpropiolate under the condi-
tions of the Michael reaction to give pyrones. Formulate a mechanism.

Ph
o}
I R
CCH,R + PhC=CCO,C,H; —» |
Ph 0~ O

The reaction of simple ketones such as 2-butanone or phenylacetone with
a,B-unsaturated ketones gives cyclohexenones when the reaction is effected
by heating in methanol with potassium methoxide. Explain how the cyclo-
hexenones are formed. What structures are possible for the cyclohexenones?
Can you suggest means for distinguishing between possible isomeric cyclo-
hexenones?

Predict the structure and stereochemistry of the product of alkylation of E
with methyl iodide.

N=C H,¢
CH,I
—_—
m LiNH,

o :

H

E

One of the compounds shown below undergoes intramolecular cyclization to
give a tricyclic ketone on being treated with [(CH3)3Si],NNa. The other does
not. Suggest a structure for the product. Explain the difference in reactivity.

CH,CH,CH,OTs CH,CH,CH, OTs

The alkylation of 3-methyl-2-cyclohexenone with several dibromides led to
the products shown below. Discuss the course of each reaction and suggest an
explanation for the dependence of the product structure on the identity of the
dihalide.



CH, CH, CH,

NaNH . .
DRNaBH: , = + + starting material
2) Br(CH,),BR
(0]
(31%) (25%) 42%)
CH,
n=3 (55%)
(0)
CH,
n=4 (42%)
O

17. Treatment of ethyl 2-azidobutanoate with catalytic quantities of lithium
ethoxide in tetrahydrofuran leads to the evolution of nitrogen. On quenching
the resulting solution with 3N hydrochloric acid, ethyl 2-oxobutanoate is
isolated in 86% yield. Suggest a reasonable mechanism for this process.

, I
CH3CH2(12HCOZCHZCH3 _;1?;‘—“11-» CH,CH,CCO,CH,CH;
N, ’ (86%)

18. Suggest a reasonable mechanism for the reaction

CH,0,C.  CO,CH,

f \ H CO,CH,
N + >_ < CH;CN CHJ

| CH,0,C H @ CH,
CH=C(CH,),

(42%)

41
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Reactions of Carbon
Nucleophiles with Carbonyl
Groups

The reactions described in this chapter include some of the most useful and
frequently employed synthetic methods for carbon-carbon bond formation: aldol
and Claisen condensation reactions, the Wittig and related olefination reactions, and
the Robinson annulation. All of these processes involve, at some point, the addition
of a carbon nucleophile to a carbonyl group. The type of product which is isolated
depends on the nature of the substituent (X) on the carbon nucleophile, the
substituents (A-and B) on the carbonyl group, and the ways in which A, B, and X
affect the reaction pathways available to the intermediate formed in the addition
step.

. § _1¢
—C™ + C - —(E—ClI—B — product

2.1. Aldol Condensation

In Chapter 1 we mentioned that efficient alkylation of aldehydes and ketones
requires essentially quantitative formation of their enolates. When a low concentra-
tion of an enolate ion is generated, it may react more competitively with the parent
aldehyde or ketone present in the reaction mixture than it does with an alkyl halide.
The aldol condensation reaction is this acid- or base-catalyzed self-condensation of

43
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a ketone or aldehyde.'™ Under certain conditions, the reaction product may
undergo further transformations, especially dehydration. The reaction may also
occur between two different carbonyl compounds, in which case the term mixed
aldol condensation is applied.

7 9 i
2RCH,CR' = RCH,C—CHCR MO, RCH,C=CCR’
R R R R’

R’ = H. or alkyl or aryl

The mechanism of the base-catalyzed reaction involves, in the carbon-carbon
bond-forming step, the nucleophilic addition of an enolate ion to a carbonyl group.

Base-Catalyzed Mechanism
1. Addition phase
a. Enolate formation:

RCH,COR' + B™ & RCH=$HR’ + BH

o-
b. Nucleophilic addition:
o~ R’ 0}
RCHzﬁR’ + RCH:&R’ = RCHzé—?HgR’
O R
c. Proton transfer:
, R’
RCHzé—CHgR’ + BH & RCHZ(‘Z——CHgR’ + B~
O R HO R
2. Dehydration phase
(0]
R’ (0] R’ |C‘R’
RCHzé—CHgR’ + B - \C=C/ + BH + HO™
H(l) llk RCHZ/ \R

Entries 1 and 2 in Scheme 2.1 illustrate the preparation of aldol condensation
products by the base-catalyzed reaction. In entry 1 the product is a B-hydroxy
aldehyde, while in entry 2 dehydration has provided an a,B8-unsaturated aldehyde.

Under conditions of acid catalysis it is the enol which acts as the nucleophile
and the protonated carbonyl is the electrophile.

1. A.T. Nielsen and W. J. Houlihan, Org. React. 16, 1 (1968).

2. R. L. Reeves, in Chemistry of the Carbonyl Group, S. Patai (ed.), Interscience, New York (1966),
pp. 580-593.

3. H. O. House, Modern Synthetic Reactions, second edition, W. A. Benjamin, Menlo Park, California
(1972), pp. 629-682.



Acid-Catalyzed Mechanism
1. Addition phase
a. Enolization:

RCHzlclR’ + HA 2 RCHzﬁR’ + A

+OH
RCHZﬁR’ = RCH=('IR’ + H*
+OH OH
b. Nucleophilic addition:
S
RCHzﬁR' + RCH=CR' & RCH2$—$HCR’
+OH HO R
c. Proton transfer:
R OH R
RCHzé—(lIHgR’ = RCHZ(::——?-{PIR’ + HY
HO R HO R
2. Dehydration phase
(6]
R 0] R’ (I%R’
RCHz(lj—CH(lilR’ + H" - \C=C/ + H,0
Hé }ll RCHz/ \R

Entry 4 in Scheme 2.1 depicts an acid-catalyzed aldol condensation with
dehydration. In entry 5, the Lewis acid catalyst aluminum tri-tert-butoxide is used
in place of a proton donor.

In general, the reactions in the addition phase of both the base-catalyzed and
the acid-catalyzed condensations are readily reversible. The equilibrium constant
for addition is usually unfavorable for acyclic ketones. The equilibrium constant
for the dehydration phase, however, is usually favorable, largely because a conju-
gated a,B-unsaturated carbonyl system is formed. When the reaction conditions
are sufficiently vigorous to cause dehydration, the overall reaction can go to
cdompletion even if the equilibrium constant for the addition phase is not favorable.

Intramolecular aldol condensations occur more readily than intermolecular
ones. A particularly important example of the synthetic use of intramolecular
condensations is in the Robinson annilation, a procedure that constructs a new
six-membered ring from a ketone that has an enolizable hydrogen.*® The stages

4. E. D. Bergmann, D. Ginsburg, and R. Pappo, Org. React. 10, 179 (1950); J. W. Cornforth and
R. Robinson, J. Chem. Soc., 1855 (1949).
5. For more recent reviews of annulation reactions, see:
a. R. E. Gawley, Synthesis 777 (1976).
b. M. E. Jung, Tetrahedron 32, 3 (1976).
c. B. P. Mundy, J. Chem. Ed. 50, 110 (1973).
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Scheme 2.1. Examples of the

A. Aldehyde and Ketone Self-Condensation

OH
1
1 CH,CHZCHZCHzo&»CH,CHZCHZCHC|HCH=0 75%)
C;H,
NaOE:
2  C,H,,CH=0 —=%£, C,H,,CH= =CCH=0 %
C6H13
CHO
. _ H,0
3 CH(CH;),(EHCH OT’
OH C3H,
Dowex-50

resin

Il
4¢  (CH,),CO BT — (CH,),C=CHCCH; (9%

5¢ @ Al(s-butoxide), w e

B. Mixed Condensations and Cyclizations

CH,CH,COCH, p-toluenesulfonic
6 i
(:\[ (90%)
o O

Il NaOH
s _— = o/
7 (CHy);CCCH, + PhCHO ——== (CH,),CCCH=CHPh (0%
COCH !
3 CCH=CHPh (12%)

h
8 + phcHO =°H,

in which this alkylation—cyclization occurs are outlined below. The cyclization phase
will be recognized as an intramolecular aldol condensation identical to that shown

0]
Il
CH;CCH=CHZ conjugate
(‘ addmon aldo] addition
— and
O dehydration O
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9i
(15%)
3
CH,
10 CHO NaOEt
+ CH,CH,COCH,CH; ——> o
CHO (60 /0
CH,
I HO™ 0
11*  CH,CH,CH=CHCH,CH,CCH,CH,CH=0 — CH,CH,CH=CHCH, !
O
OSiMe, 0
CH CHPh
CH3 + 3
. 1) Bu,N F*, THF I (68%)
12 + PhCHO THZE)—“"" OH
ch, CH,
13m _DLiNH, | _D CHLi | (90%)
T2 Meysicl : =g o :
o Me,SiO I T H
HOCH,

- Grignard and A. Vesterman, Bull. Chim. Soc. Fr. 37, 425 (1925).
. J. Villani and F. F. Nord, J. Am. Chem. Soc. 69, 2605 (1947).
. English and G. W. Barber, J. Am. Chem. Soc. 71, 3310 (1949).
. B. Lorette, J. Org. Chem. 22, 346 (1957).
. Wayne and H. Adkins, J. Am. Chem. Soc. 62, 3401 (1940).
. J. Baisted and J. S. Whitehurst, J. Chem. Soc., 4089 (1961).
. A. Hill and G. Bramann, Org. Synth. I, 81 (1941)
. C. Bunce, H. J. Dorsman, and F. D. Popp, J. Chem. Soc., 303 (1963).
. M. Islam and M. T. Zemaity, J. Am. Chem. Soc. 19, 6023 (1957).
- Meuche, H. Strauss, and E. Heilbronner, Helv. Chim. Acta 41, 2220 (1958).
. I. Meyers and N. Nazarenko, J. Org. Chem. 38, 175 (1973).
-Noyori, K. Yokoyama, J. Sakata, I. Kuwajima, E. Nakamura, and M. Shimuzu, J, Am. Chem. Soc. 99,1265 (1977).
. Stork and J. d’Angelo, J. Am. Chem. Soc. 96, 7114 (1974).

5""*""":’0@"’-0:}.0 o
OW>U>V’OU€Z"‘"‘1<

in entry 6 of Scheme 2.1. This annulation procedure is an important method for
the synthesis of cyclohexenones. Scheme 2.2 includes some examples of the
Robinson annulation.

As we saw in Chapter 1, Michael additions to a,8-unsaturated ketones occur
best when the nucleophile is only weakly basic. In entries 1 and 2 of Scheme 2.2,
we note examples of Robinson annulation reactions in which the nucleophiles are
derived by deprotonation of a B-diketone and a B-keto ester, respectively. The
Michael acceptor is methyl vinyl ketone in entry 1 and is ethyl vinyl ketone in
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Scheme 2.2. The Robinson Annulation Reaction
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13
b
3C
4¢
56
6!

CH,

+ CH,CH=CHCOCH, W

(0]
Q CH,
CH, CH,CH,COCH
+ CH,=CHCOCH, =4, 2-5 3
O (6]
O cH,
pyrrolidine
(0]
(63-65%)
CO,CH,CH,
CO,CH,CH,
NaOEt
@ + CH,=CHCOCH,CH; — =7
(6] O
CH,
(59%)
CH, O
o OEt,
+ CH,COCH,CH,N(CH,), !
(71%)
CH,0 CH,O
CH,
CH,
(:\[ + CH,COCH,CH,N(CH,CH,), “2“:";{”051‘:
’ o)
“(35%)
CH, CH,
1) CH,=CHCOCH,
D benzene, reflux
2) HOAc, NaOAc,
H,O0, reflux
O  (45%)

(72%)

mo a0 o

. S. Ramachandran and M. S. Newman, Org. Synth. 41, 38 (1961).

. D. L. Snitman, R. J. Himmelsbach, and D. S. Watt, J. Org. Chem. 43, 4578 (1978).

. J. W. Cornforth and R. Robinson, J. Chem. Soc., 1855 (1949).

. M. Yanagita and K. Yamakawa, J. Org. Chem. 22 291 (1957).

. G. Stork, A. Brizzolara, H. Landesman, J. Szmuszkovic, and R. Terrell, J. Am. Chem. Soc. 85, 207 (1963).
C. J. V. Scanio and R. M. Starrett, J. Am. Chem. Soc. 93, 1539 (1971).



entry 2. The Robinson annulation product in entry 1 is known familiarly as the
Wieland-Miescher ketone and has proven to be a popular starting material for the
synthesis of a number of steroids and terpenes. When the cyclization leading to
the Wieland-Miescher ketone is carried out using the optically active amino acid
L-proline instead of pyrrolidine, the S-enantiomer of the product is obtained in
high optical yield.® These reactions will be described in more stereochemical detail
in Section 11.3. The use of similar asymmetric annulation reactions in the synthesis
of optically active steroids has yielded impressive results.”

Early versions of the Robinson annulation did not use methyl vinyl ketone
itself, but used instead compounds which could eliminate under the base-catalyzed
reaction conditions to generate methyl vinyl ketone in situ. Entries 3 and 4 of
Scheme 2.2 illustrate this approach. In more recent procedures methyl vinyl ketone
is used directly.

I . I
CH,CCH,CH,X %), CH,CCH=CH,

Because the Michael addition step involves the thermodynamic enolate,
Robinson annulation reactions are regioselective with unsymmetrical ketones. As
entry 4 illustrates, the methyl group of 2-methylcyclohexanone appears at the ring
junction in the annulated product. In order to achieve the opposite regioselectivity
in annulation, recourse is taken to enamine methodology. Since the more stable
pyrrolidine enamine of 2-methylcyclohexanone is the less substituted one (as
discussed in Chapter 1, Section 1.9), annulation via the enamine occurs away from
a 2-alkyl group. Entries 4 and S illustrate the complementary nature of annulation
using enolates and enamines. .

An alternative version of the Robinson annulation procedure involves the use
of methyl 1-trimethylsilylvinyl ketone. The reaction follows the normal sequence
of conjugate addition, aldol addition, and dehydration:

O Si(CH,),

O Si(CH,;),
N/
i/ CH,CCHCH,
. cudcleon, — ;Q
-O O

l Ref. 8

(CH,),Si
(CH,),SiOH + J/V\O +OH ]:;O
0oNF o)

6. J. Gutzwiller, P. Buchschacher, and A. Fiirst, Synthesis 167 (1977).

7. N. Cohen, Acc. Chem. Res. 9, 412 (1976).

8. G. Stork and B. Ganem, J. Am. Chem. Soc. 95, 6152 (1973); G. Stork and J. Singh, J. Am. Chem.
Soc. 96, 6181 (1974).
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The role of the trimethylsilyl group is to stabilize the intermediate carbanion formed
by conjugate addition. The silyl group is removed under conditions similar to those
required for the dehydration; the removal occurs by nucleophilic attack on silicon
resulting in displacement of the ketone. The advantage of the substituted methyl
vinyl ketone is that it permits the annulation reaction to be carried out in aprotic
solvents under conditions where enolate equilibration does not take place. The
annulation of unsymmetrical ketones can therefore be controlled by using specific
enolates generated by the methods described in Chapter 1.

Si(CH,)
373 CH
CH, CH, cn,:cclfcn, -
CH,Li _°
(CH,),Si0 ' LiO : H
H H Ref. 9

O
(69%)

Returning now to intermolecular aldol condensations, we consider mixed (or
crossed) aldol condensations between two different carbonyl compounds. To be
useful as a method for construction of carbon-carbon bonds, there must be some
basis for defining which carbonyl component will serve as the electrophile (acceptor
carbonyl) and which is to serve as the enolate precursor. One of the most general
of these mixed condensations involves the reaction of aromatic aldehydes with
aliphatic ketones or aldehydes. An aromatic aldehyde cannot function as the
nucleophilic species because, lacking an a-hydrogen atom, it is incapable of forming
an enol or enolate. Dehydration is favored because it leads to a double bond
conjugated with both the carbonyl group and the aromatic ring:

i
8 3
ArCH=0 + RCH,CR' = ArCH(llHCR’ H0, ArCH=C\
R R

There are many examples of both acid- and base-catalyzed condensation reactions
involving aromatic aldehydes. The name Claisen—Schmidt condensation is associated
with this type of mixed aldol reaction. Entries 7-10 in Scheme 2.1 are a few of
the hundreds of examples of this reaction that have been recorded.

There is a pronounced preference for the formation of trans double bonds in
the Claisen-Schmidt condensation of methyl ketones. This stereoselectivity arises
in the dehydration step. In the transition state for elimination to a cis double bond,
an unfavorable interaction between the ketone substituent (R) and the phenyl
group occurs. This unfavorable interaction is absent in the transition state for
elimination to a trans double bond.

9. R. K. Boeckman, Jr., J. Am. Chem. Soc. 96, 6179 (1974).
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Additional insight into the factors affecting product structure was obtained by
studies on the Claisen-Schmidt condensation of 2-butanone with benzaldehyde.’

(0]
I HCl NaOH I
PhCH=(l,‘CCH3 «—— PhCHO + CH,COCH,CH, ——> PhCH=CHCCH,CH,

CH,

The results indicate how the interplay between the relative rates of the various
reaction steps determines the identity of the reaction product. When catalyzed by
base, 2-butanone reacts with benzaldehyde at the methyl group; under conditions
of acid catalysis, the site of reaction is the methylene group. The reaction conditions
do not permit the isolation of the intermediate ketols because the addition phase
is rate-limiting, but these compounds have been prepared by an alternative route.
They behave as shown in the following equations:

9 i 9
NaOH
PhCHCH,CCH,CH,; —— PhCH=CHCCH,CH, + PhCH=0 + CH,CH,CCH,

OH
I [ NaOH |
PRCHCHCCH, ———» PhCH=0 + CH,CH,CCH,

CH,

These results establish that base-catalyzed dehydration is slow relative to the
reverse of the addition phase for the branched-chain isomer. The reason for selective
formation of the straight-chain product under conditions of base catalysis is then
. apparent. In base the straight-chain ketol is the only productive addition intermedi-
ate. Acid treatment of each of the intermediates gives the dehydration product
having the corresponding carbon skeleton, along with some of the cleavage products.
Under conditions of acid catalysis, then, either intermediate can be dehydrated.

OH
[ Il HCl I
PhCHCH,CCH,CH, —> PhCH=CHCCH,CH, + PhCHO + CH,COCH,CH,

OH
| I Il
PhCHCHCCH, —<» PhCH::CICCH3 + PhCHO + CH,COCH,CH,

CH, CH,

10. a. M. Stiles, D. Wolf, and G. V. Hudson, J. Am. Chem. Soc. 81, 628 (1959).
b. D. S. Noyce and W. L. Reed, J. Am. Chem. Soc. 81, 618, 620, 624 (1959).
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Under acid-catalyzed conditions, the addition phase is rate determining, and the
relative amounts of the two dehydrated products are determined by the amounts
of intermediates formed. The more substituted enol is favored, and the branched-
chain isomer is therefore the major product in the acid-catalyzed reaction:

OH OH

. | |
CH,COCH,CH, %> CH,C=CHCH, + CH,=CCH,CH,

(major) (minor)

OH OH O
slow l

| Il
CH,C=CHCH, + PhCHO > PhCHCiHCCH3
CH,

on 9 i
PRCHCHCCH, fast, PRCH=CCCH,
CH, CH,

In any given system, the structure of the final product will depend upon the
magnitude of the individual rate constants. In general, condensations of methyl
ketones with aromatic aldehydes follow the pattern observed for 2-butanone; i.e.,
base catalysis favors the linear condensation product, while acid catalysis favors
the branched product.

A more difficult mixed aldol condensation to bring about efficiently is one
involving two carbonyl compounds, both of which can form enolate ions, especially
if one (or both) are aldehydes. One procedure which has been devised to effect
such condensations in a controlled manner utilizes metalloenamines as enolate
equivalents (see Chapter 1, Section 1.9) and is referred to as a directed aldol
condensation.'’ The method can be illustrated by considering the mixed aldol
condensation of butyraldehyde and acetaldehyde with the objective of preparing
2-hexenal. It is easy to see that the proposed conversion will be accompanied by

CH;CH,CH,CHO + CH3;CHO — CH;CH,CH,CH=CHCHO

self-condensation of each aldehyde as well as addition of the enolate of butyral-
dehyde to acetaldehyde. In the directed aldol condensation procedure, acetaldehyde
is converted to its corresponding imine with cyclohexylamine. The imine is then

CH,CHO + <::>'NH2 —> C>—N=CH(:H3 o, N=CHCH,Li

metallated. Addition of the acceptor carbonyl (butyraldehyde) to the metallo-
enamine gives an intermediate which on hydrolysis affords the desired product.

11. G. Wittig and H. Reiff, Angew. Chem. Internat. Ed. Engl. 7, 7 (1968); H. Reiff, in Newer Methods
of Preparative Organic Chemistry, Vol. VI, W. Foerst (ed.), Academic Press, New York (1971),
pp. 48-66.
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CH,CH,CH,CHO + QN:CHCHZLl —o CHJCHZCHZ(I:HCHzCH:N‘O SECTION 2.1
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—2>— CH;CH,CH,CH=CHCHO
(65% overall)

The success of the directed aldol condensation via metalloenamines arises from
several factors. Most importantly, imines show little tendency to self-condense.
Under basic conditions a C=N bond is less electrophilic than a C=O bond because
nitrogen is less electronegative than oxygen. As mentioned earlier (Section 1.9),
metalloenamines are more nucleophilic than enolate ions, so the addition phase of
the process should be more favorable. It is also believed that the adduct of a
metalloenamine and a carbonyl compound is strongly stabilized by chelation,
increasing the equilibrium constant for the addition phase.

CH,
~ ~N
Rz? (I,;H
0 NR

SLie

The prospect of chelation to a metal has been suggested as well in other mixed
aldol condensations. Using its O-trimethylsilyl enol ether as an enol equivalent,
3-phenylpropanal undergoes directed aldol addition to butyraldehyde in the pres-
ence of titanium tetrachloride."

CH,CH,CH,CHO + PhCH,CH=CHOSiMe, -\ 1lCH2Cl, 78°C

2) H;0
OH
CH3CH,CH;CHCHCH; Ph RALELN CHCH;CH=CCH,Ph
CHO CHO
(18%)
A titanium chelate of the type
CH,Ph
AH
CH,CH,CH,CH c-H
o_ .0
Ti”
7N
c’ acl

may be an intermediate.

12. T. Mukaiyama, K. Banno, and K. Narasaka, J. Am. Chem. Soc. 96, 7503 (1974).
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Addition of divalent metal salts (MgBr,, ZnCl,) as a means of displacing an
unfavorable equilibrium in the addition phase by formation of a stable chelate has
been studied."” While some increase in efficiency was observed, the most drz matic
change was in the stereoselectivity of the aldol addition. When the lithiuin enolate
of cyclohexanone was allowed to react with benzaldehyde, a 1:1 ratio of threo and
erythro aldol products was obtained. Adding zinc chloride to the enolate first, then

Ph H

. + . OH : ,OH
O\ + PhCHO 1) ;;)Tglhoxyethane +
. et H Ph
OLi 2) H;0
e} (0]

threo erythro

adding benzaldehyde, caused a change in the observed threo/erythro product ratio
from 1:1 to 3:1. This change in stereoselectivity has been attributed to the greater
stability of a chairlike zinc chelate when the phenyl group is equatorial than when

it is axial.
Ph H
[T [T
O_,.. ;{/ more stable than O.,.. Z/Ph
7 -7n
N AN

The topic of the stereoselectivity of aldol condensation reactions has received
much attention recently owing to efforts directed toward the total synthesis of
macrolide antibiotics. The carbon backbone of many of these substances may be
viewed as capable of being derived by combinations of several aldol additions.
Because of the number of chiral centers, it is necessary that a high level of
stereochemical control be achieved in the carbon-carbon bond-forming steps.
Hence, a number of fundamental studies have been concerned with stereoselection
in aldol addition reactions.

Using preformed lithium enolates, complete kinetic stereoselection has been
achieved. The kinetic enolate of 2,2-dimethyl-3-pentanone is exclusively the Z
isomer; it adds to benzaldehyde to give only the erythro aldol product.™ Similar

|C|) LDA, THF H C(CH,), PhCHO H /CH’
CHiCH,CO(CHy), 25> e T, HOWC(CHQ;
O_ .

(78% yield: 100% erythro)

stereoselectivity was observed for other Z enolates derived from ketones which
have a bulky substituent on the carbonyl group. The results were interpreted in

13. H. O. House, D. S. Crumrine, A. Y. Teranishi, and H. D. Olmstead, J. Am. Chem. Soc. 95, 3310
(1973).

14. C. H. Heathcock, C. T. Buse, W. A. Kleschick, M. C. Pirrung, J. E. Sohn, and J. Lampe, J. Org.
Chem. 45, 1066 (1980).



terms of the transition state shown. The essential elements which are considered
to affect stereoselection are the chairlike geometry and the tendency for greatest
separation of the phenyl and tert-butyl substituents.

t-Bu

Enol borinates show promise as enolate equivalents in stereoselective aldol
additions. These compounds can be prepared by the reaction of diazoketones with
trialkylboranes. Direct reaction gives the E enol borinate, which can be isomerized

o R Bu R H
” — LiOPh
RCCHN, + BuB —> Lioph, —
Bu,BO H Bu,BO Bu

132 Alternatively, enol borinates are

15b ..
5® Under conditions

to the Z isomer by brief treatment with base.
prepared by the reaction of ketones with dialkylboron triflates.

i R H
RCCH,CH, + Bu,BOSO,CF, —» >=<
Bu,BO  CH,

of kinetic control the Z-enol borinates are formed in this process, sometimes with
very high stereoselectivity.

Enol borinates react smoothly with aldehydes at room temperature. The E-enol
borinates give about 3:1 diastereoselection favoring the threo aldol product, while
the Z-isomer gives almost exclusively the erythro diastereomer.'** The factors

CH, (CH,);CH, H (CH,),CH,
— + PhCHO ;; I:gz CH3 ’ Ph + erythro (23%)
Bu,BO H X
E OHO H
threo (69%)
CH, H CH,(CH,), H
= + PhCHO s> CHs X ___ph
) H,0,
Bu,BO (CH,);CH, 0 ud \H
z erythro (90%)

influencing stereoselection in these reactions are presumed to be similar to those
which occur with lithium enolates. It has been suggested that the shorter boron-
oxygen and boron-carbon distances, compared to lithium-oxygen and lithium-
carbon, magnify the energy differences in the chairlike transition states to improve
the stereoselectivity.'*®

15. a. S. Masamune, S. Mori, D. Van Horn, and D. W. Brooks, Tetrahedron Lett. 1663 (1979).
b. D. A. Evans, E. Vogel, and J. V. Nelson, J. Am. Chem. Soc. 101, 6120 (1979).
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56 Scheme 2.3. Addition Reactions of Carbanions Derived from Esters, Carboxylic Acids,
Amides, and Nitriles
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2° CH;CO,C,H; + LiN[Si(CH3)3]; = LiCH,CO,C,H;s

0 HO_ CH,CO,C,H;
LiCH,CO,C,Hs+ — (79-90%)
3° 1) LDA, THF, -70°C, CH, O~¢O0
>< :E 2) CH,CH,CH=0 i XO:FC'HCHzCHs @5%)
3 OH
H,C
CO,H
Cl =0
4°  (CH),CHCO,H %‘;‘-» (CHy);CCOALI (CHCH,C=0 (CHACH2)2C—C(CHy); (17%)
Li OH

CO,H

CO,H
2 1) 2LDA, THF, -40°C OH
e 3
H 2) cyclopentanone

6' o) OH
1] 1) LDA, pentane (88%)
CHJCCH(CHJ)Z 2) cyclohexanone, THF CHZCCH(CH;Oz
Il

(0]

Sc

OH
” nBuLi, THF, -80°C | ~H,CH,),CCH,CN  (68%)

2) (CH;CH,),C=0

g" 0 CHO o CH=CHCN
CH,CN + < KOH, < (86%)
(o] : O

. R. Dunnavant and C. R. Hauser, Org. Synth. 44, 56 (1964).

. W. Rathke, Org. Synth. 53, 66 (1973).

. H. Heathcock, S. D. Young, J. P. Hagen, M. C. Pirrung, C. T. White, and D. VanDerveer, J. Org. Chem. 45,
46 (1980).

. W. Moersch and A. R. Burkett, J. Org. Chem. 36, 1149 (1971).

. P. Krapcho and E. G. E. Jahngen, Ir., J. Org. Chem. 39, 1650 (1974).

. P. Woodbury and M. W. Rathke, J. Org. Chem. 42, 1688 (1977).
.M.
-

78 CH;CN
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Kaiser and C. R. Hauser, J. Org. Chem. 33, 3402 (1968).
DiBiase, B. A. Lipisko, A. Haag, R. A. Wolak, and G. W. Gokel, J. Org. Chem. 44, 4640 (1979).
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A variety of carbanionic species derived from carboxylic acids, esters, amides,
and nitriles have been prepared and added to aldehydes and ketones. Usually,
strong bases such as lithium diisopropylamide are used owing to the low level of



acidity of these substrates. Typical examples of some of these reactions are presented
in Scheme 2.3.

2.2. Amine-Catalyzed Aldol Condensation Reactions

A number of preparatively useful reactions are variants of the mechanistic
pattern established by the aldol condensation. One important group is a family of
condensations that effect transformations quite similar to the aldol, but that are
particularly effectively catalyzed by amines or buffer systems containing amines
and the corresponding conjugate acid. These amine-catalyzed reactions are often
referred to as Knoevenagel condensations."®

In several cases, it has been established that the amines do not function as
simple bases but instead are involved in prior reaction with the carbonyl compounds
as well. Kinetic evidence in support of such a mechanism in the condensation of
aromatic aldehydes with nitromethane has been reported.’” The fact that such
condensations are often most effectively catalyzed when a weak acid is present in
addition to the amine suggests that amines do not function as simple base catalysts.
The reactive electrophile is probably the protonated form of the imine formed by
condensation of the carbonyl compound and the amine. This iminium ion will be
considerably more electrophilic than a carbonyl group because of the positive
charge.

ArfCH=0 + C,H,NH, & ArCH=NC,H,

H* H*
ArCHSNC,H, —> ArCHNHC,H, — ArCIHfN HC,H, — ArCH=CHNO,
- CH,NO, CH,NO, u<cHNo,

The main preparative application of the reaction has been condensation of
ketones and aldehydes with easily enolizable compounds usually containing two
activating groups. Malonic esters and cyanoacetic esters are the most common
examples.18 Usually, the product is the ‘“‘dehydrated” compound, with the saturated
intermediates being isolated only under especially mild conditions. Nitroalkanes
are also effective nucleophilic substrates. The single, strongly electron-withdrawing
nitro group sufficiently activates the a-hydrogens to permit formation of the
nucleophilic nitronate anion under mildly basic conditions. A relatively highly acidic
proton in the potential nucleophile is important for two reasons. First, weak bases,
such as amines, can then provide a sufficient concentration of enolate for reaction,
without causing deprotonation of the ketone or aldehyde. Self-condensation of the

16. a. G. Jones, Org. React. 15, 204 (1967).
b. R. L. Reeves, in The Chemistry of the Carbonyl Group, S. Patai (ed.), Interscience, New York
(1966), pp. 593-599.

17. T. 1. Crowell and D. W. Peck, J. Am. Chem. Soc. 75, 1075 (1953).

18. A. C. Cope, C. M. Hofmann, C. Wyckoff, and E. Hardenbergh, J. Am. Chem. Soc. 63, 3452 (1941).
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carbonyl component is thus minimized. Second, the highly acidic proton facilitates
the elimination step that drives the condensation to completion.

CB
H .
CO,R
CI/COZR Pt
R, C C\ —_— R2C=C\
(x CN CN
X = OH or NR,

A closely related variation of the reaction uses cyanoacetic acid or malonic
acid, as opposed to the corresponding esters, as the potential nucleophile. The
mechanism of the addition phase of the reaction under these circumstances is similar
to the previously discussed cases. The addition intermediates, however, are suscep-
tible to decarboxylation. In many instances, the decarboxylation and elimination
phases may occur as a single concerted process.’® Many of the decarboxylative

? Qr
RCR + CH,(CO,H), — R, CL(|:HCO ,H — R,C=CHCO,H
C=0

o

condensations have been carried out in pyridine, and it has been shown that
pyridinium ion can catalyze the decarboxylation of arylidenemalonic acids.?®

ArCH CHCO H
ArCH=C(CO,H), + — ArCH=CHCO,H

Sl=

Scheme 2.4 provides a few examples of condensation reactions of the
Knoevenagel type.

2.3. The Mannich Reaction

The Mannich reaction is very closely related to the Knoevenagel condensation
reaction in that it involves iminium intermediates. The reaction, which is carried
out in mildly acidic solution, effects a-alkylation of ketones and aldehydes with
dialkylaminomethyl groups. The electrophilic species is the iminium ion derived

I I
RCH,CR’' + CH,=0 + HN(CHj), = (CH3)2NCH2$HCR’
R

19. E. J. Corey, J. Am. Chem. Soc. 74, 5897 (1952).
20. E.J. Corey and G. Fraenkel, J. Am. Chem. Soc. 75, 1168 (1953).
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Scheme 2.4. Amine-Catalyzed Condensations of the Knoevenagel Type SECTION 2.3.
THE MANNICH
10 REACTION
Il
CCH,
piperidine

Il
I*  CH,CH,CH,CH=0 + CH,CCH,CO,C,H, ————— CH,CH,CH,CH=C
@17 CO,C,H,

. CO,C,H;
RNH; OAc /
» <:>:o + NCCH,CO,C,H, ———— C
(R = ion AN
exchange CN
resin) (100 %)
CN

p-alanine

%
3*  C,H,COCH, + N=CCH,CO,C,H; ————= _, CZHSC:C\ (81-877%)
CH, CO,C,H,

iveridi
4 CHy(CH,),CHCH=0 + CH,(CO,C;Hy), —2= CH,(CH,);CHCH=C(CO,C,Hy),
2
CH,CH;, CH,CH; @7y

C,H, NH

5 MEZNO—CHO + CH,NO, —— MeZNOCHzCHNOZ
(83
CN
NH, OAc /
6 O:O + NCCH,CO,H —— GC\ (65-76 %)
CO,H
CO,H
pyridine
7¢ PhCH=0O + CH,CH,CH(CO,H), —> PhCH=C\ (60 )
C.H;
8"  CH,=CHCH=O + CHZ(COZH)ZPY—;‘)‘?C‘EL CH,=CHCH=CHCO,H
(42-46%)
. pyridine
9' CHO + CH,(CO,H), — CH=CHCO,H (75-80%)
O,N O,N

a. A. C. Cope and C. M. Hofmann, J. Am. Chem. Soc. 63, 3456 (1941).
b. R. W. Hein, M. J. Astle, and J. R. Shelton, J. Org. Chem. 26, 4874 (1961).
c. F.S. Prout, R. J. Hartman, E. P.-Y. Huang, C. J. Korpics, and G. R. Tichelaar, Org. Synth. 1V, 93 (1963).
d. E. F. Pratt and E. Werble, J. Am. Chem. Soc. 12, 4638 (1950).
e. D. E. Worrall and L. Cohen, J. Am. Chem. Soc. 66, 842 (1944).
f. A.C. Cope, A. A. D’Addieco, D. E. Whyte, and S. A. Glickman, Org. Synth. IV, 234 (1963).
g. W.J. Gensler and E. Berman, J. Am. Chem. Soc. 80, 4949 (1958).
h. P.J. Jessup, C. B. Petty, J. Roos, and L. E. Overman, Org. Synth. 59, 1 (1979).
i. R. H. Wiley and N. R. Smith, Org. Synth. IV, 731 (1963).
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from the amine and formaldehyde. The reaction is quite general for aldehydes and
ketones having at least one enolizable hydrogen. For practical preparative purposes,

CH,=0 + HN(CH,), 2 HOCH,N(CHs), == H,0 + CH,=N(CH,),
OH 0

| I
(CHs);N=CH, + RCH=CR' — (CHs);NCH,CHCR' + H"
R

the reaction is limited to secondary amines, since dialkylation becomes a significant

-problem with primary amines. The dialkylation reaction, however, can be used

advantageously in some ring closures.

0
CH3(13H2 |cl) (|3H2CH3 CH, C,Hy
CH;0,CCH—C—CHCO,CH; + CH,0 + CH,NH, — CH,0,C CO,CH,

EH, Ref. 21

Entries 1 and 2 in Scheme 2.5 show the preparation of “Mannich bases’” from

ketones, formaldehyde, and dialkylamines according to the classical procedure.

Alternatively, formaldehyde equivalents may be used, such as bis-(dimethyl-

amino)methane (entry 3). On treatment with trifluoroacetic acid, this aminal gener-
ates the iminium trifluoracetate as the reactive electrophile.

(CH3),NCH,N(CHj), + 2CF;CO,H — (CH,),N=CH, + H,N(CH), + 2CF;CO,"

A procedure in which the iminium salt shown, N,N-dimethyl(methylene)
ammonium trifluoroacetate, is isolated and added separately to an enolate ion
allows Mannich bases to be prepared by routes other than those involving acidic
media. This procedure is exemplified by entry 4. N,N-Dimethyl(methylene)
ammonium iodide®* is commercially available as “Eschenmoser’s salt” and is
sufficiently electrophilic so as to react directly with enol silyl ethers in neutral
media.”® Ketone enolates have been converted to Mannich bases with Eschen-
moser’s salt (entry 5).

The importance of the Mannich reaction stems from the synthetic utility of
the resulting aminoketones. Thermal decomposition of the amines or the derived
quaternary salts leads to a-methylene ketones. The decomposition of the quaternary
salts is particularly facile, and they can be used as in situ sources of many «,3-
unsaturated carbonyl compounds. These are useful synthetic intermediates, for

(CH;);CHCIHCH=O LS (CH3)2CHﬁCH=O
‘CH,N(CH3;), CH,

Ref. 24

21. C. Mannich and P. Schumann, Chem. Ber. 69, 2299 (1936).

22. J. Schreiber, H. Maag, N. Hashimoto, and A. Eschenmoser, Angew. Chem. Internat. Ed. Engl. 10,
330 (1971).

23. S. Danishefsky, T. Kitahara, R. McKee, and P. F. Schuda, J. Am. Chem. Soc. 98, 6715 (1976).

24. C. S. Marvel, R. L. Myers, and J. H. Saunders, J. Am. Chem. Soc. 70, 1694 (1948).



example, in Michael additions (Chapter 1), Robinson annulation reactions (entries
3 and 4 of Scheme 2.2), and certain hydroboration procedures for carbon—carbon
bond formation (Chapter 4). Entries 8 and 9 in Scheme 2.5 illustrate two of the
ways in which Mannich bases can be used to construct carbon skeletons by Michael

addition reactions.

Scheme 2.5. Synthesis and Utilization of Mannich Bases

- H
PhCOCH; + CH,0 + (CH;),NH,ClI” —» PhCOCHZCHZI:I(CHg)zCl_ (70%)

13
+ H
2° CH,;COCH; + CH,0 + (CH;CH,),NH,CI” — CH COCHzCHZCHaN C,H;s),C1™
(66-75%)
CF,CO,H
3¢ (CH3),CHCOCH; + [(CH;),;N],CH, ChiCOH, (CH3),CHCOCH,CH;,;N(CH;),
49 OSiMe, (0]
- CH,N(CH,),
CH;L: (CH;),N=CH, (60%)
“THF CF,co,-
5¢ O
- CH,N(CH,),
(CH;),N=CH, (88%)
THF O°C I~
6'  CH;CH,CH,CH=0 + CH,0 + (CH;),NH,CI~ i,-‘;ﬂs%‘i» CH2=$CH =0
CH,CH;
(73%)
7¢ CH, o
PhT_‘in CHZ (90%)
+(CHOh e CF;CO, ,THF
8" 0
CH,CH,COPh
NaOH o
+ PhCOCH,CH,N(CH,), ——— (52%)
9 PhCOCH,CH,N(CHj3); + KCN — PhCOCH,CH,CN (67%)
a. C. E. Maxwell, Org. Synth. III, 305 (1955).
b. A. L. Wilds, R. M. Nowak, and K. E. McCaleb, Org. Synth. 1V, 281 (1963).
¢. M. Gaudry, Y. Jasor, and T. B. Khac, Org. Synth. §9, 153, (1979).
d. N. L. Holy and Y. F. Wang, /. Am. Chem. Soc. 99, 944 (1977).
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a-Methylene lactones provide the biologically important functionality in a
large number of tumor-inhibitory natural products.25 The reaction of ester enolates
with dimethyl(methylene)ammonium trifluoroacetate,?® or with Eschenmoser’s
salt,”” has been demonstrated to be an effective approach in the synthesis of
vernolepin, a compound with anti-leukemic activity.”®*

CH,=CH CH,=CH
: .-OH :

1) LDA THF, HMPA
Pliiab AR AL

2) CH,=N(CH;), I~
3) H30"

4) CH,l

5) NaHCO,

vernolepin

Mannich reactions, or at least some close mechanistic analogs, are important
in the biosynthesis of many nitrogen-containing molecules. As a result, the Mannich
reaction has played an important role in the total synthesis of such compounds,
especially in synthesis patterned after the mode of biosynthesis, i.e., biogenetic-type
synthesis. The earliest example of the use of the Mannich reaction in this context
was the successful synthesis of tropinone, a derivative of the alkaloid tropine, by
Sir Robert Robinson in 1917.

CO3
| -
CH, CO;3
CH,CH=0 |
| +H,NCH,+C=0 —> o — O  Ref. 30
CH,CH=0 !
CH, _
[ CO;
co,

2.4. Acylation of Carbanions. The Claisen, Dieckmann, and Related
Condensation Reactions

The most generally used carbonyl compounds for the acylation of enolate ions
are esters. Here, nucleophilic addition of the anion to the carbonyl group is followed
by loss of alkoxide from the tetrahedral intermediate. A classic example of this
type of reaction is the Claisen condensation—the base-catalyzed self-condensation

25. S. M. Kupchan, M. A. Eakin, and A. M. Thomas, J. Med. Chem. 14, 1147 (1971).

26. N. L. Holy and Y. F. Wang, J. Am. Chem. Soc. 99, 499 (1977).

27. 1. L. Roberts, P. S. Borromes, and C. D. Poulter, Tetrahedron Lett., 1621 (1977).

28. S. Danishefsky, P. F. Schuda, T. Kitahara, and S. J. Etheredge, J. Am. Chem. Soc. 99, 6066 (1977).

29. For a review of methods for the synthesis of a-methylene lactones, see R. B. Gammill, C. A.
Wilson, and T. A. Bryson, Synthetic Comm. 5, 245 (1975).

30. R. Robinson, J. Chem. Soc., 762 (1917).



of esters.’’ Ethyl acetoacetate, for example, is prepared by Claisen condensation
of ethyl acetate. All of the steps except the last one are readily reversible. The pK,

CH,CO,CH,CH; + CH3CH,0” & "CH,CO,CH,CH; + CH;CH,0H
o
cméocx{zcﬁ3 + “CH,CO,CH,CH; = cméoc;azcm
CH,CO,CH,CH,4
o
CH;(}Z—OCHZCH3 = CH;gCHZCOzCHZClﬁ + CH;CH,O™
CH,CO,CH,CH,4 '
(0]
CH3gCH2COzCH2CH3 + CH;CH,0™ —» CH;gQHCOZCHzCI-h + CH;CH,OH
of ethyl acetoacetate is very much lower than any of the other species present.
Ethyl acetoacetate is also much more acidic than ethanol, so the equilibrium constant
for the last step is highly favorable and the overall reaction is driven essentially to

completion when at least one mole of base is used. The neutral form of the
B-keto ester product is obtained after acidification of the reaction mixture.

O
Il
2 CH;CO,CH,CH; + CH;CH,0” — CH3;CCHCO,CH,CH; + 2 CH;CH,OH
stronger base weaker l;se

As a practical matter, the alkoxide used as catalyst must be the same as the
-alcohol portion of the ester to prevent formation of product mixtures by ester-
interchange reactions. Because the final irreversible proton transfer cannot occur
when a-disubstituted esters are employed, these compounds do not condense when
alkoxide ions are used as catalysts. This limitation can be overcome by the use of
a very strong base that converts the starting ester essentially completely to its
enolate. One procedure employs triphenylmethylsodium for this purpose (entry 2,
Scheme 2.6).

The intramolecular version of ester condensation is often referred to as
Dieckmann condensation.®® It is an important tool for the closure of five- and
six-membered rings during synthetic sequences, and has occasionally been employed
for formation of larger rings. Entries 3-7 in Scheme 2.6 are illustrative.

Modern workers have often chosen sodium hydride and a small amount of
alcohol as the catalyst system. It is probable that the effective catalyst is actually
the sodium alkoxide formed by reaction of the alcohol released in the condensation
with sodium hydride.

R'OH + NaH - R'ONa + H,

The sodium alkoxide is also no doubt the active catalyst in reactions in which
sodium metal is present. The alkoxide is formed by reaction between metallic

31. C. R. Hauser and B. E. Hudson, Jr., Org. React. 1, 266 (1942).
32. J. P. Schaefer and J. J. Bloomfield, Org. React. 15, 1 (1967).
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Scheme 2.6. Acylation of

A. Intermolecular Ester Condensations

NaOE
I*  CH,(CH,),CO,C,H; —— CH,(CH,),COCHCO,C,H; (7%
CH,CH,CH,
O CH,CH,
Ph,C~ Na*
2 CH,CHzcliHCOZCZHs CH,CH,CHC—CCO,C,H, (637
CH, CH, CH,
B. Cyclization of Diesters
¥ C,H,0,C(CH,).COC,H, 2,
2815V2 2/4 2%-211s . COICZHS
(74-81 %)
CO,C,H,
/CHZCHZCOZCZHS
4  CH,—N TWOFL, B cHN o miw
enzene /
CH,CH,CO,C,H, H
CO,C,H
CO,C,H, s
NaH CH,
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CO.C.Hs C,H,0,C o
CO,C,H, CO,C,H;
CO,C,H; o)
6 NaH
s CO,C,Hs @1
CH,CH,CO,C,H;
78 PhCH,0 O  CH,
O)\/\/COZCHJ
—_
PhCH,0 CO.CH,
PhCH,0 O CH,
CO,CH,
[(CH,),Si],NNa (0}
EwER—— 77%)
dilute solution PhCHZO o

C. Mixed Ester Condensations

COCO,C,H,

l
8  (CH,CO,C,Hy), + (CO,C,Hy), 255 CHCO,C,H;

H H
CH,CO,C,H, (86-91%)




Nucleophilic Carbon

9i CO,C,H, COCHCO C,Hs
| P + CH,(CH,),CO,C,H, X, (j CH,CH,

~

N (68 %)

. NaOEt
100 C,,H,sCO,C,Hy + (CO,C,Hy), — cmﬂuclﬂcozczn5 (68-71%)
COCO,C,H;

(i-Pr),NMgBr
11 (—i—>-cozczﬁ5 + CH,CH,CO,C,H; ————> {}CO(I:HCOZCZH5

CH, 1w

D. Acylation with Anhydrides and Acyl Halides

Tl
122 PhCOCOC,H; + C,H,OMgCH(CO,C,H,), — PhCOCH(CO,C,Hy,),

(68-75 %)
T
9 g 8
13  CH,C=CHCO,C,H; + PhCOCI — | PhC—CCO,C,H; | — PhCCH,CO,C,H,
(68-T1%)
14 COCl + C,H;0MgCH(CO,C,Hj), — COCH(CO,C,H,),
(82-88 %)
NO, NO,
7
C,>‘ o (l? CCH,
15° CH,C=CHCO,C,H, + CIC(CH2)3CO C,H; — C,H,0,C(CH,);C—CHCO,C,H;
(61-66 %)
1
R,NLi . (CH,),CCCl I
166 CH,CO,C,Hs —— LiCH,C0,C,H; —=2——> (CH,),CCCH,CO,C,Hj
(70%)
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sodium and the alcohol liberated as the condensation proceeds. The driving force
for the reaction is the formation of a stable enolate system. Since the reaction is
easily reversible, it is governed by thermodynamic control, and in situations where
more than one enolate is possible, the product derived from the more stable one
will be formed. An example of this effect is the cyclization of the diester 1.>> Only
3 is formed, because 2 cannot be converted to a stable enolate. If 2, synthesized
by another means, is subjected to conditions of the cyclization, it is isomerized to
3 by way of the reversible condensation mechanism:

o
CO,C,H, CH, op CHy CO,C,H,
a t

1
CH,  «¥%— C;H,0,CCH,(CH,),CHCO,C,H; -

z ! NaOEt / 3

xylene

Successful mixed condensations of esters are subject to the same general
restrictions as outlined in the consideration of mixed aldol condensations. One
carbonyl compound must act preferentially as the acceptor and the other as the
nucleophile. To compete with self-condensation of aliphatic esters, the carbonyl
acceptor must be relatively electrophilic. The systems that have been commonly
employed are esters of aromatic acids, formate esters, and oxalate esters. In each
instance, these esters contain groups that are electron withdrawing relative to alkyl
and do not possess enolizable hydrogens. They are therefore good electrophiles,
but cannot function as the nucleophile. Some examples are shown in Section C of
Scheme 2.6.

The preparation of diethyl benzoylmalonate (entry 12) represents the use of
an acid anhydride, which is much more reactive than an ester, as the acylating
agent. The reaction must be carried out in nonnucleophilic solvents to prevent
solvolysis of the anhydride from competing with the desired reaction. Other limita-
tions on the use of highly reactive acylating agents, such as acid anhydrides and
acid chlorides, in reactions with enolates derive from the fact that O-acylation may
be the dominant reaction. The magnesium salt of diethyl malonate (entries 12 and
14) has proved to be a satisfactory reagent in these reactions, in part because it
is soluble in nonnucleophilic solvents such as ether. Low temperatures permit
successful acylation of lithium enolates with acid chlorides (entry 16).

The acylation of enolates derived from ketones with esters is an important
tool for enhancing reactivity and selectivity in synthetic modification of ketones.
We saw in Chapter 1 that it is often difficult to alkylate simple ketone enolates
efficiently. Acylation, however, occurs readily under the usual conditions. Examples

33. N.S. Vul'fson and V. I. Zaretskii, J. Gen. Chem. USSR 29, 2704 (1959).



of the acylation of ketones by reaction of their enolates with esters are shown in
Scheme 2.7. The products of these reactions are B-diketones, B-keto aldehydes,
or B-keto esters, depending on the acylating agent used. These products, all of
which contain a B-dicarbonyl unit, can be alkylated efficiently. Synthetic advantage
has been taken of this fact, as we shall see shortly.

The most common transformation involving acylation of ketone enolates is
their formylation by reaction with ethyl formate.

Il Il .
RCH,CR’ + HCO,C,H, N29F, RECR B, R

C
VRN /N s
H ONa H OH

0=0
‘0=0
=

Since the B-ketoaldehydes that result from acidification exist with the formyl group
extensively enolized, the compounds are often referred to as hydroxymethylene
derivatives. The formation of the product is governed by thermodynamic control;
therefore, the dominant product expected from unsymmetrical ketones can be

Scheme 2.7. Acylation of Ketones with Esters

1? (6] O
CHOH
NaH
+ HCOZC2H5 —_— 70-74%)
2> 0 o)
H H
NaH CHOH
a
+ HCO,C,H; e
H H
(trans) (69%, mixture of cis and

trans at ring junction)

. I [
3°  CH;CCH; + CH5(CH,)4CO,C,Hs ¥, CH,CCH,C(CH,),CH;  (s4-65%)

I . I
4 CH;CCH; + 2(CO,C,Hs), OB, Yy 41 ¢,0,CCH,CCH,CCO,C,Hs  85%)

O
NaH CO,C,H;
+O0=C(OC,;H;), — ©/<91-94°/o)

5¢ O
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predicted on the basis of considerations of relative stability. Once formed, hydroxy-
methylene compounds have several synthetic uses. A hydroxymethylene group can
be converted to methyl via reaction with a mercaptan followed by reduction.>*

(o] 0] 0O
Ph nHco,ch, Ph CHSCaHs ey PP CH,
1HEOET, Raney No
2) BuSH

Aluminum hydride reduction of sodium enolates of hydroxymethylene ketones
gives hydroxymethyl ketones.*’

A sequence for directing an alkylation to a monosubstituted site has been
developed; the sequence involves a dianion intermediate™®

NaOMe CHO KNH,
HCO C,H,

CH 1
o) o
CH, cH, § (l_,H
CH, 5‘:_"; CH,

On the other hand, if an unsymmetrical ketone is to be alkylated at the site
where acylation would be favored, the hydroxymethylene derivative can be directly
subjected to alkylation. Condensation with ethyl carbonate or diethyl oxalate before
alkylation can also serve the purpose of increasing reactivity at the a position of
a ketone. The resulting B-keto esters are readily alkylated by the procedures
described in the previous chapter.

Related synthetic intermediates are the B-keto sulfoxides, which are prepared
by acylation of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>