Lateral Lithiation Reactions Promoted by

Heteroatomic Substituents

Robin D. Clark, Syntex Corporation, Palo Alto, California
Alam Jahangir, Syntex Corporation, Palo Alto, California

1. Introduction

Heteroatom-facilitated lithiation reactions have assumed an increasingly
important role in the elaboration of carbocyclic aromatic and heteroaromatic
systems in the 40 years subsequent to the seminal review on metalation with
organolithium reagents by Gilman and Morton. (1) Of particular note has been
the development of methodology for the lateral lithiation of alkyl-substituted
aromatic systems promoted by an extensive array of heteroatomic substituents.
These lithiations, as defined by Eg. 1, involve deprotonation at a benzylic (side
chain) position that is lateral to, or flanked by, a heteroatom-containing
substituent
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(G); this substituent facilitates lithiation relative to the parent system in which G
is not present. The derived lithiated species have great synthetic utility for
functionalization of benzylic sites, for chain extensions, and for the synthesis of
fused carbocyclic and heterocyclic systems via annelation processes. This
chapter summarizes the significant amount of work reported on
heteroatom-facilitated lateral lithiations and the synthetic applications thereof.
The survey covers the substituents that promote these reactions, and the
methods of formation, stability, reactivity, and synthetic utility of the lithiated
species.

Coverage is limited to examples of Eq. 1 in which the R* group is hydrogen
(toluene derivatives), alkyl, or aryl. Examples that would be better classified as
alpha-lithiations are not covered, for example, where R is an anion-stabilizing
group such as cyano, carboxy, and so on. Rare examples of lithiations of alkyl
groups that are meta or para to the facilitating group G are included in the
chapter, although these are not, strictly speaking, lateral lithiations as defined



by Eq. 1. Also included are a limited number of older lateral metalations that
were originally effected with sodium or potassium bases but would now be
more conveniently carried out with lithium dialkylamide bases.

The aromatic nucleus in Eq. 1 may be carbocyclic or heterocyclic, but lateral
lithiations of heterocycles lacking the heteroatomic substituent are not covered.
For example, lithiation of nicotinamides (Eq. 2) are included; however,
lithiations of picolines, and other heterocyclic systems defined by Eq. 3, are
considered beyond the scope of this chapter. The latter subject has been
extensively reviewed in treatises on heterocyclic chemistry. (2-6)
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ortho lithiations (Eq. 4) is obvious and the two fields have developed, for the
most part, in concert. With several notable exceptions, the same heteroatomic
substituents (G) promote both types of lithiations. A number of reviews cover
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G = heteroatomic substituent

various aspects of ortho lithiation reactions, (7-11) including the
comprehensive chapter in Organic Reactions by Gschwend and Rodriguez
that surveyed the literature to 1979. (12) In the present chapter, the
relationship of lateral lithiation and ortho lithiation reactions will be discussed
within the contexts of mechanism, reactivity, and synthetic utility. In addition,
the sequential use of these two lithiation processes for the synthesis of
complex aromatic and heteroaromatic systems is covered.



2. Mechanism

Detailed studies on the mechanism of heteroatom-facilitated lateral lithiation
reactions have not been reported. However, on the basis of extensive
empirical observations of the reaction conditions and structural elements that
promote these reactions, a mechanistic picture is emerging that can be used in
a predictive manner for synthetic work and that may form a basis for future
mechanistic investigations.

The mechanistic aspects of heteroatom-facilitated ortho lithiations of aromatic
substrates (Eq. 4) have been thoroughly discussed in several reviews, (11, 12)
and the principles described therein can be applied, with certain modifications,
to a discussion of heteroatom-facilitated lateral lithiation reactions. Two major
factors have been proposed for the facilitation of ortho lithiations by
heteroatomic substituents. (12) One factor is described as a “coordination
only” effect in which the predominant role of the substituent is to coordinate (or
complex) with the organolithium reagent. This coordination increases the
kinetic basicity of the organolithium reagent and concurrently directs
deprotonation at the ortho position. The other factor is described as an
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heteroatomic substituent render the ortho position susceptible to proton loss.
In many cases, the two effects act in concert as complexation of the
organolithium reagent with the heteroatomic substituent may increase the
acidifying inductive effect of that substituent.
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instructive to briefly consider the lithiation chemistry of toluene, which of
course contains no heteroatomic substituent to promote lithiation. Toluene is
relatively difficult to lithiate, (13) requiring treatment with n-butyllithium in the
presence of 1,4-diazabicyclo[2.2.2]octane (Dabco) (14) or
N,N,N¢,N¢-tetramethylethylenediamine (TMEDA) (15) at or above room
temperature. With n-butyllithium: TMEDA, lithiation occurs predominantly at
the benzylic position with ca. 8-12%, predominantly meta, ring metalation also
observed. This regiochemical outcome appears to result from direct
deprotonation, as opposed to initial kinetic deprotonation on the ring followed
by equilibration to the thermodynamically more stable benzylic anion. (15, 16)
Complete regiochemical control in the benzylic metalation of toluene can be
achieved with the “superbase” combination of 2-ethylhexyllithium and
potassium tert-pentoxide. (17)

As compared to the lithiation of toluene, (13) benzylic lithiation of
N,N-dimethyl-2-methylbenzylamine with n-butyllithium occurs under milder



conditions and is completely regioselective (Eq. 5). (18, 19) This facilitation
can be attributed
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to coordination of n-butyllithium with the lone pair of the nitrogen which directs
the organometallic reagent to the site of lateral metalation. The ability of amine
ligands, such as TMEDA, to increase the kinetic basicity of alkyllithium
reagents is well established, (10) and the activation provided by the
dialkylamino group in the present example is a reflection of that effect. The
process illustrated in Eqg. 5 exemplifies the principle of the complex induced
proximity effect (CIPE), (20) an effect that has widespread implications for
interpreting the stereochemical and regiochemical results of a variety of
reactions of organolithium reagents. Thus, as in the ortho lithiation field, (18,
21) the dimethylamino group provides a prototypic example of a heteroatomic
substituent that facilitates lithiation predominantly, if not exclusively, through
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The lithiation of N,N-diethyl-o-toluamide (Eq. 6) (22) is illustrative of a
facilitated lateral lithiation in which the inductive and resonance effects of the
heteroatomic
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substituent predominate. Viewed simplistically, such lithiations involve
extended enolate formation and the resultant lithio species can, in principle, be
represented by o-quinodimethane resonance structures. However, it must be
stressed that the structure of these lithio species has not been established;
hence, whereas the intense color of the anions is indicative of electronic
delocalization, the actual electronic structure is unknown. It is only as a matter
of convenience, therefore, that the structures of laterally lithiated species are
represented throughout the chapter as the benzyllithium (localized) form.
Lithiations at benzylic positions of high intrinsic acidity are normally effected
with lithium dialkylamide bases, such as lithium diisopropylamide (LDA) or
lithium tetramethylpiperidide (LTMP). These bases are generally regarded to
have negligible Lewis-acid character relative to organolithium reagents (12)
and are therefore widely used in situations where coordination effects are not




required.

Support for the contention that coordination effects are not of major importance
in the deprotonation in Eq. 6 derives from observations on the regiochemistry
of lithiation of N,N-diisopropyl-p-toluamide (1). (23) As determined by
deuteration studies, lithiation of 1 with LDA affords the benzylic anion,
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whereas lithiation with sec-butyllithium: TMEDA gives the ortho lithiated

species. Lithiation with LDA appears to give the thermodynamically more
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the regiochemistry of metalation. Formation of the ortho lithiated species with

sec-butyllithium: TMEDA is presumably a kinetic result, and can be

rationalized by complexation effects. While these results are illustrative of

electronic versus coordination effects, in lateral lithiation reactions (Egs. 1 and
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The discussion above provides a general overview of the features that
promote lateral lithiation reactions and provides an empirical basis for
selection of the experimental conditions under which a given lateral lithiation
can be effected. However, the mechanistic details of these metalation
processes remain to be elucidated. The task of defining the precise
mechanism of these reactions is a daunting one, given the tendency of
organolithium derivatives to associate into aggregates, a phenomenon that is
highly dependent on reaction conditions (solvent, temperature, additives, etc).
®Li and N nuclear magnetic resonance spectroscopy, using isotopically
enriched substrates, is providing insight into the solution structures of lithium
dialkylamides and related N-lithiated species. (24) Similarly, X-ray structures of
benzyllithium coordinated by various ligands have been determined. (25-28)
Application of these techniques to the field of heteroatom-facilitated lithiation
reactions will provide invaluable information on which a firmer mechanistic
base can be established.



3. Scope and Limitations

3.1. Formation and Reactivity of the Lithiated Species

In this section, the alkyl-substituted carbocyclic aromatic and heteroaromatic
derivatives that undergo lateral lithiation, and the conditions used to effect
these metalations, are described on a class-by-class basis. A general
indication of the stability and reactivity of the laterally lithiated species is also
given. A more detailed description of the substrates that react with these lithio
species and of the synthetic utility of these reactions is presented in
subsequent sections.

3.1.1. Toluic Acid and Derivatives

3.1.1.1.1. Acids

The lateral lithiation of o-toluic acid is readily accomplished by treatment with
two equivalents of lithium diisopropylamide (LDA) in tetrahydrofuran at 0° (Eq.
7). (29) Other bases that have been used to effect the dilithiation of o-toluic
acid
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and ring-substituted derivatives thereof are lithium tetramethylpiperidide
(LTMP), (30) n-butyllithium, (31) sec-butyllithium, (32) and tert-butyllithium. (33)

Deprotonatj iml m QHGE-D mperature
(=78°) to miniize D Theltoldiclaciyl dilithio
species are stable in tetrahydrofuran solution at room temperature and react

with a variety of electrophiles to provide ortho substituted benzoic acids (Table
I-A).

The o-toluic acid dianion generated with LDA (Eq. 7) does not incorporate
deuterium upon treatment with deuterium oxide. (29, 34) This result is
rationalized on the basis of a molecular complex between the dianion and
diisopropylamine and the exclusive transfer of the amine NH to the benzylic
position in a noncompetitive process. (29) Evidence for this complex was
obtained from the *H NMR spectrum of the residue obtained after evaporation
of the reaction mixture from deprotonation of o-toluic acid with LDA. This
spectrum displayed signals for one molecule of diisopropylamine per molecule
of o-toluic acid. Probably related to the failure to obtain deuterium
incorporation are the observations that the presumed dianion—LDA complex
affords o-ethylbenzoic acid in poor yield upon quenching with methyl iodide,
whereas the dianion generated with n-BuLi at low temperature gives the
methylated product in 84% yield. (31)



The facilitation in the lateral lithiation of o-toluic acid is presumably related to
the electron-withdrawing properties of the carboxylate group. Thus it is not
surprising that p-toluic acid is dilithiated with LDA under similar conditions. (29)
Dilithiation of m-toluic acid can be accomplished with low efficiency relative to
0- and p-toluic acids, an indication of the importance of the resonance effects
of the carboxylate groups in the latter two isomers.

3.1.1.1.2. Esters

Although methyl o-toluate (2) undergoes lateral lithiation upon treatment with
LDA at —78°, the resulting lithio species rapidly undergoes self-condensation to
an isocoumarin. (35) The same dimerization occurs with the 3-methoxy

derivative 3.
CO;Me
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R
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However, if the ester functionality is flanked by a methoxy group, the resulting
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2. (PhS)2

{87%)

methoxy substituent is attributable to a decrease in the electrophilicity of the
carboalkoxy group resulting from both electronic and steric factors. With the
proviso that an ortho¢ methoxy group is present, toluate ester lithio derivatives
demonstrate good reactivity and have been condensed with a wide variety of
electrophiles (Table I-B). An ortho¢ hydroxy substituent, which as the lithium
alkoxide is expected to decrease the electrophilicity of the carbomethoxy
group to an even greater extent by an electronic effect, also confers stability to
an alkyl toluate lithio derivative (Eg. 9). (36)
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3.1.1.1.3. Phthalides and Thiophthalides

Phthalide can be viewed as a special case of a toluic acid ester. The weakly
acidic nature of this heterocycle has long been recognized, and various
base-catalyzed aldol and Dieckmann condensation reactions have been
reported. (37, 38) Coverage in this chapter is limited to irreversible
deprotonations of phthalides that are formally analogous to the lithiations of
toluates discussed in the previous section. Phthalide is lithiated with LDA at
temperatures ranging from —40 to —78°, and unlike the methyl toluate lithio
derivative, the resulting lithio species is relatively stable toward dimerization
and is effectively trapped with electrophiles (Eq. 10). (39) Although there is no
direct evidence
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in this regard, the stability of the phthalide anion relative to lithiated methyl
toluate may reflect an increase in resonance stabilization of the lithio species
which can attain an essentially planar structure. A number of annelation
processes based on addition of phthalide anions to a, B -unsaturated systems
are described in subsequent sections.

Thiophthalide (4) can also be lithiated, although the resulting anion appears to
be less stable than that derived from phthalide. (40, 41) Thus treatment of 4
with LDA at —60° followed by addition of ethyl acrylate affords an intractable
mixture of products. Substitution of lithium tert-butoxide for LDA in the same
reaction sequence results in formation of the adduct 5, albeit in low yield. Low
to moderate
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yields are also obtained in the addition of the lithio species of thiophthalide to
other Michael acceptors. (40, 41)

3.1.1.1.4. Secondary Amides and Thioamides

The ease of generation, stability, and general reactivity of dilithiated secondary
toluamides makes them one of the most useful laterally metalated derivatives.
The lithiated alkylcarboxamido group, generated by addition of the first of two
equivalents of base, is not only highly resistant to nucleophilic attack, but also
facilitates the subsequent lateral lithiation of the methyl group by a combination
of coordination and electronic effects. Thus the dilithiation of
N-methyl-o-toluamide is accomplished by treatment with two equivalents of
n-butyllithium in tetrahydrofuran at 0° (Eq. 11). (42)
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The dilithio species was originally prepared in tetrahydrofuran at reflux
temperature, (43) and whereas these conditions give an indication of the
stability of the dianion, they are much harsher than required to effect the lateral
metalation.

The N substituent of the carboxamide can be almost any group that is
otherwise compatible with the lithiation conditions; hence the nature of the
substituent can in many cases be dictated by the structure of the desired final
product as in Eq. 12. (44)
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Cl Cl  (70%)



OO0O0000 CHobes 1d

An interesting variant for the generation of a secondary toluamide dianion is
shown in Eq. 13. (45) An ultrasound-promoted Barbier reaction is used to
convert
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Br Na, THF, HMPA
@ ultrasound, rt NBu-t p.BuLj, -78° NBu-t
+-BuNCO M
o M = Na, Li (13)
p-MeOCgH,CHO NHBu-t
OH
(63%) CeHyOMe-p

o-bromotoluene to the sodium salt of N-tert-butyl-o-toluamide. Subsequent
addition of n—butillithium effects lateral metalation to afford the dianionic

only reported examples use tert-butyl isocyanate in the Barbier reaction, the
scope of this procedure in terms of the amide nitrogen substituent has not
been defined.

E the

s wE
developmentormen ogy Tor afi 0N O OO Mdes with N

substituents that can subsequently be unmasked to the primary carboxamido
group. Thus the acid-labile 1-propenyl (46) and 2-methyl-1-propenyl (47)
moieties can be used as nitrogen “protecting groups.” The symmetry inherent
in the latter affords the practical advantage that cis/trans isomer mixtures are
avoided. The utility of the N-(2-methyl-1-propenyl) substituent is illustrated by
the synthesis of benzamide 6. (47, 48) A methoxy group can play a similar role
as a removable nitrogen substituent. (49) Lateral lithiation of
N-methoxy-o-toluamide (7) followed by condensation with
N,N-dimethylformamide and acid treatment affords

(0] | 0]
1. LTMP (2 eq), |
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N-methoxyisoquinolone (8). The methoxy group is removed from the
isoquinolone nitrogen by treatment with titanium trichloride.

O
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2. DMF o EtOH N
3. HCl
7 8 (60%) (81%)

Secondary thioamides can be similarly dilithiated (Eqg. 14), (50) and although
this is the only reported example, the methodology would be expected to have
general applicability.
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The tertiary Carboxamido group ranksas one oqgngl powerumdirecting
groups for ortho lithiation reactions, (23) and numerous synthetic applications
have been developed based on the resulting ortho lithiated species. (11)
Similarly, the lateral lithiation of tertiary o-toluamides has been extensively
investigated. Most widely used have been N,N-diethyltoluamides which are
easily lithiated with LDA, generally at low temperature (Eqg. 15). (51) The
resulting lithio
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species are somewhat prone to self-condensation, hence the use of higher
temperatures for the lithiation is generally to be avoided. Less commonly used
have been N,N-dimethyl (51) and N,N-diisopropyl (22) amides which normally
do not offer practical advantages relative to the corresponding diethyl



derivatives.

The N,N-diethylcarboxamido group is particularly useful in transformations
involving subsequent ring closure reactions, either of the indirect type
exemplified by the base-promoted cyclization to form the lactone in Eq. 15, or
of the direct type as in cyclocondensation with imines to form
dihydroisoquinolones. (52) However, the extremely unreactive nature of the
tertiary amido group can be detrimental in other applications, for example, in
hydrolysis to the corresponding carboxylic acid. Thus several protocols for the
use of more labile tertiary amides have been developed. For example, lateral
lithiation of the N-methylpiperazinyl-o-toluamide 9 followed by alkylation
affords the o-butylbenzamide 10. (53) Conversion
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presumably first to the N-(2-dimethylaminoethyl)benzamide which then
undergoes intramolecularly assisted hydrolysis to the final product. For
comparison, N,N-diethyl-o-toluamide was completely resistant to hydrolysis
with 6 N hydrochloric acid. (53) Alternative methodology involves lateral
lithiation of N-(tert-butyl)-N-methyl-o-toluamides. (54) Cleavage of the
N-(tert-butyl) group with trifluoroacetic acid provides the secondary amide,
which can be converted to the acid by nitrosation and base treatment. These
multistep sequences would appear to be useful only when the corresponding
toluic acids or secondary toluamides are not readily available.

involving
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On the basis of its strong electron-withdrawing effect, the tertiary carboxamido
group also facilitates lithiation of meta and para methyl groups. (22) Facilitation
can also be extended to lithiation of a methyl group in an adjacent benzene
ring, as in the transannular lithiation—cyclization of the biphenyl derivative 11.
(55)



HO
Ei,NOC

OO = OO
THF, 0*

11 (92%)

3.1.1.1.6. Nitriles

The metalation of o-tolunitrile was one of the earliest lateral metalation
reactions to be studied. Potassium amide (56) or sodium amide (57, 58) in
liquid ammonia was used to generate laterally metalated species which were
qguenched with electrophiles to provide substituted benzonitriles (e.g., Eq. 16).
(57) Under

CN CN
1. KNHa. NH;
2. PhCH,CI (16)
Ph
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similar conditions, p-tolunitrile was metalated and alkylated in high yield
whereas m-tolunitrile afforded only unidentified products. (58)

In the absence of added electrophile, laterally metalated o-tolunitriles dimerize

to afford is@@ X :-w~ @tolunitrile.

(59)
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This transformation is accomplished in higher yield (80%) with lithium
dimethylamide in tetrahydrofuran-hexamethylphosphoric triamide (HMPA) at
—78°. (60) In general, use of the more common lithium dialkylamide bases LDA
and LTMP in tetrahydrofuran (Eqg. 17) (61) would appear to be more
convenient for effecting lateral lithiation of 2-alkyl arylnitriles.
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In situ generation of the lithio species from 2,6-dicyanotoluene is accomplished
by treatment of the bis-N,N-dimethylhydrazone derivative 13 with three
equivalents of LDA. (62) Conversion of the dimethylhydrazone group to the
cyano group appears to involve base-promoted elimination of dimethylamine.
Alkylation of the lithio species with iodomethane affords the same product (14)
that can

“NNMe; LDA (3¢q) @/ Mel @/
“THF, -78°
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14 (81%)

be obtained directly from lithiation and alkylation of 2,6-dicyanotoluene. In
principle, these results indicate that derivatization of a tolualdehie to the
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could be a useful process for preparation of substituted o-tolunitriles.

3.1.1.1.7. Oxazolines

The 2-oxazolinyl moiety is a versatile substituent that functions as a director of
ortho lithiation reactions and aromatic nucleophilic substitution processes. (63)
In addition, procedures have been developed for unmasking oxazolines to the
corresponding carboxylic acids, and for conversion to other functional groups
including amides, nitriles, and aldehydes. (63) As regards lateral lithiation
reactions, the chelating ability of the 2-oxazolinyl group facilitates lithiation of
tolyl methyl groups. Thus lateral lithiation of o-tolyloxazoline 15 is achieved
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with n-butyllithium at 0°, and the resulting anion is trapped with electrophiles in
high yield. (64) The 4,4-dimethyl-2-oxazolinyl group has been used most
widely, whereas the unsubstituted parent 2-oxazoline and the corresponding
5-methyl derivative have found occasional use (Table I-).

3.1.1.1.8. Imidazolines and Tetrazoles

The lithium salt of the 2-imidazolinyl group facilitates lateral lithiation although
the conditions required to effect deprotonation are harsher than those required
to effect metalation of the oxazolines discussed above. This difference
probably reflects the decreased capability for chelation of the delocalized
imidazolinyl lithio species. Condensation of the dilithio species with benzoate
esters provides cyclic derivatives (Eq. 18). (65)

ﬁ
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The related lateral lithiation of 5-(2-methylphenyl)tetrazole is effected with two
equivalents of sec-butyllithium in the presence of TMEDA, and the resulting
lithio species can be monoalkylated in good yield (Eqg. 19). (66)
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3.1.1.2. Tolyl Ketones

The only reported examples of lateral lithiations facilitated by a nonenolizable
ketone function involve 2-alkylphenyl tert-butyl ketones (e.g., 16). (67)
Deprotonation of 16 with LDA followed by condensation with acetone affords
an adduct that exists predominantly as the lactol.
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A ketone enolate can also facilitate lateral metalation. Treatment of
2,4,6-trimethylacetophenone with two equivalents of n-butyllithium: TMEDA
affords predominantly the dianion 17 as determined by quenching with
chlorotrimethylsilane. (68)

0
n-BuLi: TMEDA
(2 Eq}. hexane Li TMSC]
TMS

(85%)
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'H NMR experiments establish that the ketone enolate is formed initially and
that the lateral metalation occurs subsequently. A dilithio species can also be
generated from 2-methylacetophenone by treatment of the silyl enol ether with

excess n-but II|th|um TMEDA apping with chlorotrl eth IS|Iane glves the
bis-silylated dHrivHt . ii o it 2| of minor

n-BuLi:TMEDA .
OTMS (2 eq), hexane OLi  TMscl OTMS
Li TMS

18 (B0% of a mixture)

products resulting from disilylation of the 2-methyl group and from silylation of
the acetophenone methyl group. (68) Reaction of these lithio species with
other electrophiles has not been reported.

3.1.2. Tolualdehyde Derivatives

3.1.2.1.1. Amido Adducts

The electrophilicity of the aldehyde group clearly precludes direct lateral
lithiation of o-tolualdehydes; hence, several protocols have been developed for
lithiation of o-tolualdehyde derivatives in which the aldehyde group is protected.
A particularly convenient procedure uses the amido adduct (e.g., 19) formed
by addition of the lithium salt of N,N,N¢-trimethylethylenediamine
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(LTMDA) to the aldehyde. (69) The amido adduct protects the aldehyde from
nucleophilic attack while facilitating subsequent benzylic lithiation via
coordination of the nitrogens of the ethylenediamine moiety with n-butyllithium.
Treatment of the resultant lithio species with an electrophile, followed by acid
hydrolysis of the aminal, provides the ortho-substituted benzaldehyde.

Use of the N,N,N¢-trimethylethylenediamine adduct is crucial to success of the
lateral lithiation discussed above. The correlj)ondlnEI adduct 20 formed

P DEIﬁiZIEIE%EIDDD D@m

benzene, 80°
20 (50%)

of lithium piperidide to o-tolualdehyde undergoes ortho, rather than lateral,
lithiation as evidenced by the formation of 2,6-dimethylbenzaldehyde upon
quenching with methyl iodide. (69) The underlying mechanisms responsible for
the difference in regiochemistry observed in the lithiations of 19 and 20 remain
to be elucidated.

3.1.2.1.2. Imines

The N-cyclohexylimine of o-tolualdehyde undergoes lateral lithiation with
LTMP, and the resultant lithio species is trapped with electrophiles in good
yield (Eq. 20). (70) Aqueous workup provides the imine product 21, which is
hydrolyzed

DDDDDD%DDDDDDDDDI



21 (89%)

=N : _LTMP (2 eq) @:\iﬂ
THF, -15°

to the aldehyde with aqueous HCI. Two equivalents of LTMP are required to
effect complete deprotonation of the tolualdehyde imine. Incomplete
metalation was observed with LDA whereas alkyllithium reagents
(n-butyllithium or tert-butyllithium) added to the carbon-nitrogen double bond
of the imine.

/sz_ﬂ.,

3.1.2.1.3. Imidazolidines
The 1,3-dimethylimidazolidinyl group also serves as a protecting—facilitating
group for the lateral lithiation of o-tolualdehyde (Eq. 21). (71)

Me, # Me,
N——} N/w N’>
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Alkylation at the benzylic position occurs in high yield, and the imidazolidine is
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HCI at room erature.
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(90%)

3.1.2.2. 2-Methylbenzyl Alcohols

The benzylic alkoxide group affords relatively weak facilitation in the lateral
lithiation of 2-methylbenzyl alcohol (22). This lateral lithiation requires
treatment with n-butyllithium in ether for 24 hours at room temperature or 4
hours at reflux. The derived dilithio species is trapped with electrophiles at the
benzylic position in fair to excellent yield. (72)

~Li
OH n-BuLi(2eq) 0 EtBr OH
ether L
: Pr

=n
22 (92%)

3.1.2.3. Cresol and Thiocresol Derivatives



0-Cresol can be laterally metalated with the “superbase” (73) n-butyllithium:
potassium tert-butoxide in heptane at reflux although only ca. 85% conversion
to the dianion 23 is achieved. (74) As the

OH oM
n-BuLi:-BuOK (4 eq) @1/
heptane, reflux, 3 h M

23 M=LiorK

conditions required to effect this transformation are at least as vigorous as
those required to metalate toluene itself, (17) classification of this dimetalation
as “heteroatom facilitated” does not seem warranted. For this reason, the
metalation chemistry of the cresols (74, 75) is not covered in this chapter
although there are potentially useful synthetic aspects encompassed within
that field.

3.1.2.3.1. Ethers

Lateral lithiation of o-methylanisole with organolithium reagents suffers from

competing ortho lithiation. As determined by carbonation of the resulting lithio

species, treatment with n-butyllithium in cyclohexane affords a 67:33 ratio of
00000000RARRNAERAMAREDMnANEAnNCOOERENO00000000

ortho lithiation is reversed to 25:75. (76) Lateral metalation appears to be

favored with n-butyllithium:potassium tert-butoxide, although an additional

complication involving an apparent dealkylation—alkylation process enters into

this lithiation reaction (Eq. 22). (77) Anions derived from o-alkylanisoles (as
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OMe 1. n—BuLl I BuDK OEt
@L 2. {an}-,.snz @:ﬁ n @[ (22)

(49%) (25%)

as from the meta and para isomers) can also undergo a rearrangement
wherein migration of the methyl group from oxygen to carbon occurs, although
this can largely be avoided by conducting the lithiation at or below room
temperature. (77) Thus when these various complicating factors are taken into
account, the lateral metalation of o-alkylanisoles appears to have limited
synthetic utility.

Lateral metalation of 2,6-dimethylanisole (24) with n-butyllithium followed by
guenching with cyclohexanecarboxaldehyde affords a moderate yield of
mono-substitution product. (78) Treatment of 24 with excess



n-butyllithium:potassium tert-butoxide affords a laterally dimetalated
intermediate as determined by quenching with diethyl sulfate. (77)

1. n-BuLi, THF, OMe
0°tort OH
2. CgH{CHO
OMe (48%)
Pr-n
2 1. n-BuLi:r-BuOK, OMe
heptane, 1t
2. (Et0»RS80
12503 Pr-n
(62%)

Lithiation of the methoxymethyl (MOM) ether of o-cresol (25) with
tert-butyllithium affords the ortho lithio species with greater than 99%

regio-specificity. (79-81) The corresponding methyl ether affords a 42:58 ratio
O0000000EHRIEHS Elérllﬁlﬂlzi b Edridliots] [7H Tndfel hfebid ol d 111 C1 CICICI O

no experimental evidence on which to base an explanation for the different
regiochemistries observed for these lithiations.
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0 0 OMe
S +-BuLi, iCHzCHzC] ~
hexane, 0°

25 (87%)

3.1.2.3.2. Thioethers

Treatment of 2-methylthioanisole with n-butyllithium results in lithiation
predominantly at the thiomethyl group as determined by reaction with carbon
dioxide (Eqg. 23). (82) Products resulting from lateral and ortho lithiation are



CO;H

SMe L. n-Buli, ether, SCH:C\D;H
reflux, 4 h
2.CO, (23)

26 27 CO,H
26:27.28 = 68:29:3

also observed. With n-butyllithium: TMEDA, lithiation of the thiomethyl group of
2-methylthioanisole is almost the exclusive pathway. Exclusive lateral lithiation
is observed when both ortho positions are substituted with methyl groups and
the alkyl group on sulfur is isopropyl, as in compound 29. In the absence of
one of the aryl methyl groups in 29, ortho lithiation becomes a competing (with
n-butyllithium), or almost exclusive (with n-butyllithium: TMEDA), reaction. (82)

SPr-i 1. n-Buli, ether,
| ke _ reflux, 4h
= 2.CO, CO.H

0000000000000000000000000000000000000000000

Treatment of 2-methylthioanisole with two equivalents of n-butyllithium:
™ EDA glves d|||th|o ﬁmes 30 as ewdencedi‘formatlon of electrophlllc

involve inltlal
SMe SCH,Li SCH;TMS
n-BuLi:TMEDA (2 eql TMSCl
@1 hexane, rt, 12 h CK/ Li TMS

3N (71%)

metalation of the thiomethyl group, an assumption in accord with the results
given above on the monolithiation of the same substrate. The partially negative
sulfur atom then directs the second equivalent of n-butyllithium to the site of
benzylic deprotonation. Consistent with the proposed facilitation by the
thioether group in the lateral lithiation is the lack of benzylic lithiation observed
when the methyl group is meta or para to the thiomethyl group. (84) In those
cases, ortho lithiation occurs in addition to lithiation of the thioether group.

3.1.2.3.3. Dialkyl Carbamates
The diethyl carbamate of o-cresol (32) undergoes lateral lithiation with LDA
and affords the silylated derivative 33 upon quenching with trimethylsilyl



chloride along with a minor amount of the bis-silylated product 34. (85) The
latter product presumably derives from proton transfer during the

O,CNE O,CNEt 0,CNEt
2 2 1. LDA, THF, -78° g g + € :
2. TMSCI TMS TMS

32 33 (66%) 3M(12%) TMS

silylation reaction. As in the lithiation of 2-methylanisole described above, the
regiochemistry of lithiation in carbamate 32 is base dependent. Thus,
treatment of 32 with sec-butyllithium: TMEDA affords a 2:1 ratio of ortho to
laterally lithiated species as determined by silylation. The benzylic anions
derived from lateral lithiation of o-cresol carbamates undergo an
oxygen-to-carbon carbamoyl migration upon warming to room temperature (Eq.
24). (86) This rearrangement is

0,CNEt,
Li 28 CONEt,
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lithiated O-aryl carbamates. (85)

3.1.2.3.4. Tetraalkylphosphorodiamidates
The bis(dimethylamino)phosphoryl group appears to be the most efficient

e suE v E R e g
N,N,N¢,N¢-tetramethylphosphorodiamidate WIth Sec-butymtnium
OPO(NMe;), OPO(NMe;), OPO(NMe3)»
_s-Buli _ _Mel
“THF, -105°

as (81%)

at —105° gives the extremely reactive benzylic anion which reacts with a
number of electrophiles below —90° (Table V-D). (87) LDA can also be used to
effect the lithiation, although sec-butyllithium appears to be more effective and
has been used in almost all of the reported examples. With either base,
lithiation of 35 occurs exclusively at the benzylic position. The corresponding
o-thiocresol derivative 36 is lithiated and trapped with electrophiles under
essentially the same conditions. (88)



SPO(NMey); 1. s-BuLi, THF, SPO(NMe,),
-105°
©i 2.C0O, @[,CO:H

36 (96%)

3.1.3. Toluidine Derivatives

3.1.3.1.1. N,N-Dialkyl

The metalation of N,N-dimethyl-o-toluidine (37) was studied in detail and use
of n-butyllithium: TMEDA in hexane for ca. 3 hours at room temperature was
found to maximize lateral, as opposed to ring, lithiation. (89) Deuteration
studies indicate that under these conditions the ratio of benzylic to ring
(presumed to be ortho) lithiation is 10:1. This is confirmed by the high yield of
the adduct obtained by condensation of the lithio species with benzophenone
(Eqg. 25). (89) With n-butyllithium alone (no TMEDA), the lithiation is not

NMe; Nﬁz NMe,
n-BuLi:TMEDA N s, Sl OH (25)
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only considerably slower, but the amount of ring lithiation is increased. This is
an unusual example of a less basic lithiating agent demonstrating greater

selectivity fE S atﬂﬁam. E r@m mino
group facili es it to € methy u@ 0 rgc’omripxation with

the n-butyllithium: TMEDA complex is provided by the regiochemistry of
lithiation of N,N-dimethyl-p-toluidine. In this case, exclusive ortho lithiation is
observed with either n-butyllithium or its TMEDA complex. (89)

3.1.3.1.2. Carboxamides

The synthetic utility of N,N-dialkyltoluidine derivatives is obviously somewhat
limited; hence lateral lithiations of toluidines with more versatile nitrogen
substituents have been developed. Acylated o-toluidines, as exemplified by
the N-pivaloyl derivative 38, readily undergo lateral lithiation upon

Bu
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treatment with two equivalents of an organolithium reagent. (90) As in the
corresponding ortho lithiation reaction, (90) the deprotonated carboxamido
moiety presumably facilitates lateral lithiation through coordination with the
organolithium reagent. Acyl residues that can be used are limited to secondary
alkyl, (91) tertiary alkyl, (90, 92) or phenyl; (92) toluidine acetamides
apparently do not undergo lateral lithiation with excess base. (92)

Dilithio species from N-acyl o-toluidines are quite stable and react well with
electrophiles (Table VI-B). Upon prolonged storage at room temperature (in
the absence of an added electrophile), these dianions undergo intramolecular
condensation with elimination of lithium oxide to provide 2-substituted indoles
in good yield (Eg. 26). (90-92) This synthetically useful transformation is
discussed in greater detail in the Synthetic Utility section.

BulLi (2 i, 16h
HCOPh : ﬁ (26)
(90%)
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.1.3.1.3. tert-Butyl Carbamates
The N-tert-butoxycarbonyl (Boc) group facilitates lateral lithiation in much the
same manner as the N-pivaloyl group. The Boc derivative of o-toluidine (39) is
rapidly converted to the dilithio species with
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sec-butyllithium at —40°, and subsequent reactions with electrophiles proceed
in good yield. (93) Formation of the dianion with n-butyllithium is less
satisfactory, presumably because of competing addition to the Boc group. The
dilithio species is less stable than the N-pivaloyl-o-toluidine dianion and
undergoes decomposition upon warming to room temperature; the formation of
oxindole, the potential intramolecular condensation product, is not observed
under these conditions. Boc derivatives of secondary anilines also facilitate
lateral metalation, as evidenced by the lithiation of Boc-indoline 40 and
subsequent reaction with chlorotrimethylsilane. (94)



1. -BuLi: TMEDA,

THF, -78° TMS
2. TMSCI
NCO,Bu-t NCO;Bu-t
40 (74%)

3.1.3.1.4. tert-Butoxycarbonyl Hydrazines
The lateral metalation of the Boc-hydrazine derivative 41 (95) is directly related
to the lithiations of Boc-o-toluidines

Li

L;i\o,,-‘ Bu-s H
N 3?;;%1?} :-BBDBI"/—P N
41 NHCO,Bu-t N llIYﬂLi
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discussed i EIE"E Paf{b as
‘reaching over the taCe of the tetrahydroquinoline Ting, thereby directing the

organolithium reagent to the site of benzylic lithiation. This is an interesting and
somewhat unexpected result in light of the regiochemistry of lithiation of the
analogous Boc-tetrahydroquinoline, (96) which undergoes ortho lithiation (i.e.,
at the 8 position), and the lithium carbamate (97) and formamidine derivatives
(98) of tetrahydroquinoline, which undergo a lithiation (i.e., at the 2 position).
The Boc-hydrazine directed lateral lithiation is also applicable to the indoline
and benzazepine ring systems. (95)

3.1.3.1.5. Lithium Carbamates

A method for the in situ protection of the amino group of o-toluidine with
simultaneous activation for lateral metalation is based on conversion to the
lithium carbamate derivative. (99) Treatment of o-toluidine with n-butyllithium
followed by quenching with carbon dioxide provides the lithium carbamate 42.
Removal of excess carbon dioxide by evaporation of solvent followed by
addition of tetrahydrofuran and two equivalents of tert-butyllithium gives the
trilithio species 43. Treatment with an electrophile and subsequent
decarboxylation
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1. p-MeCgH4CHO
2. HCI OH
NH (59%)

2

on workup with aqueous hydrochloric acid provide the 2-substituted aniline.
The sequence is equally applicable to N-methyl-o-toluidine, in which case an
intermediate dianion is involved. (100)

3.1.3.1.6. Trimethylsilyl Derivatives

Silylation can be used as an alternative to carboxylation in providing an easily
removable N-protecting group for lateral metalation of o-toluidines. Lateral
metalation of N-trimethylsilyl-o-toluidine (44), originally achieved with
n-butyllithium in hexane at reflux, provides dianion 45,

n-BuLi (2 eq) PhCHO

hexane, reflux
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w TMS a5 (55%)
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agueous workup. (101) The original procedure, which involves formation of 44
in a separate step, (101) has subsequently been modified to include in situ
silylation and the use of sec-butyllithium in ether at room temperature to effect
the second (lateral) lithiation. (102) With these improvements, this sequence
would seem inherently simpler from an experimental point of view than the
carboxylation sequence described above. As will be described later in the
chapter, both procedures can be used to prepare 2-substituted indoles.

3.1.3.1.7. Isocyanides

The isocyanide group, readily available from the corresponding formamide, is
a useful facilitator of lateral lithiations, as evidenced by the lithiation of o-tolyl

isocyanide (46) and subsequent transformations of the derived lithio species

47. (103, 104) Two equivalents of LDA in diglyme are required to achieve
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quantitative conversion to 47, which may imply that the deprotonation is an
equilibrium process. The use of organolithium bases is precluded by the
electrophilicity of the isocyanide group. Solvent effects are also critical as
lithiation of 46 in ether or tetrahydrofuran proceeds in low yield as a
consequence of competing addition of LDA to the isocyanide carbon. Lithio
species 47 is sufficiently reactive to be trapped with a wide range of
electrophiles (Table VI-G). Whereas 47 is stable at —78° in diglyme for several
days, cyclization occurs upon warming to room temperature to afford indole in
uantitative éeld The |soc§an|de rou als romotes lithiation of a
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effect.

3.1.4. 2-(Alkylamino)toluene Derivatives
3.1.4.1.1. N,N-Dialkyl
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by coordination effects. (18, 19) The degree of facilitation provided by the
dimethylamino group of 48 is significantly greater than that provided in the
lithiation of N,N-dimethylamino-o-toluidine (37) discussed previously. This is a
reflection of the greater inductive effect of the aniline nitrogen, an effect that
decreases the acidity of the ortho methyl group. The internally chelated lithio

species 49
_ nBuli _ T™SCL ™S
NMe; emer m22h NMBz NMe;
48 (96%:)

is stable at room temperature and reacts well with electrophiles (e.g.,
chlorotrimethylsilane (105, 106)). The facilitating dialkylamino group can also
be contained in aring, as in the lateral lithiation of
2-methyltetrahydroisoquinoline (Eq. 27). (105)
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(79%)

3.1.4.1.2. tert-Butyl Carbamates

The lateral lithiation of Boc-2-methylbenzylamine (50) also falls into the
category of a coordination-facilitated metalation. Dilithiation of 50 is
accomplished by treatment with sec-butyllithium at ca. —30° and,

s-BulLi Li
_(2eq) OLi Ez.' CO-H
NHCO,Bu-t THF, -30° N:< NHCO,Bu-t

10 min OBu-t
50 (90%)

similar to the dilithio species from Boc-o-toluidine (39) the resulting dilithio
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(Bocbenzylamine) lithiation a to the nitrogen is observed. (207)

The phenylethyl homolog 51 also undergoes lateral lithiation, although a
stronger base and longer reaction time are required to effect complete

metalation.DDDDDDDDDDDDDD

1. r-Buli (2 eq), THF,
NHCO,Bu-r =M NHCO,Bu-t

51 (80%)

In the corresponding phenylpropyl homolog, lateral lithiation is still observed,
but lithiation at the secondary benzylic position becomes a competing pathway.
However, further homologation reduces the rate of lithiation (which is still
predominantly at the lateral position) to a level that is not synthetically useful.
(108) It is significant that lateral lithiation occurs in substrates such as 51 since
delivery of the organolithium reagent to the site of deprotonation by
coordination to the lithiated Boc group would involve at least a nine-atom ring
in the transition state. Since these processes involve species of unknown
aggregation states, invoking a simple intramolecular coordination model may
not be justified.

3.1.5. Toluenesulfonic Acid Derivatives



3.1.5.1.1. Sulfonamides

Similar to their secondary carboxamido counterparts, N-substituted
o-toluenesulfonamides readily undergo lateral lithiation (Eq. 28). (109, 110)
The sulfonamido moiety appears to exert a strong coordination effect

SO,NHMe O;ENLIME S50,NHMe
n-BulLi (2 sq}
@ CTHEO© T ©/\/ @4 (28)

(91%) Ph

as N-methyl-p-toluenesulfonamide undergoes ortho lithiation, rather than
benzylic lithiation, with n-butyllithium. (111)

3.1.5.1.2. Sulfonate Esters

The lateral metalation of o-toluenesulfonic acid has not been reported,
although the observation that p-toluenesulfonic acid undergoes competitive
ortho and benzylic lithiation implies that this may well be a viable process. (112,
113) On the other hand, lithiation of the corresponding ethyl sulfonate esters
has been studied in detail. (114) Ethyl o-toluenesulfonate affords the lithio
species 52 upon treatment with n-butyllithium at low temperature, and this
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The ethyl ester is used rather than the methyl ester since displacement of the
methyl group by organolithium reagents can be a competing reaction.
Evidence that coordination with the organolithium base is an important feature
in lithiations facilitated by the sulfonate ester moiety can be inferred by results
on the metalation of ethyl p-toluenesulfonate, which undergoes kinetic lithiation
at the ortho position followed by rearrangement to the thermodynamically more
stable benzylic anion. (114)

3.1.6. Fluoro- and Trifluoromethyltoluenes

Lateral metalation of o-fluorotoluene (53) is observed upon treatment with LDA:
tert-butyllithium at —75° in tetrahydrofuran, although the yield of carbon dioxide
trapping product is moderate. (115) On the other hand, with the “superbase”
(73) n-butyllithium: potassium tert-butoxide under the same conditions
metalation occurs at the ortho position as evidenced by isolation of
2-fluoro-3-methylbenzoic acid (54) after carbon dioxide quench. These results
have been rationalized on



LDA:-BuOK GO,
THF, -75° CO;H
F (37%)
E;I COgH
= n-BuLi:KOBu-t CO, .
THF, -75°

M=K, Li 54 (60%)

the basis of differential kinetic and thermodynamic acidities and the reactivity
potentials of the respective bases. (115)

With LDA: tert-butyllithium, o-(trifluoromethyl)toluene also appears to give

lateral metalation, but the lithio species decomposes, even at —100°. The

mode of decomposition presumably involves elimination of fluoride to give the
uinodimethane which undergoes E)II merization
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CF; CF; ~CF;
_LDA:+-BuOK -BuOK ——
TTHF, -100° ~ POy (29)

M=K, Li
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3.1.6.1. Alkyl-Substituted Heterocycles

Although lateral lithiation reactions promoted by heteroatomic substituents
have been investigated for a number of heterocyclic ring systems, the volume
of work that has been carried out in this field is considerably less than in the
carbocyclic domains described in the previous sections. One reason for this
discrepancy is the limited availability of contiguously disubstituted heterocycles
relative to the corresponding carbocycles. Another contributing factor is the
tendency of certain heterocycles to undergo nuclear lithiation, even in cases
where lateral lithiation would otherwise be expected to occur (vide infra).

Metalation at the alkyl group of alkyl-substituted heterocycles is often an
inherently facile process, most notably with p -deficient systems (e.g.,
pyridines), (2) hence the presence of a facilitating group other than the
heteroatom of the ring system is not a prerequisite for these metalations.
Nonetheless, although somewhat removed mechanistically from the
carbocyclic counterparts, lateral lithiations of heterocycles that contain



heteroatomic substituents are of equal importance in synthesis and offer
unigue synthetic opportunities not afforded by the parent heterocycles or alkyl
derivatives thereof. In the following sections, discussion is focused on lateral
metalations of heterocycles substituted with the facilitating groups that have
been previously described for carbocycles. The influence of these substituents
on the regiochemistry of lithiation reactions is also discussed.

3.1.6.1.1. Pyridines
The facility with which pyridine derivatives undergo lateral metalation is
illustrated by the conversion of alcohol 55 to the dimetalated species effected

NI = H LDA:-BuOK
= " THF.-718°
55
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dilithiate 2-methylbenzyl alcohol (n-butyllithium, reflux) (72) and underscores
the increased acidity of 4-picoline relative to toluene. Other substituents that
promote lateral lithiations of alkylpyridines include carboxy, (117) ester, (118)
cyano, (119) pivalamide, (120) Boc-amino, (120) tertiary carboxamide, (52)
and dimeth ' mm mido
adduct. (12@@ , mm@mmm and used

at low temperatures to avoid nucleophilic attack on the pyridine ring.

(58%)

The potential for regiochemical problems in the lateral lithiation of
dimethylpyridine derivatives is apparent from the low yield of condensation
product obtained from the lithio species derived from nitrile 56. (122) In the
absence of

N
H 1. LDA, THF, -78°
= 3
" W N—TMs

N
T™S

the 2-methyl group in 56, yields of ca. 80% are obtained in this type of
condensation reaction. (122) In the present example, there appears to be no



selectivity for lateral lithiation, for example, at the 4 position, vs. lithiation at the
2-methyl group. The latter lithiation is facilitated kinetically and
thermodynamically by the inductive and resonance capabilities of the pyridine
nitrogen.

3.1.6.1.2. Pyrroles and Indoles

The behavior of alkyl-substituted derivatives of pyrrole and indole in lateral
metalation reactions is more closely aligned with carbocycles than with
pyridines. This is primarily a reflection of the p -excessive nature of pyrrole and
indole that does not afford the acidifying and anion-stabilizing effects available
in p -deficient heterocyclic systems such as pyridine. Thus, lateral lithiation of
the pyrrole amide 57 requires essentially the same conditions as those used in
the lateral lithiation of the corresponding o-toluamide. (44)

nEuLI(Z é%@ 1. DMF Q—W

EIEIEIEIEIEIEIDﬂﬁﬂDDDDDDDDd’DDDDDDDDDﬂDﬂﬁDEIEIEIEIEIEIEIEIEII

Lithiation of 2-alkylindoles can be achieved by the lithium carbamate

protection BT e prizg ergipittipiation of
2- alkylanlllmmm ﬂ H H ‘ R !.ﬁ d by
lateral lithiation with tert-butyllithium affords dianion 58. Treatment with an
electrophile followed by decarboxylation upon brief heating gives the
2-substituted indole 59. Repetition of the sequence and quenching with a
different electrophile provides further substitution of the 2-alkyl group as in the

preparation of amide 60. It has subsequently been

1. n-BuLi, THF

. Ln-Bul_
3. +-BuLi, THF, 2.heat
ﬁ 270 to -20°
Ong
59 (58%)
1. n-BuLi, THF
2.CO, 1.+-BuNCO_ ONHBu-+
3. t-Buli, THF, 2 i, 10h
Bu-n

270 to -20° D L
au 60 {m;



reported that 2-methylindole can be dimetalated directly with n-butyllithium:
potassium tert-butoxide at room temperature and that the resulting
C,N-dianion reacts selectively with electrophiles at the 2-lithiomethyl group.
(124, 125) The overall scope of this procedure has not, however, been
established.

One difference that can be noted between indole and carbocyclic systems is
that esters of indole-3-carboxylic acid (e.g., 61) can be used in lateral
lithiations of 2-alkyl derivatives. (126) As previously discussed, o-toluic acid
esters are too unstable for such applications unless substituted with an ortho¢
alkoxy group. The

CO4E!
0 Ph 0 O CO,Me
< N 1.LDA, THF, -78° __ < G N
0 N\ 2. MEOzCCECCDEIUfE. D N\'\ H’.‘:
M M
ol ¢ 3%
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electrophilicity of the 3-indole ester, which can be viewed as a vinylogous
carbamate.

A unique type of heteroatom-facilitated lateral lithiation reaction is observed

with an o -4mjdo Haa ﬂl@?ﬁ). (127)

In this

L OLi 1.Mel
ﬂ\ LTMDA [\ 1. Mel @

N° CHO 3 nBuLi(2eg)y N 200 N CHO

| !\ _Me
Me Li,-N Et (30)
% (74%)
N\
Me:‘; Me

case, lithiation occurs regioselectively on the N-methyl group. This is a
facilitated lithiation, as inferred from the absence of lithiation observed with
other N-methylpyrroles. When applied to N-methylindole-2-carboxaldehyde,
this protocol results in lithiation at the 3 position as well as at the N-methyl
group. When the 3 position of the indole is blocked, as in chloro derivative 62,
lithiation of the



Cl Cl

1. LTMDA
N cpo 2n-Buli(eq) N—cHo

4. H;O
62 Me (85%) L‘“S Me

N-methyl group is an efficient process, and high yields of electrophilic trapping
products are obtained. (128) Subsequent removal of the 3-chloro substituent
can be effected by treatment with a mixture of palladium on carbon,
triethylamine, and formic acid in ethanol.

3.1.6.1.3. Furans and Benzofurans

The propensity of furans to undergo lithiation a to the ring oxygen (12)
introduces a serious complication when lateral metalations of this system are
attempted. On the one hand, 2-methyl-3-furoic acid (63) readily undergoes
lateral lithiation when treated with two equivalents of either LDA or
n-butyllithium, and the resulting dilithio species can be trapped with
electrophiles in generally good yields (Eq. 31). (129, 130) The dual activating
effects of the carboxylate anion and the ring oxygen, both of which exert an
electron-withdrawing effect, facilitate the lithiation of the methyl group.

OoooooooenRMEEHOERHRcHOO000000000000000aaaoonl

Li

AHEOACO00000CLD

is lithiated at the 2-methyl group. (131) However, lithiation of 3-methyl-2-furoic
acid with LDA occurs at the 5 position, as determined by deuteration studies
(Eqg. 32) and trapping with other electrophiles. (132) In this case, the activating
effect of the furan oxygen wins out over that of the carboxylate anion.

SO s G 5 G
CO,H THF,-78° CO,Li CO,H

0

(31)

CO,H CO,Li ”‘“\@0 CO,H
U—\ LDA fZeq} o\

Selectivity for lithiation at C-5 is observed with the
N,N,N¢-trimethylethylene-diamine adduct of 2-methylfuran-3-carboxaldehyde
(Eqg. 33). (127) However, an



CHO CHO

1. LTMDA
(3 imwew o -

0 4, Hy0 s

altogether different regiochemistry is observed in the lithiation of the
dimethyl-aminomethylfuran derivative 64, which affords the 4-substituted
product upon

OH
NMe; | Ph NMes
s~
0 d O

64 (29%)

qguenching with benzaldehyde, albeit in low yield. (133) This finding would have
to be considered somewhat unexpected in light of the results given above and
the facility with which the dialkylaminomethyl group normally facilitates lateral
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The lack of examples of lithiations of methylfurans substituted with other
facilitating groups precludes generalizations regarding the factors that control
lateral vs. a metalation in these systems. With 2,3-disubstituted benzo[b]furans,

the possibility for competing alithiation does not, of course, exist: dilithiation of
s meyoehzlogrdl-Abalbolid bl G Hotfelk JLA ulfe] manner.

(134)
HO
1.LDA (2 eq),
Noopy Tl Ny—Co,H
0 2 /""‘\{t'lj 8]
65 (92%)

The lithio species derived from the methyl groups of 63 and 65 are more
nucleophilic, that is, less basic, than the vinylic anions derived from 3-furoic
acid (132) and benzolb]furan-2-carboxylic acid, (134) respectively; hence they
demonstrate significantly better reactivity toward a wider range of electrophiles
than their desmethyl counterparts.

3.1.6.1.4. Thiophenes and Benzothiophenes



The ease with which thiophenes undergo a metalation (12) also limits the
application of facilitated lateral lithiations to that ring system. Similar to the
corresponding furan derivative (63), 2-methylthiophene-3-carboxylic acid (66)
undergoes lateral lithiation upon treatment with LDA, and the

COH 1. LDA (2 eq), £
e o
S 2. Mel S
66 (80%)

dilithio species reacts with electrophiles in high yield. (135) When
n-butyllithium is used as base, a mixture of products derived from a lithiation (5
position) and lateral lithiation is obtained in a 1:1 ratio. Dilithiation of
3-methylthiophene-2-carboxylic acid (67) with LDA followed by quenching with
deuterium oxide produces a mixture of deuterated products, with that derived
from lateral lithiation predominating (Eq. 34). (136) Trapping with other
reactive electrophiles (e.g.,
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COH  2.D0 CO.H (34)

67 26:74 ratio
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less reactive electrophile n-pentyl bromide affords only the product from the
3-lithiomethyl species (Eqg. 35). A proposed rationale for these findings is that

an
1. LDA (2 eq), CeHyz-n
THF,
Yoo - (3 -
g~ ~COH  2.n-CsHyiBr g~ ~COH
67 {66%)

equilibrium mixture of dianions 68 and 69 is formed with the latter
predominating. Quenching with reactive electrophiles gives a product mixture
reflective of



Li
oo — 5
Li—\g~ ~CO,Li ¢~ ~CO,Li

68 69

this equilibrium composition, whereas reaction with the less reactive
electrophile occurs at the anionic site with greater p character. (136)
Alternatively, the results in Eq. 34 could reflect trapping of a kinetic mixture of
dilithio species 68 and 69. The result in Eq. 35 would then be explained on the
basis of equilibration to the thermodynamically more stable, resonance
stabilized lithio species 69.

Several other methylthiophenes that may, a priori, have been expected to
undergo lateral metalation are lithiated at other positions. Dilithiation of
3,5-dimethylthiophene-2-carboxylic acid gives the dianion 70 as determined by

HO
LDAQeq) . Me,CO

/N
Oooooon uaaa[nn H’E‘DDDDDDDQQD%DDDDDDDI

70

reaction with acetone or n-pentyl bromide. (136) The importance of charge
separation has been pro osed t0 exlaln the formation of 70 rather than the
alternative |i Etﬁ m . IB. .m M{! 3p) Lithiation
of the dlmethyl aminomethyl derivative 71 appears to occur exclusively at C-5
as judged by the high yield of the benzaldehyde trapping product. (133) The
regioisomer of 71,

1. n-BuLi, ether, 0°
d\lﬂm’z Er;’h;!-lﬁc = R [ ) Sl

5 5

ki o (B5%)

3-dimethylaminomethyl-2-methylthiophene, undergoes lithiation at the 4 and 5
positions (yields of benzaldehyde adducts of 24 and 59%, respectively). Other
methylthiophenes that undergo metalation at C-5 rather than lateral metalation
include the cyclohexylimine (70) and the lithium N-methylpiperazide adduct of
3-methylthiophene-2-carboxaldehyde, (127) and the N-methylpiperazide
adduct of 2-methylthiophene-3-carboxaldehyde. (127)



Although only one example of a lateral lithiation of a benzo[b]thiophene
derivative is reported, (44) this methodology should be generally applicable to
this ring system with the proviso that the requisitely substituted alkyl
derivatives are available.

3.1.6.1.5. Oxazoles and Thiazoles

The behavior of oxazoles and thiazoles in metalation reactions is similar and is
therefore covered in the same section. The 2,4-dimethyloxazole- and
2,4-dimethylthiazole-5-carboxylic acids undergo selective lithiation at the
2-methyl group (Eq. 36). (137) The 2-methyl group is activated

1. n-Buli (2 eq),
TR R I\
/"L CO,H Ml \-/& CO.H

X

X=0,8 X=0 (87%)
X=5 (82%)

(36)

with respect to lithiation by the combined electron-withdrawing and chelation
effects of the two ring heteroatoms; activation of the 4-methyl group by the
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the 2 position is blocked, as in the 2-phenyl derivatives 72,
carboxylate-facilitated

1. LDA (2 eq), THF,

. {0OEEInNeE0000D

CO,H

o)

X=0 (B4%)
X'“OS X=8 (89%)

lateral lithiation occurs in the normal sense when LDA is used as the base.
Lithiation of 72 (X = S) with n-butyllithium is slow at temperatures below —50°,
whereas above that temperature nucleophilic addition of n-butyllithium to the
thiazole ring becomes a competing process.

Because of its proximity to the more electronegative ring heteroatom, the
5-methyl group in 2,5-dimethyloxazole- and 2,5-dimethylthiazole-4-carboxylic
acids is more activated toward lithiation than the 4-methyl group in the
2,4-dimethyl isomers (Eq. 36). Thus lithiation of the 5-methyl group in the
2,5-dimethyl derivatives is competitive with lithiation at the 2-methyl group,
resulting in mixtures of electrophilic trapping products as in Eq. 37. (137) With
a more



CO.H CO.H

& CO.H ln-BuLl {z eq),
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X=0,8 X=0 ratio=30:70 (71)
X=8 ratio=46:54 (—)

efficient facilitating group at the 4 position, lateral lithiation can become the
exclusive pathway as with the corresponding N,N-diethylamides (Eq. 38). (137)

Examples
CONEt; CONEt;
1. n-BuLi, THF, -78°
/j\i\ 2. Mel /Agg\/ (38)
X=0,8 X=0 (98%)

X=5 (97%)

of lateral metalations of oxazoles and thiazoles that are unsubstituted at the 2
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2 position in 2-unsubstituted oxazoles and thiazoles will compete effectively
with lateral lithiation when relatively weak facilitating groups (e.g., carboxy) are
present. With stronger facilitating groups, the outcome is more difficult to
predict.

3.1.6.1.6. IQaonDDDDDDDDDDDDD

The lithiation of 1-(N,N-dimethylaminomethyl)-2-methylimidazole (73) is the
only reported example of a facilitated lateral metalation of an alkylimidazole.

E; 3\ _n-BuLi _ ( )\ 1. PhCH,Br (ﬂ Ii\/\ph

THF -78° 2. NaBH,, EtOH

93 NMe; (59%)

Mﬂz

After electrophilic trapping of the 2-lithiomethyl species, the
facilitating/protecting group is removed by treatment with sodium borohydride
to give the parent imidazole. (138) The diethoxymethyl group affords similar
facilitation of lateral lithiation of 2-methylbenzimidazole (Eq. 39). (139)



N
”: 1. (Et0),CO
@i\>— “THF, -78° -?s¢ @[ \j 2HO @[\} \
l}\a N 0,Et (39)
EtO)\ OEt E

Et (63%)

3.1.6.1.7. Isoxazoles

The lateral metalation of 3,5-dialkylisoxazoles substituted with a facilitating
group at the 4 position has been extensively studied. The parent
3,5-dimethylisoxazole undergoes lithiation exclusively at the 5-methyl group
upon treatment with n-butyllithium. (140) The ability of the ring oxygen atom to
complex with the organolithium reagent is felt to be a major determinant of this
regiochemical outcome. The 4-(N,N-dimethylamino)methyl derivative 74 is
also lithiated exclusively at the 5-methyl group as determined by reaction of
the lithio species with methyl iodide. (141) Thus the normal propensity for
lithiation at the
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"0

2. Mel N,
0

74 (90%)

s metyt ofT} {9 7 T o ) e
facilitating moieties that afford the€ same regiochemica tm e carboxy,

(142) hydroxymethyl, (141) oxazolinyl, (142) tertiary carboxamide, (143) and
Boc-aminomethyl groups. (141) The 5-lithiomethyl species derived from these
metalations can be trapped in high yield with a large array of electrophiles
(Table X-L).

An exception to the generalization made regarding selective lithiation at the
5-methyl group is noted with the proline-derived amide 75 wherein the
regiochemistry of lithiation is dependent on the base and conditions used to
effect the



0
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l Base
Ni;' OMe 2 MeOD ,\ I

75

Base: n-BuLi: TMEDA,
THF, -78°% 1h —= ratio 76:77 = 7:93
(amide added to base)
Base: n-BuL.i, THF, -78°,

2h (add Imamidc]_h ratio 76:77 = >95:<5

deprotonation. (144) Under “kinetically controlled” conditions (addition of the
amide to n-butyllithium: TMEDA complex), regioselectivity for lithiation at the
C-3 methyl group is observed. Under “thermodynamically controlled”
conditions (addition of the base to the amide), the regiochemistry is reversed
and almost exclusive lithiation at the C-5 methyl results. The latter result is
rationalized on the basis of resonance stabilization afforded the C-5
lithiomethyl species by conjugation with the amide carbonyl. (144) The “kinetic”
result is rationalized bﬁ invoking chelation of the (ﬁanolithium reab nt with the
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the C-3 methyl group.

3.1.6.1.8. Pyrimidines
In analogy with the lithiation of o-toluates, the dimethoxy-pyrimidine 78 can be

= ONEOO00000000rE

OMe OMe O
NTX CO;Me N &
| P'.hCI-ID 1
/I\ - er]m‘ -70° /l\ /I\
MeO N MeO MeO N Ph
78 (82%)

3.1.6.1.9. Benzotriazoles

The N-Boc-1-aminobenzotriazole 79 undergoes dilithiation with n-butyllithium:
TMEDA. The resulting dilithio species decomposes at temperatures above 0°
but is efficiently trapped at the benzylic position with electrophiles at low
temperature (—78°). At higher temperatures, competitive N-alkylation is
observed. (146)



1. n-BuLi:TMEDA (2 eq) Pr-n
THEF, -78 to 07
N ~NHCO;Bu-t 3 pq N—-NHCO,Bu-t
N=N N :I\f
79 (90%)

3.2. The Substrate

Laterally metalated species react with a diverse and extensive array of
substrates. In general, electrophiles that react with normal organolithium or
Grignard reagents can be used efficiently with these benzylic anions.
Substrates have been catalogued for reactions with organolithium reagents in
general (10) and for aryllithium reagents derived from heteroatom-facilitated
ortho lithiations. (12) The present discussion is general, therefore, and covers
aspects of substrate reactivity that are particularly relevant, or unique, to tolyl
lithio species. Differences in reactivity of lithio species from
heteroatom-facilitated ortho and lateral lithiation reactions are also covered.
Reactivity differences exist among laterally metalated species, and the reader
is referred to Tables |-X for a complete listing of substrates used for each
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according to the bond formed. (12)

3.2.1.1.C- D Bonds

Deuteration with DO or MeQOD is generally a reliable reaction that can be used
to determi psitian netpe-earian-deuteration
of the LDAﬁvm mmmmﬁnm SL. [his does
not appear to be a general phenomenon as treatment of the LDA generated
dianion from 3-methylthiophene-2-carboxylic acid with deuterium oxide results
in deuterium incorporation. (136) It is also reported that the dianion from

5-(2-methylphenyl)tetrazole (generated with sec-butyllithium: TMEDA) fails to
incorporate deuterium at the benzylic position. (66)

3.2.1.2. C-C Bonds

Primary, allylic, and benzylic halides usually give good yields of alkylated
products. Secondary and acetylenic (147) halides have been used in several
instances. Successful reaction with these substrates is not eworthy since
many aryllithiums from ortho lithiation reactions do not alkylate with halides
other than methyl iodide. (12) For example, the dilithio species from
5-phenyltetrazole does not alkylate on the aryl ring with 1-iodopentane or
benzyl bromide. (66) On the other hand, the dilithio species from lateral
lithiation of 5-(2-methylphenyl)tetrazole undergoes alkylation at the benzylic
position in excellent yield with either halide. (66) Delocalized tolyl anions, for
example, those from o-toluic acid esters, phthalides, and tertiary o-toluamides,
undergo cyclocondensation reactions with unsaturated systems. These



reactions are postulated to involve 1,4-addition to the substrate followed by
intramolecular acylation. (148) Substrates that undergo such reactions include
a ,B -unsaturated esters, (148, 149) lactones, (150, 151) nitriles, (148)
trialkylsilanes, (152) sulfones, (152) and cyclic and acyclic enol ethers, (153)
as well as a -pyrones (154) and y -pyrones. (155) Addition to these substrates
in a 1,4 sense is generally not observed with ortho lithiated species. Benzynes
have also been used as substrates for cyclocondensation with phthalide
anions. (156)

In most other respects, carbon—carbon bond-forming reactions of laterally
metalated species with other substrates are analogous to those of normal
organolithium reagents and ortho lithiated aromatics. Thus carboxylation with
carbon dioxide or dimethyl carbonate is an efficient process. Addition to
aliphatic and aromatic aldehydes is a dependable reaction while the efficiency
of addition to enolizable ketones varies with the basicity of the lithium reagent.
Similarly, benzaldimines and aryl nitriles are generally good substrates,
whereas addition to aliphatic aldimines, ketimines, (157) and nitriles (158) is
often less efficient because of deprotonation of the substrate. Esters and
tertiary dialkylamides can used as acylating agents, although
N-methoxy-N-methylcarboxamides (93, 159) are more reliable. Addition to
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intramolecular capture (93, 106, 160) of the initial adduct occurs.

3.2.1.3. C- N Bonds
Diethyl azodicarboxylate is the only substrate that has been used to effect this
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3.2.1.4. C-O Bonds

Direct oxygenation with molecular oxygen followed by reduction of the
intermediate hydroperoxide with sodium sulfite affords a high yield of benzylic
hydroxylation of dilithiated secondary toluamides. (163) Treatment of a
lithiated tertiary toluamide (generated with sec-butyllithium: TMEDA) with
oxygen affords the hydroxymethyl derivative in moderate yield. (164) Moderate
to good yields of hydroxylation have been obtained in other systems with the
molybdenumoxodiperoxy pyridine hexamethylphosphoramide complex
(MoOPH) (142) and with N-(phenylsulfonyl)-3-phenyloxaziridine (NPSPO).
(142, 162)

3.2.1.5.C- S and C -Se Bonds

Benzylic lithio reagents react with dialkyl or diaryl disulfides and diselenides to
afford good yields of monosubstitution products. In some reactions with
diphenyl disulfide, minor amounts of disubstituted product are obtained since
the thiophenyl group exerts an additional acidifying effect on the benzylic
position resulting in proton transfer. (165) Dithiophenylated products can be
obtained exclusively when excess base and diphenyl disulfide are used. (35)



3.2.1.6. C- Siand C - Sn Bonds

Treatment of tolyl lithio species with chlorotrialkylsilanes affords good yields of
benzyltrialkylsilanes. In situ deprotonation and silylation of these products
affords bis-silylated derivatives. (166) Chlorotrialkylstannanes can be used to
prepare benzyltrialkylstannanes. (167) Reaction of the dianion of
2-methylthioanisole with dichlorodimethyl or dichlorodiphenylsilanes and
stannanes gives benzo-fused heterocycles containing two heteroatoms. (83)

3.2.1.7. C-Halogen Bonds

The reactive nature of benzyl halides precludes their synthesis by
halogenation of benzylic anions. For example, treatment of dilithiated p-toluic
acid with iodine results in dimerization to 1,2-diphenylethane. (31)

3.3. Influence of Alkyl Substitution at the Benzylic Position

Studies on the metalation of alkyloenzenes show that increasing the number of
methyl groups at the benzylic position results in increased ring metalation at
the expense of benzylic lithiation. Whereas a 90:10 ratio of benzylic to ring
deprotonation is observed for toluene upon treatment with n-butyllithium:
TMEDA, ratios of ca. 40:60 and 3:97 are observed for ethylbenzene and
isopropylbenzene (cumene), respectively, under the same conditions. (15)
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substitution at the benzylic position can have significant effects on lateral
lithiation reactions. A decrease in the rate of lithiation at secondary positions is
generally observed. For example, lateral lithiation of

N-trimethylsilyl-2-ethylaniline is significantly slower than lithiation of
N—trimethylm\/lﬁmi/ma d o BEA rather
than n-butyllithium. (101) Despite the decrease in rate, the site of lithiation, that
is, at the benzylic position, is maintained in the 2-ethyl derivative. In other
examples, the regiochemistry of lithiation is reversed upon alkyl substitution at
the benzylic position; the 2-ethylphenol phosphorodiamidate 80 undergoes
ortho lithiation as determined by reaction of the lithio species with methyl

iodide. (87)
Li
OPO(NMe;); OPO(NMe;), OPO(NMez)z
s-BuLi __Ihllfl_._
@:/ THF,
-105°
=~ (90%)

In certain cases the site of lithiation is base dependent. Lithiation of the 2-ethyl



secondary benzamide 81 occurs exclusively at the benzylic position with
LTMP as determined by reaction with methyl iodide. (47) With organolithium
bases, ortho lithiation is also observed and is the major reaction pathway with
tert-butyllithium. These results are qualitatively similar to those previously

described
i i i
1. Base (2 eq),
H 2'::1]:, -60 to -10° H + H
cl BEh cl cl
81 82 83

Base §:83
LTMP 10:0:0
n-BuLi 70:30
s-BulLi T0:30
r-BuLi 40:60

for the lithiation of N,N-diisopropyl-p-toluamide (1). In that example, it is
suggested that the benzylic lithio species is the thermodynamic product and
the ortho lithiated species is the kineti&r@duct. §23) Whether a similar
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because additional variables, for example, steric factors, are involved.

The decreased rate of lithiation at secondary positions can allow deprotonation
at alternative sites in the molecule to become competitive with lateral lithiation.

useful proc S 0T COMmp

(47)

ﬂnthetically
ETNEThOXY group.

OMe

1. s-BuLi (2 eq),
THF, -40°
NHCO,Bu-t 2 DMEF

Heteroatom facilitated lateral lithiations of isopropylbenzenes have not been
achieved. Whereas N-ethyl-2-ethylbenzamide and
N,N-diethyl-2-ethylbenzamide are lithiated at the benzylic position with



sec-butyllithium: TMEDA (Eq. 40), the corresponding isopropyl derivatives
undergo ortho lithiation (Eq. 41). (168) The

o]
1. s-BuLi:TMEDA,
NREt  THF,-78° NREt
2. MeOD D (40)
R =H(87%)
R = Et (52%)
0 D O
1. s-BuLi:TMEDA,
NREt THF, -78° NRE:t
2. MeOD (41)
R=H (63%)
R = Et (95%)

failure of these isopropyl derivatives to undergo benzylic lithiation has been
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out of the plane of the aromatic ring and thereby assume an orientation that
favors ortho, rather than lateral, lithiation. (168) However, additional data are
required to confirm this hypothesis as the results of a recent study indicate that
coplanarity of the amide carbonyl and the ortho _hydro
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3.4. Influence of Ring Substituents

3.4.1.1. Effect on Rate of Lateral Lithiation

Ring substituents, that is, substituents other than the facilitating group G in Eq.
1, have been reported to affect the rate of lateral lithiation reactions only in
isolated cases. These reports are of a general nature and detailed rate studies
have not been performed. A noticeable decrease in rate of benzylic lithiation
can occur when a methoxy group is situated para to a methyl group, as in the
methoxy substituted Boc-o-toluidine 85. (93) Whereas

1. s-BulLi (2 eq), THF,
-40 to -15°, 90 min_ OH
MeO NHCO,Bu-t 2. DMF "~ MeO N

CO,Bu-t

85 (>75%)

dilithiation of Boc-o-toluidine with sec-butyllithium is complete within five
minutes at —40°, dilithiation of 85 requires a longer reaction time and a higher
temperature. The electron-donating effect of the methoxy group, which



decreases the acidity of the para-disposed methyl group, appears to be the
major determinant of this rate decrease. This rationale is supported by the
observation that the 4-methoxy analog, in which the resonance effect of the
methoxy does not affect the acidity of the methyl group, is lithiated at
approximately the same rate as Boc-o-toluidine. (93) The deacidifying effect of
a para methoxy group on a benzylic position has also been observed in the
lithiation of p-methoxy-N,N-dimethylphenethylamine. (170) The 3,4-dimethoxy
derivative 86 undergoes lithiation at a rate comparable to that of 85; (93)
however, because ortho methoxy groups

OMe OMe
MeO 1. s-BulLi (2eq), THF, MeO
-40 to -15°, 90 min OH
NHCO,Bu-t 2 DMF N,
o (>88%) CO,Bu-

normally facilitate lateral lithiation, (76) this rate retardation relative to
Boc-o-toluidine is not easy to rationalize. The reported inefficiency of lateral

lithiation of 4,5-methylenedioxy-2-methylbenzoic acid (30) may be related to a
0000000DGECEEEEINELHREEMTEGEO000000000000001
3.4.1.2. Competitive ortho vs. Lateral Lithiation
Ring substituents rarely induce ortho lithiation in substrates that can undergo
heteroatom facilitated lateral lithiation. The lithiation of the Boc-o-toluidine 85
described m 1§ ' gm[:l m ' IEjuave been
expected a Dm H mm be doubly
activated for ortho lithiation by the combined effects of the methoxy group and
the Boc group. (93, 171) However, products of substitution at the 6 position are
not observed, despite the relatively low rate of lateral lithiation. Information on
kinetic and thermodynamic acidities is not available for this system; therefore
the possibility cannot be excluded that kinetic deprotonation occurs at the 6

position followed by proton transfer to form the benzylic lithio species.
However, in a somewhat related example (Eqg. 42), an



o 0
NEt;  n-BuLi NEt; 1.3,5-(Me0),CsH;CHO
THF, -95° 2. TsOH
MeO Br MeO Li
OMe

OMe o (42)

0
MeO

(94%) OMe CgH;(OMe),-3,5

ortho lithio species (generated by halogen-metal exchange) does not
interconvert with the benzylic lithio species, albeit at lower temperature than in
lithiation of 85. (172) Another noteworthy feature of the lithiation in Eq. 42 is
that the halogen-metal exchange is significantly faster than deprotonation of
the methyl group.

The lithiation of the phosphorodiamidate 87 is one example in which the
co-operative effects of directing groups induce ortho, rather than lateral,
0000000 ChdaHabh] e e bnk: Hadblihd [ Eddledol bielidfidfodld 1 OO0 O00O00000]

derivative 88

MeO OPO(NMe;); 1.s-BuLi, THF,  MeO OPO(NMe;),
87 (61%)
TBDMSO OPO(NMe;);  1.s-BuLi, THF, TBDMSO OPO(NMe3),
-105°
LL |
88 (52%)

undergoes lateral lithiation. The steric effect of the bulky trialkylsilyl group is
implicated as the major factor that changes the regiochemical outcome of
these lithiations. Information on mechanism is available in neither case,
however, and as is discussed above for the lithiation of 85, the assumption
cannot be made that the observed lithio species are formed directly.

3.4.1.3. Compatibility
The compatibility of aromatic substituents in lateral lithiation reactions is
dependent on the conditions used to effect the lithiation (base, temperature,



etc.) and, to a certain extent, on the reactivity of the lithio species thus
generated. Given the wide variations in the conditions used in these reactions,
and the disparate nature of the laterally metalated derivatives, it is difficult to
make general statements regarding the compatibility of substituents.
Nonetheless, for certain types of substituents, generalizations regarding
compatibility are valid; however, for other substituents compatibility must be
determined experimentally. Examples of both types are given in the following
discussion.

Substituents that are susceptible to electrophilic attack by organolithium
reagents should generally be considered to be incompatible with lateral
metalation processes. This group includes aldehydes, ketones, esters, nitriles,
nitro groups, and unhindered tertiary amides. Lateral lithiations in which certain
secondary amides (174) and hindered tertiary amides (55) are present as
substituents are known. An example of a lateral lithiation in which an ester
substituent is present was shown earlier in Eq. 9. In that case, however, the
ester is deactivated toward electrophilic attack by the electronic (and possibly
steric) effect of an adjacent alkoxide group. In certain instances, a carboxy
group is a compatible substituent (Eqg. 43). (175) The inductive effect of the
meta-carboxy group also facilitates, albeit weakly, lithiation of the methyl

Ooooooooemioooooogdooooooooooooooooooooooon

1. LDA (2 eq), THF, SPh

SPh
/@K TMU, -15 to -5° /@E/
- 43
HO,C 2.C0O, HO,C CO;H (43)
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Alkyl, alkenyl, (87) and allyl (87) substituents can generally be considered as
compatible in lateral lithiation reactions. As has already been alluded to,
certain groups (i.e., carboxy, (29) tertiary amide, (22) cyano, (58) isocyano,
(104) sulfonamide, (176) sulfonate (114)) facilitate lithiation of para-methyl
groups. However, in heteroatom facilitated lithiations of 2,4- or 2,5-dimethyl
derivatives, lateral lithiation of the 2-methyl group is the exclusive pathway. (29,
104) In the lithiation of 2,4-dimethylphenyl iso-cyanide, use of a large excess
of lithium diisopropylamide results in lithiation of both methyl groups. (104)

Chlorine and fluorine are widely used as substituents in lateral lithiations.
Halogen-metal exchange or aryne formation is not observed with these
substituents in lateral metalation reactions. On the other hand, bromine
undergoes halogen-metal exchange with organolithium reagents at such a rate
as to preclude its use as a substituent in lateral lithiations involving
organolithium bases. As shown previously in Eq. 42, a ring-brominated



diethyl-o-toluamide undergoes halogen-metal exchange, rather than lateral
lithiation, upon treatment with n-butyllithium. (172) Similarly, treatment of
Boc-4-bromo-2-methylaniline with sec-butyllithium results in halogen-metal
exchange at the expense of lateral lithiation. (48) Lateral lithiation of
bromotoluic acid 89 with lithium diisopropylamide proceeds normally; (177)
however, the generality of lithium diisopropylamide promoted lateral lithiations
of other brominated substrates remains to be established.

Br
CO,H 1.LDA (2eqg), CO;H
THF, -78°
2.
89 CI

(84%)

On the basis of the observations on lithiations of trifluoromethyl-substituted
toluenes, trifluoromethyl would appear to be a viable substituent only when
situated meta to the E)SI'[IOH of lateral lithiation. (115
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4. Synthetic Utility

Lithio species derived from heteroatom facilitated lateral lithiation reactions
have numerous synthetic applications. The utility of these metalated
derivatives for effecting chain extension and simple functionalization of alkyl
groups adjacent to facilitating groups on aromatic and heteroaromatic rings
has been amply demonstrated earlier in the chapter, and additional examples
can be found throughout the tables. These synthetic transformations do not
require further elaboration in this section. Another extremely useful application
of these lithio species is in annelation of carbocyclic and heterocyclic rings
onto aromatic (and heteroaromatic) systems. In these transformations,
functionalization of the lateral position by treatment with an electrophile is
followed by an intramolecular reaction with the facilitating group to effect ring
closure. Depending on the structures of the facilitating group and the
electrophile, the annelated product is obtained either from nucleophilic attack
of the functionalized lateral position on an electrophilic facilitating group, or by
nucleophilic attack of the facilitating group on an electrophilic lateral moiety.
Examples of these annelations, which may be single or multistep processes,
are presented in the following sections.

00000000 -oRARARLNEHO0000000000000000000000000i

1-Tetralones can be prepared in 40-50% yield by condensation of toluate
anions and acrylates followed by hydrolysis and decarboxylation of the
intermediate 3 -ketoesters (Eq. 44). (149) As previously noted, the synthetic

" dO000O00000000000

OMe OMe O OMe O
CO;Me CO,Me
2. ZCoMe
(52%)

toluate lithio species is dependent on ortho-alkoxy substitution; hence, only
8-alkoxy-1-tetralones are accessible by this route. Nonetheless, the
preparation of these derivatives is noteworthy since classical syntheses of
1-tetralones, for example, by intramolecular Friedel-Crafts acylation, generally
do not provide 8-substituted products. 1-Tetralones are also obtained by
addition of N,N-diethyl-o-toluamide anions to vinylsilanes (Eq. 45). (152) Yields
in this condensation
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CONEL,
1. LDA, THF, -78%

- (45)
2. 27 8i(Me),0Et

OM 3. HC1
= OMe (62%)

reaction are significantly higher with ethoxydimethylvinylsilane than with
trimethylvinylsilane. In contrast to the synthesis of 8-methoxy-1-tetralones from
toluic acid esters as in Eq. 44, the preparation of these derivatives from
reaction of 6-methoxytoluamide anions with vinylsilanes proceeds in less than
10% yield, a result ascribed to steric hindrance in the cyclization step. (152)
2-Phenylsulfonyl-8-methoxy-1-tetralones can be prepared in high yield from
toluate anions and 1-(trimethylsilyl)vinylsulfones (Eq. 46). (152) The
corresponding reaction of the

OMe OMe O

CO,Et
0: 1. LDA, THF, -78° 20aFR

SOPh (46)

R = H, Aryl

lithio species from N,N-diethyl-o-toluamide affords Michael adduct 90.
Subsequent treatment with LDA at reflux in tetrﬁvdrofuran is required to effect

cyoization [o Jfe wHolf 1L ILILILILICILICICIL]

1. LDA, THF, LDA

@C(}Nﬂz e CONEt, i
; THF, reflux,
SO,Ph @l/\/SOgPh
2 /k 8]
= "TMS

90 (75%
3. HCl (75%) SO2Ph

(69%)

1-Naphthols are prepared in high yield by cyclization of anions derived from
lateral lithiation of o-allyl tertiary benzamides. (178) Thus base induced
cyclization of allylbenzamide 91 affords 5-methoxy-1-naphthol (92) in high
yield. Methyllithium was found to be the base of choice for effecting these
anionic cyclizations

poooooooonl



OH
CONE, 1. MeLi, THF,
-78°tor, 8 h OG
A 2.HCl

OMe OMe
91 92 (90%)

as, for example, the yield in the LDA-promoted cyclization of 91 was only 58%.
A mechanistic hypothesis for these benzoannelation reactions invokes initial
formation of the sickle-shaped allyl anion shown in Eq. 47. This anion may

Liq., LiO_  NEt;
_—-NEt
[1,3] H*
e O = aa
w
OMe OMe
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alternative mechanistic pathway involving direct cyclization of the U-shaped
allyl anion is felt to be less likely on the basis that the rotational barrier between
the sickleshaped anion and the U-shaped anion is expected to be very high.

" DOOOOoO0O000000000

More highly substituted 1-naphthols are obtained by a two-step sequence
commencing with addition of lithiated phthalides to Michael acceptors. For
example, reaction of phthalide anions with a , B -unsaturated esters affords
4-hydroxy-1-tetralone adducts in moderate yield as in the formation of the
methyl crotonate adduct 93. (148) Dehydration to the naphthol is easily
effected upon treatment

£




O O

CO,Me
@f/ﬂ 1. LDA, THF, -40° £ BF3+Et,0
2. NS O Me CH4Cl,

OH
93 (48%)
OH
[ l CO,Me
(60%)

of the 4-hydroxy-1-tetralone with an acid catalyst. Other Michael acceptors that
can be used in this protocol include acrylonitrile, dimethyl fumarate, dimethyl
maleate, and 1-(trimethylsilyl)vinylsulfones. The overall yields of naphthols
obtained from vinylsulfones, as in Eq. 48, (152) are generally higher than those
obtained from the ester and nitrile Michael acceptors.
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0 1. LDA, THF, -78° TsOH (48)
2. i% benzene

T™S OH {96% overall)
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Highly substituted 1-naphthols can also be prepared by condensation of
toluate anions with B -alkoxy enones as exemplified by the synthesis of the
pentasubstituted naphthalene 94. (153) When applied to cyclic B -alkoxy
enones, this reaction provides linear polycyclic systems (e.g., 95). (153) As in
the tetralone syntheses described
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OMe OH O
94 (50%)

MeO

MeO
1. LDA, THF, -20° GG
5 OMe
—TE“\E(
CO,E

MeO.
OMe 1. LDA, THF, -20° Oe.
3’ E‘”ﬁ

-18° OMe OH O

95 (64%)

above, an alkoxy group ortho to the toluate ester carbonyl is essential to the
success of these reactions; however, as discussed later in the chapter, this
apparent liability is used to advantage in the synthesis of oxygenated
polycyclic natural products. The analogous condensation of 6-alkoxytoluate
anions with 4-methoxy-5,6-dihydro-2-pyranones affords
dihydro-1H-naphtho[2,3-c]pyrans such as 96. (179) The corresponding
tetrahydro derivatives (e @qmé can b repared by condensation of the
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3-Substituted-2-naphthols 98 are prepared by acylation of o-tolualdehyde
cyclohexylimine followed by treatment with aqueous sodium hydroxide. (180)
Condensation of lithiated tertiary o-toluamides with homophthalic anhydrides

provides m@ T.BFn hedio E ffectively,
the lithio sg T n(@;@a o“ ol ate in this

condensation; this accounts for the observed regiochemistry of addition and
for the necessity for using two equivalents of lithiated o-toluamide.

[0)




MeO
1. LDA, THF, -78° MD'D
el | MOMO
MeO Q
| O 96 (68%)
CO,R
MOMO R=Et || Lpa, THF, 78°
- |
MOMO
U 97 (70%)
OH
1. LTMP, THF, -20° R KDH
2. RCH,CON(OMe)Me
|
N, 98 (26-48%)
CeHi)
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3. CHN; O
GG bons,
OH

CONEt, !.LDA (2eg),

THF, -78° NaOMe, MeOH

Phenanthrols are obtained in excellent yield by remote lateral lithiation of
1¢-methylbiphenyl-I-dialkylamides, (55) a process that is formally related to the
cyclization of allylbenzamides discussed above. The preparation of
9-phenanthrol by this reaction is shown earlier in the chapter (page 15). More
highly condensed polycyclic aromatics can also be prepared by this method,
as exemplified by the synthesis of 5-hydroxybenz[a]anthracene (100) from the
naphthylphenylbenzamide 99. However, the related benzamide 101 fails to
undergo cyclization,



OH
CONEt,
LDA, THF
sIRcRees
9 104 (90%:)

46w 404
SO U TC

101

presumably as a consequence of developing peri hydrogen—phenyl interaction.
(55) This methodology also provides heterocyclic ring-annelated
naphthoquinones (Eq. 50). (182) In these cases, the naphthols formed in the
initial condensation reaction

o)
0000000 ORRROGRGRO0 N000000000000001
2. CrO3, Hy0, §i0; = (50)
X f X

000000000000

are unstable and therefore are oxidized to the naphthoquinones without
purification. The corresponding pyrido-fused naphthoquinones are prepared in
a similar manner.

Anthraquinones can be prepared in moderate to good yield by reaction of
phthalide anions with arynes. (156) This transformation is effected by
preparation of the phthalide lithio species in the presence of two equivalents of
base followed by addition of a bromobenzene and in situ generation of the
aryne. The reaction mixture is allowed to warm to room temperature with
eventual exposure to air to oxidize the intermediate hydroxyanthrone lithio salt.
In the example shown in Eq. 51, the yield of anthraquinone obtained by this
procedure is increased from



1.LDA (2 eq),
o THE, -60° 3. air, 20°, 20 h
2. Br 4. HCI
@ OLi 0 (51)

O

29 to 75% when the amount of aryne precursor is increased from one to two
equivalents. Phthalide anions undergo regioselective addition to certain arynes
as in the formation of 1,7-dimethoxyanthraquinone (102) via the benzyne
generated from 2-bromoanisole. (156)

0 OMe O OMe
M0 3510 20° 2 h MeO
Hek—Jmees
) 3. HCl
EIEIDEIEIEIDDDEIEIDDIEDDDDDDDDDDDDDDDDEIIEE%I;DDDDDDDDDI
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o-quinodimethanes, and these reactive intermediates have in turn been used
for the synthesis of di- and tetrahydronaphthalenes via Diels—Alder
cycloadditions. The generation of these o-quinodimethanes is generally
accomplished by fluoride-induced 1,4-elimination of
o-[(trimethylsilyl)methyl]benzyl derivatives (166, 183-185) such as the
trimethylammonium salt 103. (105) Intramolecular variations



1. s-BuLi, ether,
NMe, tt, 40 h NMe» Mel NMey*1-

(95%) 103

CO,M
TBAF = Me0,CC=CCOMe G‘ i
MeCN, rt b T

{88% from 103)

of this reaction have been used in the synthesis of estrone (186) and
11-hydroxyestrone methyl ether. (187) A related protocol for the generation of
o-quinodimethanes involves proton-induced 1,4-elimination of
O-(1-hydroxy-alkyl)benzyltributylstannanes (e.g., 104). (167, 188) This
procedure appears to give

1. n-Buli (2 eq),

Doooooooogoon &m&uﬂnﬁﬁﬁcﬁmnnnnnnnnm
CO;Me
22 104
CO,Me

O00000000000000, =

higher yields of cycloadducts with electron-deficient alkenes than does the
fluoride-induced elimination process. Diels—Alder reaction of
1-trialkylsilyloxy-3-arylisobenzofurans, which are prepared by lateral lithiation
of 3-arylphthalides followed by O-silylation, represents yet another aspect of
o-quinodimethane cycloaddition chemistry. (189)

4.2. Heterocyclic Systems

4.2.1.1. Oxygen and Sulfur Containing

Homophthalic anhydrides (e.g., 105) are readily available from o-toluic acids
by carboxylation of the dilithio species followed by dehydration of the
homophthalic acid thus produced. (190) Acetylation of the homophthalic
anhydride followed by thermal decarboxylation of the 4-carboxy intermediate
provides the corresponding 3-methylisocoumarins
(1H-2-benzopyran-1-ones)(e.g., 106). (190) Homophthalic anhydrides can
also be prepared by sequences commencing with carboxylation of
diethyl-o-toluamides (191) and (2-methylphenyl)-2-oxazolines. (192, 193)



1. LDA(lnq}

OMe OMe O
CD;H ‘M':’“hco COH
-78%tornt AcCl 0
flux
2HO.t  MeO bl MeO 0
81%) COH 105 (91%)
OMe O
_140-150°
p}mdme re.ﬂux
(67%) COH 106 (91%)

Acylation of 6-methoxytoluate esters with N-methoxy-N-methylcarboxamides
followed by base-promoted cyclization of the resulting ketoesters provides
3-substituted 8—methoxﬁocoumarins 107. I(:”:}l A more eneral route to

0O0000000SEREN000000000000000000000000000000

OMe OMe OMe O
Et CO,Et

0 1. LDA, THF, -78° 0 NaH, +-BuOH 0

o
OQ0O0R I I R

3

Me 0] R 107 (55-80%)

(66-85%) R = alkyl, alkenyl, aryl

isocoumarins, involving a similar acylation of toluic acid dianions followed by
dehydrative cyclization, has apparently not been investigated. Condensation of
lithiated N,N-diethyl-o-toluamide with thioesters gives 3-substituted
thioisocoumarins (1H-2-benzothiopyran-1-ones) 108 in a one-pot procedure.

(194) The
0
CONEi, 1.LDA, THF, CONEt, S
-78°
©/\ i Su a
2. R
o= 08 EtO 108 (51-71%)

R = alkyl, aryl, heteroaryl



thioalkoxide adduct is presumed to be an intermediate in this
cyclocondensation reaction.

A variety of methods are available for synthesis of 3,4-dihydroisocoumarins
(3,4-dihydro-1H-2-benzopyran-1-ones). Condensation of the dilithio species
from N-methyl-o-toluamide with alkyl or aryl aldehydes followed by thermolysis
affords 3-substituted dihydroisocoumarins, and application of this reaction
sequence to ketones affords 3,3-disubstituted derivatives (Eq. 52). (43)

Analogous
0
CONHMe
PhCHO 160-170° (0]
@1,(”“ o
CONHMe a-BuLi, (519%) £ {72%)
™5
Lo 0
CONHMe
OO0000000a000aooonoan L] aoaooool

: 0 (65%) (85%)
S SR SR e
benzaldehyTes; altough e T—78% rian in the

toluamide procedure. (29) Overall yields of 3-aryl-3,4-dihydroisocoumarins in
the 30-65% range are obtained from condensation of
N,N-diethyl-o-toluamides with benzaldehydes followed by treatment with 50%
sodium hydroxide in ethanol at reflux. (51) As an alternative,
N-[2-(dimethylamino)ethyl]-N-methyl-o-toluamide can be used, in which case
the cyclization step is accomplished by treatment with 6 N HCI. (53) Reaction
of the lithio species from o-tolyloxazoline 109 with aryl aldehydes followed by
acid hydrolysis provides an efficient synthesis of
3-aryl-3,4-dihydroisocoumarins that proceeds in higher yield and under milder
conditions than the preparations from tolyl amides described above. (195) One
example of the application of this procedure to the preparation of a
3,3-disubstituted analog via reaction with a ketone has been reported. (195)




2, p-MeCgH,CHO

0 (8]
:}j
N L. n-BuLi, ether, 0° G 0
3.1 N HC, reflux G
109 (B0%)

The reaction of lithiated 6-methoxytoluate esters with aldehydes gives
3-substituted 8-methoxy-3,4-dihydroisocoumarins in a single step. (36,
196-198) The example shown in Eq. 53 is noteworthy in that use of a chiral
dialkylamide base

Me o Ph/‘EiMOMc e
THF, -78° - (53)
2. MeCHO

55% ec (41%)
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affords the product, (3R)-mellein methyl ether, with an enantiomeric excess of
55%. (196) The ability of the amine produced by protonation of the amide base
to function as a chiral complexing agent has been proposed as a rationale for

the observed as mmetrlc induction. Ei metrlc induction has also been

observed | |ﬁ @. . Etment of

ethylbenzene with n- butylllthlum in the presence of the chiral diamine
(—)-sparteine. (200)

Condensation of the dilithio species from 2-methylbenzyl alcohol with carbon
dioxide affords a simple route to 3-isochromanone (Eq. 54). (72) 3-Substituted

1. n-Bulii (2 eq),
@i\oﬂ s s6fhex, 4T @E:i
= . (54)

(56%)

isochromans are available by reaction of 2-dimethylaminomethylbenzyllithium
with carbonyl compounds followed by quaternization and thermolysis as
illustrated by the synthesis of 3-phenylisochroman (Eq. 55). (19)
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NMe; I~

NMe 1. n-Buli, ether,
@:\ 2 n6h OH 002100 @\/;‘a (55)

3. Mel
(52% overall)

Preparation of 2-arylbenzo[b]furans (87) and 2-aryl-2,3-dihydrobenzo[b]furans
(201) via lateral lithiation of o-tolyl tetramethylphosphorodiamidates is shown
in Eg. 56. Synthesis of 2-methylbenzo[b]furan can be accomplished in
analogous

Ph
PhCO+M HCO-H
oo (7Y e (N
OPO(NMe;) o

Li N (14%) (60%)
00000000 P DDDDIE%QQHDDDDD%DDDDE‘IS&DD|:||:|I:||
~ PhCHO GPO?I:[Mcz)z reflux o ™

(69%) (55%)
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fashion by acylation of the phosphorodiamidate lithio species with
N-methoxy-N-methylacetamide followed by formic acid treatment. (87) The
preparation of 2,3-dihydrobenzo[b]furans by the route shown in Eq. 56 is
limited to 2-aryl substituted examples. Reaction of the tolyl lithio species with
carbon dioxide followed by formic acid treatment affords
benzo[b]furan-2(3H)-one. (87) Similar methodology can be used for the
synthesis of 2-aryl- and 2-alkylbenzo[b]thiophenes and
benzo[b]thiophen-2(3H)-one (110) from the corresponding ortho-thiocresol
tetramethylphosphoryl derivative. (88)

1. s-BuLi, THF,
©: -108° COH  HCOH m 4
2.C0O4
SPO(NMe;,); SPO(NMe;), S

(96%) 110 (95%)




The dilithio species 111 from lateral metalation of 2-methylthioanisole is a
versatile intermediate for preparation of benzannelated sulfur-containing
heterocycles. For example, condensation with benzoyl chloride affords the
3,4-dihydro-2H-1-benzothiopyran derivative 112. (83) Reaction of 111 with
dichlorosilanes, dichlorostannanes, and sulfur chloride affords derivatives of
1,3-benzothiasilane, 1,3-benzothiastannane, and 1,3-benzodithiane,
respectively (Table V-B). (83)

SMe SCH,Li
n-BuLi:TMEDA (2 eq) @;/ PRCOCI
hexane, rt, 12 h

112 (58%)

4.2.2. Nitrogen Containing
4.2.2.1.1. Indoles and Oxindoles
OO000000CA e e HireesiesHIen EHR TS R s e ] (1000000
derivatives are available. The simplest of these procedures involves the
preparation of 2-substituted indoles via cyclization of the dilithio species from
acylated o-toluidines, an example of which has already been presented in Eq.
26. (90, 92) A reasonable mechanistic pathway for this transformation, which is

essentially Tuez L rqtegy of i
i .
representemmmﬂ e ked meds in low
HCOR '”{F

yield
-20° to

-Liz0O
- O | — @:m
N N

H

(57)

(<50%) if the R group contains enolizable protons; (91) hence the process is
most applicable to the synthesis of 2-arylindoles or 2-(tertiary alkyl)indoles. It is
noteworthy, however, that 5-chloro- and 5-methoxy-2-phenylindoles can be
prepared in high yield by this reaction. (92) Indoles substituted with halogen or
alkoxy groups in the benzene ring are not accessible by the original Madelung



procedure. (202)

A more versatile synthesis of 2-substituted indoles is based on condensation
of the dilithio species from N-trimethylsilyl-o-toluidine with carboxylic acid
esters (Eq. 58). (101, 102) This reaction can be envisioned as proceeding by
initial acylation

O R
s-BulLi (2 eq} RCOEt
'E[hﬂ mn _,-'Ll le-i-
e |
8 T™MS (58)
— 0| — g
N N
H
R = aryl, alkyl
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olefination to form the indolinine. Tautomerization of the indolinine then leads
to the observed indole product. The yields of 2-substituted indoles obtained by
this procedure are generally in the 60% range. Application to the preparation of
2,3-disubstituted indoles (e.g., 113) is also possible, although with somewhat

eoweed [ IOOOOOOOOOOOOOOO

1. n-BuLi:TMEDA (2 eq),
hexanes, reflux N
H 2. Me;CHCO,Et ﬁ
|
TMS 113 (45%)

efficiency relative to the 2-substituted examples. (101) A related route that

affords 2-substituted N-methylindoles involves condensation of the benzylic
anion of the lithium carbamate of o-toluidine with carboxylic acid esters as in
Eq. 59. (100) Upon workup with aqueous hydrochloric acid, the intermediate
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1. n-BuLi, THF,
78 1o -20° HCl m R
N-CO2Ld 2. RCOEN N~ 0L N (59)

| | Me
Me M (58-65%)
R = aryl, alkyl

N-carboxyaniline undergoes decarboxylation, and subsequent cyclization of
the resulting aminoketone gives the indole.

N-Boc protected indoles are readily available from Boc-o-toluidines by
dilithiation followed by reaction of the dilithio species with
N,N-dimethylformamide and dehydration of the resulting amidal. (93) A variety
of Boc-indoles containing substituents in the benzene ring can be prepared in
this way (e.g., 114). The

] [nIwTi's an mmmnﬂmn@mnnnnnnnnnl
2. DMF Z~N N
EE;BH :'SOQBu-t }:ﬂ,gu.;

114 (73%)
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illustrated in Eq. 60. Acylation of Boc-o-toluidine dilithio species is most readily
accomplished by treatment with N-methoxy-N-methylamides; yields of ketones
are significantly higher than in condensations with the corresponding esters.
Cyclization of these acyl derivatives is accomplished upon brief exposure to a
catalytic amount of trifluoroacetic acid in dichloromethane to afford the

QR
1. s-Buli (2 eq),
I’IJH 2. RCON{OMe)Me i, 5 min N (60)
CO,Bu-t Dﬂzﬂu -t OOgBu-t

(60-T0% overall)
R = aryl, alkyl

1-Boc-indoles. Alternatively, cyclization and subsequent removal of the Boc
group to give 2-substituted indoles is effected upon treatment of the ketone



intermediates with trifluoroacetic acid as cosolvent for longer reaction times.
Lateral lithiation of Boc-o-toluidines also affords a simple route to oxindoles
[indol-2(3H)-ones] as illustrated by the preparation of 5-chlorooxindole (115).
(93) Certain indol-2(3H)-thiones can be prepared using extensions of this
methodology. (203)

1. s-BuLi (2 eq)

Cl . . Cl
THF, -40° O:H  yol, rioH
2.C0; reflux

éﬂgBu—r (IZ{J;Eu-r
Cl

115 (75%)

As described earlier, o-(lithiomethyl)phenyl isocyanides undergo cyclization to

indoles in hi ield uon warming from —78° to room temperature. Elaboration
OO000000OEEEaR R BHLENpRDE GG HEeR BRI 000000001

a diverse array of substituted indoles. (103, 104) For example,

functionalization of the benzylic position of o-tolyl isocyanide is accomplished

via lateral lithiation followed by treatment with an electrophile. The lithio

species produced in a second lateral lithiation is then allowed to cyclize to

produce th W ﬂmﬂl d allylic)
halides, ot cTe At can be Use quence e epoxides,

(104) trimethylsilyl chloride, (104) dimethyl disulfide, (104)

1. LDA (2 eq),
d.lgljmc -78° LTMP {2 eq) N (61)
2 i-Prl dlgljl'lm: “18°ton ﬁ

(89%) (65%)

isocyanates, (204) and isothiocyanates. (204) Ketones produced by acylation
of o-(lithiomethyl)phenyl isocyanides do not undergo the base-promoted ring
closure. For these substrates, cyclization to the 3-acylindole can be effected by
heating in benzene in the presence of a catalytic amount of copper(l) oxide (Eq.
62). (205) Upon treatment with agueous acid, an alternative cyclization mode,
leading to the formation of 2-substituted indoles, is observed. (205)



Cu0 N

benzene, reflux N
1.LDA (2 eq), H
diglyme, -78° (62)
C 2. RCDgCHzCH:CH;
H

7-Substituted indoles can be prepared by iterative lateral lithiations of
2,6-dimethylphenyl isocyanide as illustrated by the “one-pot” synthesis of 116.

e o
2. EiCHO -T8%tort
DOO0OO0o0oof0000000000oSno0000oA0A00000000C!
116 (57%)

Sequential I|th|at|ons of 2.4-dimet | isocyanide can also be carried out
Bt ' 1 o o o o

Lewis acid catalyzed cyclization of adducts obtained by addition of lithiated
o-tolyl isocyanide to carbonyl compounds affords N-formylindolines. (206)
Addition to ketones, as in Eq. 63, gives 2,2-disubstituted indolines after
cyclization, and

1.LDA (2 eq),
d:sl:rme -78° o BF;3+Et;,0
- OH| ——ar
NC CH,;Clp
-78%ton
(93%)
i (63)
1, -
o [1,3]
N-;:J" N
CHO



addition to aldehydes gives 2-substituted derivatives. The cyclization step
works best with adducts from a , B -unsaturated or aryl aldehydes and ketones.
Formation of the indolines appears to involve a 1,3-rearrangement of
dihydro-3,1-benzoxazepine intermediates (e.g., 117). (206) Another
preparation of indolines based on a lateral lithiation reaction is represented by
the synthesis of 118 from

Ph Ph l b,
1. n-BuLi:TMEDA o
(2 eq), THF, -30° TFAA
— OH
NH 2. @ i DMSO
| o~ TCHO 1
COBu-t COBu-t
(98%)
Ph
CLy
N 0

\
COBu-t

000000000000000000000000000000t 0000000000l

o-pivaloylamidodiphenylmethane. (207) The cyclization to form indoline 118
probably occurs via a stabilized carbonium ion; hence this type of synthesis
would be expected to be limited to the preparation of 2-aryl (or heteroaryl)

indolines. (EDDDDDDDDDDDDDDD

4.2.2.1.2. Isoquinoline Derivatives

Concise syntheses of 3-substituted and 3,4-disubstituted isoquinolines based
on lateral lithiation of o-tolualdehyde cyclohexylimine are shown in Eq. 64.
(208) Acylation of the derived lithio species with
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1. LTMP, THF

* R
-15 10 0° NH,OAc =
2. R.CDN(DMe}Me NH OH N

“CeHyy CﬁHI 1 (57-84%)
1. base
2.RIX
(64)
R! R!
R R
NH40Ac b
O NH4OH =N
|
N
B = alkyl, aryl
CeHyy Rl iyt

N-methoxy-N-methylamides provides ketone intermediates 119 which, without
purification, can be converted to 3-substituted isoquinolines by treatment with
ammonium acetate and ammonium hydroxide. Alternatively, ketones 119 can
be alkylated at the benzylic position and similarly cyclized to afford
3,4-disubstituted derivatives. 9) Use of N,N-dimethylformamide in the
m lﬁﬂlﬁﬂhﬂmﬂlEDDDDDDDDDDI
substituent is hydrogen. Application of these protocols to o-tolualdehyde
imines containing substituents in the aromatic ring allows the preparation of
substituted isoquinolines with more diverse substitution patterns. 3-Substituted
isoquinolines can also be prepared via a route based on acylation of

S el e S
less attract amrect rov i 0. 64.

A variety of isoquinoline derivatives can be prepared from the dilithio species
obtained from lateral lithiation of Boc-2-methylbenzylamine (Eq. 65). (47)
Condensation



1. TFA
2 NEBH4
3 EtOH H
R=H:
1. DMF
Li 2. HCL THF @O’ 1. TFA @:\(
R = alkyl, aryl: 2. I, KOAc,
1. RCON(OMe)Me "COBut " gy (65)
tlthi 2. TFA, CH,Cl,
CO,Bu-r 1. s-BuLi, THF, -78°
2. RIX
R
= LTFA
N. 2. I, KOAc, N
COBut 2o $ “
Rl

of the dilithio species with N,N-dimethylformamide or

N-methoxy-N-methylamides affords N-Boc protected 1,2-dihydroisoquinolines

120 after acid treatment Deprotection of 120 followed by reduction affords
000000003 BUY-HHnbrbisHol Inbidéd ol [HniEded lEIeéIIEIEIEIEIEIEIEIEIEII

oxidation affords isoqumollnes. The Boc derlvatlve 120 can also be alkylated at

the benzylic position and similarly deprotected and oxidized to provide

1,3-disubstituted isoquinolines. (48) The alkylation of 120 proceeds in high

yield when the 3-substituent R is alkyl or aryl, but fails when this substituent is

T T T 0
of the synth&5es UEsCImed .o IWALON) odumoline

derivatives with additional substltutlon at positions 5-8 from ring-substituted
precursors.

Several protocols are available for preparation of isoquinolones from
secondary o-toluamides (Eq. 66). Condensation of dilithiated
N-methyl-o-toluamide

R
1. RCONMe; iy R = H (77%)
2. HCl N. R =Me (58%)
Me R-ph7im
Li 0
J’N—Me (66)
OLi R
1. RCN ¥ R = alkyl (42-48%)
2.NH.CI N. R = aryl (58-87%)



with amides followed by acid treatment affords
N-methyl-3-substituted-1(2H)-isoquinolones in fair to good yield. (160) Addition
of the N-methyl-o-toluamide dilithio species to nitriles affords the
corresponding (N-unsubstituted)-3-substituted-1(2H)-isoquinolones. (158) This
reaction is most efficiently applied to the synthesis of 3-aryl and 3-heteroaryl
isoquinolones. Moderate yields are obtained with secondary or tertiary alkyl
nitriles, and the reaction fails with primary alkyl nitriles, presumably because of
competing deprotonation of the nitrile substrate. An alternative procedure for
the preparation of 3-alkyl derivatives (e.g., 121) involves condensation of
dilithiated N-methoxy-o-toluamide (methyl 2-methylbenzohydroxamate)

1.s-Buli (2 eq), Bu-n Bu-n
THF, -70° = TiCls =
NHGME 2. n-BuCON- NKUME, EiOH N‘“H
(OMe)Me
0 0

0
3. HCI, THF (75%) 121 (79%)

with N-methoxy N-methylamides. (49) The derived

N-methoxy-1(2H)-isoquinolones are deprotected to the parent isoquinolones
O0000000QEE e NE LN DR e foaE SuEE EO0 D 0000000001
N-(1-propenyl) group is used in place of the N-methoxy group as a removable

protecting group for the synthesis of N-unsubstituted isoquinolones. (46)

Lithiated phthalides undergo cyclocondensation reactions with benzaldimines

koA a1 | N

isomer predominating (Eq. 67). (211) The cis:trans

Li OH OH
Ph Ph : Ph
0+ r!rr/ gt Nt N__ (67
e -50 to 20 i e (67)
0 0 0

(31%) (22%)

isomer ratios observed in this reaction are typically ~ 2:1. In condensations of
phthalide anions with 3,4-dihydroisoquinolines, trans cycloadducts such as
122



122 (68%) O

are formed exclusively. (212) These stereochemical results are rationalized by
transition states involving coordination of the lithium cation with the lone pair of
the imine nitrogen and with the two oxygens of the phthalide anion. (212)

There are two reports in the literature on the synthesis of
3,4-dihydro-1(2H)-isoquinolones by acid-catalyzed cyclization of adducts
obtained by addition of dilithiated N-substituted-o-toluamides to aldehydes and
ketones. (213, 214) However, on the basis of a detailed study of these
cyclization reactions, it has been established that the major products are the
cyclic imino ethers 123 rather than the dihydroisoquinolones 124. (215)

Ooooooon EIEIEIEIEIEIEIEI Ooooooooooooooooo

1
R'R*CO OH H;50,

zN_Me CONHMe

OLi

HoOooooo

an0

123 N 124 O
{major) {minor)

An alternative route to 3,4-dihydro-1(2H)-isoquinolones is shown in Eq. 68. (52)
In this procedure, which is clearly related to the phthalide—imine condensation

in
Li E
. 1 R! : R!
P . A =
NEt, szN =700 N_.‘R2 107 o rt N‘Rz (68)
O 0 L8]



Eq. 67, lithiated N,N-diethyl-o-toluamide is condensed with imines to provide,
in situ, the 4-lithio dihydroisoquinolone derivative 125. Subsequent treatment
of intermediate 125 with electrophiles (E") provides
trans-3,4-disubstituted-3,4-dihydro-1(2H)-isoquinolones in moderate yield. The
formation of lithio species 125 can be rationalized on the basis of initial
formation of the 3,4-dihydroisoquinoline via addition of the toluamide anion to
the imine followed by attack of the resulting nitrogen anion on the amide
carbonyl with subsequent expulsion of the diethylamide anion. The
dialkylamide base thus generated can then deprotonate the cycloadduct at the
benzylic position leading to formation of anion 125. The overall sequence
affords highest yields with benzaldimines (R" = aryl) including
3,4-dihydroisoquinolines. Addition of the toluamide anion to cyclohexanone
imines, which affords 3,3-disubstituted (spiro) dihydroisoquinolones, proceeds
in moderate (40-45%) yield. (52, 157) Cyclopentanone imines apparently
undergo enolization upon treatment with the toluamide lithio species. (157)
Addition of the toluamide anion to (S)-glyceraldehyde acetonide
p-methoxybenzyl (PMB) imine occurs with complete diastereoselectivity, albeit
in moderate yield (Eqg. 69). (216) A

|:||:||:||:||:||:||:||:|DDDDDDDDDDEEIDDDDDDDDDEIHDDEIEIEIEIEIEIEIEIEIEH
0 B! b

Li )
v (\/ _THF (69)
NEt, | 78° N

PMB

! ooMtoooooooeboon

complete survey of 3,4-dihydro-1(2H)-isoquinolones prepared by Eq. 68 is
provided in Table I-G.

An unusual transformation in which the N,N-diethyltoluamide anion serves in a
temporary role in the activation of isoquinoline to electrophilic attack is shown
in Eqg. 70. (217) The toluamide lithio species adds to isoquinoline to afford
adduct 126 in quantitative yield as determined by aqueous quench and
subsequent isolation



b
CONEy, THF.-78°

(70)

H;0

(78%)

of the 1,2-dihydroisoquinoline. Treatment of the adduct with benzyl chloride
followed by warming to room temperature affords 4-benzylisoquinoline along
with recovered toluamide. The formation of these products is rationalized by
the base-catalyzed fragmentation process shown in Eq. 70. Ring-substituted
benzyl halides work equally well in this reaction; however, the procedure fails

00000000W0REKED Ooooooonooooooogdooooooaon

4.2.2.1.3. Tetrahydrobenzazepines

The lithio derivative of o-tolyl isocyanide undergoes 1,4-addition to a , B
-unsaturated esters to afford y -(o-isocyanophenyl)butyrate esters 127. (218)
The yield o Eﬂ; ST m D e esters
than with am . wmﬂ LZI rmiing
anilines followed by thermolysis gives

1,3,4,5-tetrahydro-2H-benzazepin-2-ones 128. The Boc derivative of
2,3,4,5-tetrahydro-1H-1-benzazepine (130) is prepared

RI
'DJR-Z RI
: 1
@q\u RS ~cor? 1. HCI
C diglyme, -78° C 2. 180° N
127 122 H O

R!'=H,R?2=Et (27%) Rl=H (76%)
R! =Me, R2=Me (87%) R2=Me (70%)

in two steps from lithiated Boc-o-toluidine. (219) Alkylation of this lithio species
with 3-chloro-1-iodopropane gives chloride 129, which is cyclized in a
subsequent step upon treatment with potassium tert-butoxide. A one-pot



procedure for synthesis of 130 was not realized because of the failure of the
lithio derivative of 129

@\/\ Li  ICH)Cl -BuOK.
NLi THF -40° to rt

N
|
CO,Bu-t CO‘zBU‘-I Cozﬁu-;
129 (98%) 130 (95%)

to undergo cyclization, even upon addition of potassium tert-butoxide to the
original reaction mixture. The 1,3,4,5-tetrahydro-2H-3-benzazepin-2-one
system 132 is available via conversion of dilithio species 131 to the
phenylacetic ester followed by removal of the Boc group and thermolysis.

(108)
1. f:c:-2 THF CO,Me 1.TFA
I%ENQ,D E%éﬁnnnnnnnl

Li
|
131 CO;Bu-t (67%) CD?B“" 132 (57%)

4.2.2.1.4. !\!Qm aneous QrogequerocyQDDDDDD

As described earlier in Eq. 18,
5-aryl-2,3,5,6-tetrahydroimidazo[2,1-alisoquinolin-5-ols are prepared by
condensation of dilithio-2-(o-methylphenyl)imidazoline with aryl esters. (65)
The intermediacy of 4,5-dihydro-3,1-benzoxazepine derivatives in the
formation of certain indolines was also mentioned (Eq. 63). This ring system
can be prepared, without rearrangement to the indoline, by copper(l)
oxide-catalyzed cyclization of o-tolyl isocyanide adducts 133. (220)
N-Substituted 3-aryl-2H-1,2-benzothiazine-1,1-dioxides

Oooooon

2
R, _oH
1
| Ri R Rz
@\/\ Li RICOR? Cuz0 m
; 78"
NC diglyme, -78 NC benzene, reflux ﬂj

133 (ca. 90% overall)



134 are available by condensation of dilithio-o-toluenesulfonamide with aryl
nitriles followed by acid-catalyzed cyclodehydration. (110)

*Q\Cr

SO;NLiR O;NHR ~—np
1. PhCN, THF
Ci_/ Li 2. HCl @/CD% “benzene E:’I/l\
reflux
R=Me (71%) R—Me (94%)
R=Ph (76%) R =Ph (94%}

It will be appreciated that the annelation processes described above can be
applied to the synthesis of a wide variety of heterocyclic systems via lateral
lithiation of heterocycles. For example, commencing from methylpyridine
derivatives the following ring systems have been prepared: azaindole, (120, 93)
azaindolone, (221) dihydro-8(5H)-isoquinolinone, (222)
dihydroazaisocoumarin, (117) 1,7-naphthyridine, (223) and

dihydro-1,6-naphthyridin-5(6H)-one. (52, 224, 22 nnelation reactions have
00000000EGECEED RN OE P CE e RGN BL 00000000

methylbenzothiophene carboxamides to afford heteroaryl-fused pyridones. (44)
The range of other systems available by this methodology would appear to be
limited only by the availability of appropriately substituted heterocycles for
further elaboration.

5. sequebab ksl el Ll bl LA LA CICIC]

The introduction of a methyl group by heteroatom-facilitated ortho lithiation
followed by elaboration via lateral lithiation technology is an important protocol
for the synthesis of aromatic systems with substitution patterns that are not
readily accessible by other synthetic routes. One of the more useful
applications of this tactic involves the preparation of contiguously trisubstituted
(and occasionally tetrasubstituted) toluene derivatives through ortho lithiation
and the subsequent use thereof in lateral lithiation reactions. The following two
examples illustrate different aspects of this protocol. In Eqg. 71, the
complementary ortho



OO00000 Chekate 16 46dinkid

OMe OMe
0

1. n-Buli, THF,
-45° 1. n-BuLi, THF, 0°
\N)< 2. Mel \iq>< 2. (Me0):CO

OMe OMe

..-""N .
(48%) 0\)< 85%) O

directing effects of the methoxy and oxazoline groups allow introduction of a
methyl substituent between the two groups. (187, 192, 193) Lateral lithiation
then allows functionalization of the newly introduced methyl group as in the
preparation of 5-methoxyhomophthalic anhydride. (192) The second example
illustrates the use of ortho lithiation in the preparation of contiguously
trisubstituted toluene derivatives such as the Boc-toluidine 135. (93) The
success of this protocol is obviously dependent on regioselective ortho
lithiation. In this exanﬁle, the overriding ortho-directing effect of the Boc gr

(71)

135 for the synthesis of ring-substituted heterocycles via lateral lithiation based
sequences is illustrated by the preparation of Boc-7-fluoroindole (136). (93)

1 i (2 eg)
<o ] N\
2. DMF N

| | |
F CO;Bu-t F CO,Bu-t E CO;Bu-1
135 (76%) 136 (66%)

Sequential ortho and lateral lithiations can also be employed to accomplish, in
two steps, transformations that otherwise cannot be directly accomplished in a
single step. For example, laterally metalated species generally do not undergo
alkylation with 2-phenethyl halides because of base-induced elimination of the
alkylating agent. (138) However, methylation of the ortho lithiated species
followed by lateral lithiation and alkylation with a benzyl halide accomplishes
the desired transformation in good overall yield (138) as in Eq. 72. (54) This
example also illustrates selective ortho lithiation proximal to the tertiary
carboxamide group as

i B R REREGRE 000000001



OMe OMe 1. s-BuLi (1 eq),
CON(Me)Bu-¢ 1 #-BuLi:TMEDA, CON(Me)Bu-t  LDA (0.15eq),
THF, -78° - THF, -78°
2. Mel 2. p-MeOCgH4CH,CI

OMe

l CON(Me)Bu-r

(76%)

(72)

opposed to an alkoxy group, a tactic that has been used in other sequential
ortho/lateral lithiation applications. (51, 191, 226) Sequential lithiation
protocols of this type can often be carried out as a one-pot procedure, (100)
however, product yield and purity are often improved if the intermediate ortho
alkylated product is isolated and purified prior to the lateral lithiation reaction.
(93, 191)
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lateral position is blocked to further lithiation as in the isopropyl-substituted
benzamides shown previously in Eqg. 41. Consideration of this phenomenon
led to the development of a protocol for the protection of benzylic sites from
lithiation. (166) Thus disilylation of N,N-diethyl-o-toluamide is accomplished in

a one-pot ﬁ ﬁ"ﬁ’ 0] 4 fiqpsfo provide
derivative 137. OHNO [MAIATOM O r BCLropI g provides
1,2,3-trisubstituted benzamides such as 138. The trimethylsilyl protecting

groups can then be removed by treatment with fluoride to provide the
corresponding toluene derivative.

1. s-BuLi:TMEDA
CONEt THF, -78° l. s-BuLi: TMEDA
B gt CONEt; 1. sBuLiTy
3. s—BuLi:'IMEDA‘_ TMS 2. DMF -
4, TMSCI
137 (91%) TMS
CHO CHO
CONEt; CONEt,

CsF
TMS DMF

138 (86%) TMS (78%)



4.4. Applications to Natural Product Synthesis

The synthetic utility of heteroatom-facilitated lateral lithiation reactions is
underscored by the extensive use of this methodology in the synthesis of
natural products. Lateral lithiations have been used to effect key
transformations in the total synthesis of over 30 natural products,
encompassing a diverse array of carbocyclic and heterocyclic structures. One
example is shown in Eq. 72 in the previous section, and additional examples
that are illustrative of these synthetic applications are described in this section.
A comprehensive list of the lateral lithiation reactions used in total synthesis
endeavors, organized by structural class, is presented in Table XI.

Within the realm of carbocyclic aromatic natural product synthesis, lateral
lithiation reactions have been imaginatively employed in synthetic approaches
to olivin, the aglycone of the antibiotic olivomycin A. (150, 227, 228) In a
synthesis of optically active olivin trimethyl ether, successive lateral lithiation
reactions are used to assemble the carbocyclic framework of the antibiotic.
(150) A phthalide—acrylate condensation provides the functionalized
naphthalene ester 139 which undergoes subsequent cyclocondensation with

10 o i

MeO MeO 1. LDA, THF,
1. LDA, DME, -78% DMPU, -78"

] B[R FIET o o

139 (52%) Q) k‘
140

0
H {?Me D'lr
MeO i _—k\.ﬂ
O
OMe OMe OH O OMe OMe O
141 Olivin trimethyl ether

cyclocondensations have been used to prepare racemic olivin trimethyl ether
(227) and (+)-olivin, (228) respectively.

In the total synthesis of the macrocyclic lactone antibiotic milbemycin 3 3, 1,2
addition of dilithiated 2-ethylbenzoic acid 143 to the highly elaborated a , 8
-unsaturated aldehyde 142 provides a key carbon—carbon bond formation. (33)



This example illustrates the preparation of a complex 3,4-dihydroisocoumarin
(144) via lateral lithiation, although in this particular application the lactone
moiety is cleaved in a subsequent step.

Synthesis of the naturally occurring neolignan eupomatenoid-1 exemplifies the
application of sequential ortho and lateral lithiations to the preparation of highly
substituted benzo[b]furan derivatives. (87) Sequential methylation of
phosphorodiamidate 145, accomplished in a one-pot procedure, gives the
ethyl derivative 146 (the possibility of direct conversion of 145 to 146 via
ethylation of the

o__0

Li COqLi —_—
143

OMOM

2.H*

142

OoMOM

OoO0eiaE 000000000

OH

ortho lithio species was not discussed by the authors). Lateral lithiation of 146
followed by acylation with methyl piperonylate affords ketone 147 which is



1. s-BuLi, THF,

-105° 1. 3-BuLi:TMEDA,
2. Mel THE, -105° -
3, 5-BuLi 2, COsM
{|J 4, Mel ? s
MeO  PO(NMey), MeO  PO(NMe,),
145 146 (97%) 5 . J

I
MeO PO(NMe;),
147 (56%) Eupomatenoid-1

converted to eupomatenoid-1 upon treatment with aqueous formic acid.
Several 2,3-dihydrobenzo[b]furanoid neolignans have been synthesized using
related methodology. (87, 173, 201)

Lateral lithiation reactions of ortho-toluidine derivatives afford important
00000000NBLRHINEEEDDEEHERLEEEEHEE0 000000000

nucleus. The concise synthesis of the indoloquinuclidine alkaloid

(+)-cinchonamine (150) is representative of such an application. (101) The key

step in this synthesis is condensation of the dilithio species from

N-trimethylsilyl-o-toluidine with optically active ester 148 to give 2-substituted

indole 149 I@EEE D D D D D D D

H
@;H 1. n-BuLi (2 eq), hexane m o LMad
2.Fi0, N - n../ 2.
| ) A
s "
148

M 149 (62%)

150 (+)-Cinchonamine

quinuclidine nitrogen. In a model study for the synthesis of the tremorgenic
mycotoxin penitrem D, preparation of indole 152 via the
N-trimethylsilyl-o-toluidine protocol (condensation with
2,2-dimethylbutyrolactone) proceeded in only 20-30% yield. (102) In this case,



the yield in the key indole-forming step was significantly improved by lateral
lithiation-induced cyclization of the derived amide 151.

MOM
TBDMST H, 0\( TBDM 5?

OH

n-Buli (4 eq)
THF, 0° to it

151 152 (83%)

The preparation of natural products containing the isoquinoline ring system is
particularly well-suited to applications of heteroatom facilitated lithiation
technology. (229) Three successive lithiations, two ortho and one lateral, are
employed for the assembly of isoquinolone 155, a key intermediate in the
synthesis of the antineoplastic agent fredericamycin A. (230) Ortho lithiation of

methoxymethyl (MOM) ether 153 followed by treatment with diethylcarbamoyl
O0000000EGEGEELDENEEEREEEMENE LGB0 000000000

lithiated and methylated to afford amide 154. Lateral lithiation of 154 and

condensation with diethoxyacetonitrile gives 155, which is ultimately converted

to racemic fredericamycin A. Two other syntheses of this natural product, in

which different lateral lithiation strategies are used, have been reported. (231,

222 OO000O00000004d

OMOM OMOM
1. s-BuLi, THF, -78°
£l k] t
2. Ei;NCOCI Eighico 1. LTMP, THF, -78°
3. -BuLi, THF, -78° 2. OEt
4, Mel
OTBDMS OTBDMS Et0” “CN
153 154 (60% overall)

O OMOM

OEt OTBDMS
155 (=90%) (x)-Fredericamycin A



The cyclocondensation—electrophilic trapping route to 3,4-disubstituted
dihydroisoquinolones (52) provides a convergent route to the
benzo[c]phenanthridine alkaloid oxynitidine (158). (233) The toluamide lithio
species 156 is condensed with N-methylpiperonalimine to afford, in situ, a
4-lithio-3,4-dihydroisoquinoline intermediate which is quenched with ethylene
oxide to afford adduct 157. The

0
156 LN 157 (68%) O

trans steremgl
conversion 10 the acr gluie

tetrahydroisoquinoline alkaloid, (x)-corydalic acid methyl ester, is synthesized
using related methodology. (226) Condensations of lithiated picolyl nitriles with
cyclic iminium salts represents another facet of the utility of lateral lithiations in
alkaloid synthesis. Preparation of the indolo [2¢:3¢,3:4]pyrido[1,2-b][2,7]napht
hyridine alkaloid angustine via reaction of the lithio derivative of picolyl nitrile
159 with the iminium salt 160 is typical of these syntheses. (122) Five other
members of this alkaloid family
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have been synthesized using this methodology. (122, 234) In addition, the
related 8H-isoquino[2,1-b][2,7]naphthyridine alkaloids are also accessible by
this general route. (235)
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5. Comparison with Other Methods

In general, syntheses of contiguously substituted aromatic systems by
classical electrophilic substitution chemistry are hampered by the inability to
control regiochemistry in the introduction of substituents. (236, 237) With the
proviso that the requisite starting material is available, heteroatom facilitated
lateral lithiation reactions offer the clear advantage of regiochemical certainty
over classical methodology for the preparation of aromatics contiguously
disubstituted with functionalized substituents. In principle, a number of
products derived from lateral lithiation reactions could also be obtained from
ortho lithiation based routes. As noted earlier in the chapter (pages 40 and 69),
reactivity differences can dictate the use of lateral, rather than ortho, lithiated
species for the preparation of certain types of products. However, as also
noted in previous sections, the availability of aromatic systems suitably
configured for lateral lithiations is considerably enhanced by use of ortho
lithiation technology; hence, the two methodologies should in general be
viewed as complementary, rather than alternative. A recent review covers
numerous other protocols that have been developed for the preparation of
1,2-disubstituted aromatics. (11)

O e e e it v Shapher ey - o LI
useful methods for the elaboration of benzylic derivatives of aromatic systems
have been developed. In this section, a brief discussion of the potential
advantages or disadvantages of these methods relative to lateral lithiation
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The formation of alkylbenzene—tricarbonylchromium complexes is an
alternative method for the activation of benzylic positions toward deprotonation.
(238, 239) Thus the chromium tricarbonyl complex of
N,N-dimethylamphetamine is lithiated with n-butyllithium at —78°, and the
resulting anion is trapped in a stereospecific manner with methyl iodide (Eq.
73). (240) Decomplexation of the

’ _ n-BuLi _ 1. Mel i (73)
, NMe; THF -78¢ NMe, 2.0 by air, hv NMe;

Cr(CO) Cr(cma

product is effected by exposure to air and sunlight. A number of other
stereoselective and enantioselective processes have been developed on the
basis of this methodology. (239) A noteworthy facet of benzylic lithiations of
arenetricarbonylchromium complexes is the tolerance of alkyl substitution at



the benzylic position, a tolerance that is often not exhibited in
heteroatom-facilitated lateral lithiations. An obvious disadvantage, at least in
large-scale work, is the waste disposal problem inherent in the use of
stoichiometric amounts of chromium reagents.

Zinc-promoted coupling of benzyl bromides and iminium salts is an efficient

method for the synthesis of 1-benzyl-1,2,3,4-tetrahydroisoquinolines (Eq. 74)
and

MeO CO,Et MeO
-~ N*% MeCN
MeO Me o MeO
i

Et0,C

related structures. (241) Whereas certain laterally lithiated species (phthalides,
(211) azaphthalides, (224) secondary and tertiary o-toluamides, (52) picolyl

nitriles, (242) picolyl ethanols (116)) will add to imines and iminium salts, an
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incompatible with organolithium reagents, such as ethoxycarbonyl or bromine,
can be present in the introduced benzyl group.

A related method for functionalization of benzylic positions involves the

reaction ofg@mﬂ s Jfih mphiles.
(243) This memodWould appear 10 nave grear utmy e synthesis

of a wide variety of benzylated systems. The preparation of 2-substituted
indoles using this methodology (244) is clearly related to the indole synthesis
based on the addition of dilithiated N-trimethylsilyl-o-toluidines to esters (Eq.
58). Thus bromination of N,N-bis(trimethylsilyl)-o-toluidine (161) affords the
corresponding benzyl bromide which is converted to the organozinc derivative.
Transmetallation to the mixed copper—zinc organometallic followed by addition
of an acyl chloride affords indoles (e.g., 163) in high yield. This method is
notable for the reactive functionality, such as the chloromethyl group in
substrate 162, that is tolerated in the acyl
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161 (65%)
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162 163 (76%)

halide moiety. In other cases, the overall length of this procedure may
constitute a disadvantage relative to the essentially one-step lateral lithiation
procedure.

Carbodesilylation of benzylsilanes is an alternative to lateral lithiation

methodology for certain carbon—carbon bond-forming reactions. (166)

Fluoride-induced coupling of o-[(trimethylsilyl)methyl]benzamides and

aldehydes produces carbinols as in Eq. 75. Treatment of disilylated derivatives
137) with fluoride
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in the presence of an aryl aldehyde gives stilbenes in a Peterson olefination
process (Eq. 76). The potential utility of these procedures derives from the
essentially

CONEt, CONE,

n-BuNF, THF
TMS 3,5-(Me0);CgH3CHO

(76)
137 TMS

neutral conditions under which they proceed; hence, carbodesilylations may
be useful when applied to substrates containing functional groups that are not
compatible with organolithium reagents. These processes are, of course, used
in conjunction with lateral lithiation reactions since the starting benzylsilanes
are obtained by silylation of the o-toluamide lithio species. (166)



Peterson olefinations of benzyltrimethylsilanes can be used for the preparation
of 2-substituted indoles, either by intramolecular cyclization of
N-methyl-o-trimethylsilylmethyl anilides (245) or by intermolecular
condensations of o-trimethylsilylmethyl anilides with esters as in Eq. 77. (246)
These processes can

M 1. LTMP (2 eq),
THF, -10°
(77)

(54%]

be viewed as lateral lithiations in which the lateral position is further activated
toward lithiation by the trimethylsilyl group. The route shown in Eq. 77 is clearly
more efficient for the preparation of 2-substituted indoles than the modified
Madelung route described earlier (Eq. 57). Like the Peterson olefination, Wittig
olefination can be used to induce carbon—carbon bond formation at benzylic
positions. The s ntheS|s of N- methé?; -substituted isoquinolones via an
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(247) The
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Me
IF R Et;N N
Me toluene, reflux - R
PPhy*T- R = aryl, i-Pr

multistep nature of this route underscores the synthetic utility of lateral lithiation
approaches, which accomplish the same overall transformation in essentially a
single step (Eg. 66). Nonetheless, the methodology in Eq. 78 would appear to
be applicable to systems containing aryl ring substitutents, such as bromine,
that could not be used in the lateral lithiation sequence.

As applied to the synthesis of heterocycles in general, lateral lithiation based
protocols afford significant advantages relative to classical methods in
ensuring the regiochemical placement of substituents. For example, classical



syntheses of isoquinoline-related systems (e.g., Pictet-Spengler, (248)
Bischler—Napieralski, (249) and Pomeranz—Fritsch methods (250, 251))
generally rely on electrophilic cyclization reactions to form the
nitrogen-containing ring; hence, the application of these processes is often
limited to electron-rich aromatic substrates. This limitation does not apply to
the various protocols available for the synthesis of isoquinoline derivatives by
heteroatom-facilitated lateral lithiation reactions. Similar advantages pertain to
the synthesis of indoles by lateral lithiation methods. As compared to other
indole syntheses that commence with toluene derivatives (e.g., Reissert, (252)
Madelung, (202) and Leimgruber—Batcho methods (253)), approaches based
on lateral lithiations proceed under milder conditions and allow greater
flexibility in the introduction of substituents, particularly at the 2 and 3 positions.
The Leimgruber—Batcho protocol, (253) however, is compatible with
substituents (e.g., cyano, carboxy, and bromine) that do not tolerate lateral
lithiation conditions.

Cycloaddition of 1-alkoxyisobenzofurans (254) and
1-(dialkylamino)isobenzofurans (255) (e.g., 164) with dienophiles affords
aromatic ring annelation products
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2. DMF 2. Ni0,
CHO CHN;
(90%)
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Cu(acac), e =

164 OH 165 (52%)

such as the substituted dihydronaphthalene 165. These annelation reactions
are formally, if not mechanistically, related to the phthalide anion—acrylate
condensations (148) which also afford dihydronaphthalene products. The two
methods would appear to be complementary in that they provide naphthalene
derivatives with different substitution patterns: for example, 1-dialkylamino and
1-alkoxynaphthalenes by the isobenzofuran route and 1-hydroxy derivatives
by the phthalide route.



6. Experimental Considerations

The experimental conditions under which heteroatom-facilitated lithiation
reactions are carried out are typical of those involving organolithium reagents.
Detailed discussion of the lithiating agents and solvents commonly used, and
of other practical considerations pertaining to the use of organolithium
reagents, are presented elsewhere; (10) therefore, these subjects are not
covered in detail in this chapter.

The color of certain laterally lithiated species can be used to practical
advantage in determining the presence of an adventitious proton source in the
reaction mixture. For example, solutions of lithio species derived from lateral
metalation of o-toluic acid and its derivatives range in color from red (toluic
acids) to deep purple (tertiary amides), and those from o-toluidine derivatives
(e.g., Boc-o-toluidine) are generally yellow-orange. In lateral lithiations
involving facilitating groups that contain an acidic proton (o-toluic acids,
secondary-o-toluamides, acylated o-toluidines, etc.), the color of the dilithio
species is observed only after addition of one equivalent of the lithiating
reagent; in effect, this color can be used as an indicator to determine the
R L T e i oo i e o LI
metalated species upon initial addition of base can be indicative of an
unwanted proton source in the reaction mixture. However, these types of
empirical observations do not apply in all cases since not all laterally metalated
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7. Experimental Procedures

The following experiments are typically carried out in a three-necked flask
equipped with a thermometer, magnetic stirring bar (or a mechanical stirrer for
larger scale reactions), and either a dropping funnel or rubber septum. All
reactions are performed under an inert atmosphere (nitrogen or argon).
Transfers of organolithium reagents are made by syringe or cannula.

7.1.1.1. Homophthalic Acid (Lateral Lithiation of o-Toluic Acid with Lithium
Diisopropylamide) (256)

To a solution of diisopropylamine (12.5 g, 124 mmol) in 40 mL of
tetrahydrofuran under nitrogen at 0° was added n-butyllithium in hexane

(2124 mmol). The solution was stirred for 10 minutes and then cooled to —78°. A
solution of o-toluic acid (4.22 g, 31 mmol) and dimethyl carbonate (6.65 mL,
62 mmol) in 40 mL of tetrahydrofuran was added dropwise over 10 minutes.
The cooling bath was removed and the reaction mixture was allowed to warm
to room temperature. The mixture was stirred for 4 hours, 50 mL of water was
added, and stirring was continued overnight. The solution was concentrated
under reduced pressure until water began to distill. The solution was acidified
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residue with boiling chloroform afforded 4.75 g (85%) of pure homophthalic
acid, mp 140-141°.

7.1.1.2.2- Eth Iben20|c acid (Lateral Lithiation of o-Toluic Acid with
secaupig 1AL OO OO0 00

To a solution of o-toluic acid (1.0 g, 7.4 mmol) in 100 mL of tetrahydrofuran at
—78° was added sec-butyllithium (13.5 mL of 1.2 M in cyclo-hexane,

16.2 mmol) over a 2-minute period. The resulting orange-red solution was
stirred at —78° for 1 hour, and iodomethane (3.3 mL, 53 mmol) was added.
After the mixture was stirred at room temperature for 4 hours, it was quenched
by slow addition of concentrated hydrochloric acid. The organic solvents were
removed under reduced pressure and the residue was diluted with water and
extracted with ether (3%). The extract was washed with water and brine, dried
over magnesium sulfate, and evaporated under reduced pressure to provide a
colorless solid. Recrystallization from ether/hexanes gave 1.05 g (95%) of
product, mp 61°; IR ( CHCls) 3350—2400 (br), 1710 cm™; *H NMR ( CDCl3) &
1.26 (t, 3H,J = 7.4 Hz), 3.06 (q, 2H, J = 7.4 Hz), 7.24-7.32 (m, 2H), 7.50 (dt,
1H,J =15, 7.8 Hz), 8.03 (d, 1H, J = 7.8 Hz). Anal. Calcd for CgH100,: C,
71.98: H, 6.71. Found: C, 71.94: H, 6.62.
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7.1.1.3. 3,3-Dimethyl-3,4-dihydro-9-hydroxy-6,8-dimethoxy-1-(2H)-anthraceno
ne (95) (Lateral Lithiation of an o-Toluate Ester and Subsequent Condensation
with an Enol Ether) (153)

A solution of diisopropylamine (0.60 mL, 4.4 mmol) and n-butyllithium (2.6 mL
of 1.6 M in hexane, 4.2 mmol) in 5 mL of tetrahydrofuran was cooled to —78°. A
solution of ethyl 2,4-dimethoxy-6-methylbenzoate (252 mg, 1.2 mmol) in 3 mL
of tetrahydrofuran was added and the mixture was stirred for 10 minutes. A
solution of 3-ethoxy-5,5-dimethyl-2-cyclohexen-1-one (201 mg, 1.2 mmol) in

5 mL of tetrahydrofuran was added over 5 minutes. The resulting mixture was
allowed to slowly warm to room temperature. The reaction mixture was diluted
with 5% hydrochloric acid and extracted with ether. The ether extract was
N AR ORI OV BT BN R HOYESH TR SIS DMaE ] (111000000
removed in vacuo, and the residue was purified by silica gel chromatography
(chloroform) to afford 232 mg (64%) of 95, mp 157-159°; IR ( CHCIs) 3025,
2965, 1620 cm™; *H NMR ( CDCl3) 5 1.05 (s, 6H), 2.52 (s, 2H), 2.76 (s, 2H),
3.88 (s, 3H), 3.96 (s, 3H), 6.42 (d, 1H, J = 2.0 Hz), 6.54 (d, 1H, J = 2.0 Hz),
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141.9 (s), 161.2 (s), 162.0 (s), 165.6 (s), 203.5 (s); mass spectrum, m/z: 300
(MY, 285, 244. Anal. Calcd for C1gH2004: C, 71.98: H, 6.71. Found: C, 71.95: H,
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6.77.
OMe OMe
1. LDA (3 eq),
Et CO,Et
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. 2. (PhS); (2 eq) SPh
166 SPh

7.1.1.4. Ethyl 2-Methoxy-6-[bis(thiophenyl)methyl]benzoate (166)
(Difunctionalization of a Laterally Lithiated o-Toluate Ester) (35)

A solution of ethyl 2-methoxy-6-methylbenzoate (1.0 g, 5.15 mmol) in 15 mL of
tetrahydrofuran was added to a —78° solution of lithium diisopropylamide



(15.5 mmol) in 15 mL of tetrahydrofuran. To the orange-red solution was
added diphenyl disulfide (2.47 g, 11.3 mmol) in 15 mL of tetrahydrofuran and
the resulting solution was allowed to warm to room temperature. Acetic acid
(10 mL) and water (30 mL) were added and the organic layer was evaporated
in vacuo. The precipitated oil was dissolved in ethyl acetate (75 mL) and
successively washed with water (50 mL), 5% sodium hydroxide (25 mL), water,
and brine. The extract was dried over magnesium sulfate and evaporated in
vacuo. Chromatography of the residue on silica gel (dichloromethane) afforded
2.11 g (83%) of the dithiophenylated product 166, mp 75-76°; *H NMR ( CDCly)
6 1.17 (t, 3H,J =7 Hz), 3.72 (s, 3H), 4.15 (q, 2H, J =7 Hz), 5.63 (s, 1H), 6.68
(dd, 1H, J =7, 2 Hz), 7.00-7.35 (m, 12H).

0 O
CO,Me CO;Me
0 1. LDA, THF, -40” BF}’E!;U
CH Cl
2. HV}R‘CD;M i -2
g3 OH
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7.1.1.5. Methyl 1-Hydroxy-3-methyl-2-naphthoate (Synthesis of a Naphthalene
by Condensation of a Lithiated Phthalide with an a , 8 -Unsaturated Ester)
(148)
To a stirred solution of diisopropylamine (0.31 mL, 2.25 mmol) in 12 mL of

tetrahydroftjz@ggﬁ| m@mtﬂ o (1.07 mL
of 25 Min —. m MIide

(288 mg, 2.15 mmol) in 6 mL of tetrahydrofuran was added to produce an
orange solution. The solution was stirred for 15 minutes at —40° and a solution
of methyl crotonate (215 mg, 2.15 mmol) in 1 mL of tetrahydrofuran was added.
After an additional 30 minutes, the mixture was allowed to warm to room
temperture. The mixture was poured into 2 N hydrochloric acid and extracted
with ether (4 x 40 mL). The ether extract was dried and evaporated to afford
253 mg (48%) of 4-hydroxy-2-methoxycarbonyl-3-methyl-1-tetralone (93) as a
mixture of diastereomers. A solution of 180 mg (0.77 mmol) of this material
was dissolved in 10 mL of dichloromethane and boron trifluoride etherate (2
drops) was added. The resulting solution was stirred for 15 minutes at room
temperature. Water (10 mL) was added and the mixture was extracted with
dichloromethane (3 x 7 mL). The extract was dried over sodium sulfate and
evaporated to afford 113 mg (68%) of product, mp 84—86° (ethanol); IR (Nujol)
1650 cm™; *H NMR ( CDCl3) & 2.53 (s, 3H), 3.90 (s, 3H), 6.96 (s, 1H),
7.22-7.52 (m, 3H), 8.20-8.32 (m, 1H), 12.52 (s, 1H, exchanges with D,0).
Anal. Calcd for C13H1203: C, 72.2; H, 5.6. Found: C, 72.2; H, 5.5.
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7.1.1.6. trans-13-Hydroxy-2,3,10,11-tetramethoxy-8-oxotetrahydroprotoberber
ine (122) (Cyclocondensation of a Lithiated Phthalide and a
3,4-Dihydroisoquinoline) (212)

A solution of 5,6-dimethoxyphthalide (582 mg, 3 mmol) in 6 mL of
tetrahydrofuran was added dropwise to a solution of lithium diisopropylamide
(3.3 mmol) in tetrahydrofuran at —70°. The yellow-orange solution was stirred
for 15 minutes, the temperature was raised to —40°, and a solution of
6,7-dimethoxy-3,4-dihydroisoquinoline (570 mg, 3 mmol) in 6 mL of
tetrahydrofuran was added. After stirring at —40° for 1 hour, the mixture was
allowed to warm to room temperature and stirred overnight. The
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and the mixture was extracted with chloroform. The extract was dried over
sodium sulfate and evaporated. Purification of the residue by medium pressure
chromatography on silica gel (applying the oil to the column in ethyl
acetate-dichloromethane, 1:1, then eluting with ethyl acetate) afforded 790 mg
(68%) of 1mm ther); IR
QRO 0 9
3H), 3.94 (s, 3H), 3.97 (s, 3H), 4.5-4.7 (m, 2H), 4.85-4.95 (m, 1H), 6.73 (s,
1H), 6.98 (s, 1H), 7.17 (s, 1H), 7.58 (s, 1H); *C NMR ( CDCls) & 30.2, 39.4,
56.0, 56.2, 62.0, 71.6, 106.7, 110.8, 111.9, 112.0, 120.2, 124.7, 129.1, 135.1,
147.4, 148.4, 148.8, 152.7, 164.3; mass spectrum: m/z 385 (M*, 3), 194 (8),

192 (100).
N N
0 g @ 0 4 @
- 1. n-BuLi (2 eq), 2
: THF, -22° . N
2. DMF —

3. HCI -



7.1.1.7. 2-[(S)-1-Azabicyclo[2.2.2]oct-3-yl]-2,4,5,6-tetrahydro-1H-benz[de]
isoquinolin-1-one Hydrochloride (167) (Lateral Lithiation of a Secondary
o-Toluamide and Condensation with N,N-Dimethylformamide) (44)

A solution of
N-[(S)-1-azabicyclo[2.2.2]oct-3-yl]-5,6,7,8-tetrahydronaphthalene-1-carboxami
de (118.8 g, 0.42 mol) in 1.3 L of tetrahydrofuran was cooled to —22° and a
solution of n-butyllithium in hexanes (530 mL of 1.6 M, 0.85 mol) was added at
such arate as to maintain the internal temperature between —22 and —14°. The
resulting deep red solution was stirred at —22° for 30 minutes and DMF (37 mL,
0.48 mol) was added at a temperature below —14°. After the addition was
complete, the solution was stirred at —22° for 30 minutes. Hydrochloric acid
(332 mL of 6 N, 2.0 mol) was slowly added, keeping the temperature below 5°.
The mixture was concentrated in vacuo to remove most of the organic solvents.
The mixture was made basic with aqueous sodium hydroxide (ice bath) and
extracted with ethyl acetate (4x). The extract was dried over magnesium
sulfate and evaporated to afford the crude base as a thick oil. This was
dissolved in 290 mL of 2-propanol, and a solution of 2-propanol containing

17 g (0.47 mol) of HCI was added. After having been stirred overnight, the
mixture was filtered to afford the crude HCI salt. Recrystallization from 1 L of
2-propanol and 32 mL of water (concentrated to 850 mL) afforded 106 g (77%)
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5 1.74-2.10 (m, 6H), 2.32 (m, 1H), 2.80 (br t, 2H), 2.94 (br t, 2H), 3.20-3.40 (m,
3H), 3.60-3.72 (m, 2H), 3.84 (m, 1H), 5.20 m, 1H), 7.42 (dd, 1H, J = 6.4,
7.0 Hz), 7.52 (dd, 1H, J = 0.9, 6.4 Hz), 7.54 (s, 1H), 8.06 (dd, 1H, J = 0.9,
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7.01; N, 8.47. Found: C, 68.86; H, 7.00; N, 8.28.

(“I 1. n-BuLi (2 eq), 0°
2. PhCN
CONHMe

7.1.1.8. 3-Phenylisoquinolin-1(2H)-one (168) (Condensation of a Dilithiated
Secondary o-Toluamide with a Nitrile) (158)

A solution of N-methyl-o-toluamide (14.9 g, 0.100 mol) in 200 mL of
tetrahydrofuran was cooled in an ice-salt bath and n-butyllithium in hexane
(96 mL of 2.4 M, 0.23 mol) was slowly added. The addition rate was
maintained so that the reaction temperature never exceeded 20°. After the



addition was complete (ca. 30 minutes), the orange-red solution was stirred at
0° for 1 hour and then cooled to -50°. A solution of benzonitrile (12.9 g,

0.125 mol) in 50 mL of tetrahydrofuran was added, the cooling bath was
removed, and the resulting mixture was allowed to warm to room temperature.
Saturated aqueous ammonium chloride solution (50 mL) was then carefully
added and the resulting phases were separated. The organic portion was
washed with water (50 mL) and dried over magnesium sulfate. The solvent
was removed in vacuo to afford the crude isoquinolinone 168. Recrystallization
from ethanol afforded the product in 87% yield, mp 198-199°.

0
1. LDA, THF, -78°
NEt; 2. p-MeOCgH,CHO
3. NaOH
4. HCI

7.1.1.9. 3-(4-Methoxyphenyl)-3,4-dihydroisocoumarin (169) (Lateral Lithiation
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To a solution of lithium diisopropylamide (7.5 mmol, prepared from 5.4 mL of

1.4 M n-butyllithium in hexane and 1.05 mL of diisopropylamine) in 60 mL of

tetrahydrofuran at —78° was added a solution of N,N-diethyl-o-toluamide

(0.96 g, 5 mmol) in 5 mL of tetrahydrofuran. After being stirred for 1 hour at

—78°,theb et mm C]Ej‘mm g,

7.5 mmol), mm@m Sadacn O=wis-€Satiketd for 8
hours. Saturated ammonium chloride solution was added and the mixture was
extracted with ethyl acetate. The extract was dried over sodium sulfate and
evaporated under reduced pressure to afford 1.06 g (65%) of the amide
alcohol product. Recrystallization from ethanol gave an analytical sample, mp
111°; IR ( KBr) 1610 cm™; *H NMR ( CDCl3) & 0.96 (t, 3H, J = 7 Hz), 1.21 (t,
3H,J=7Hz), 2.90 (q, 2H,J =7 Hz), 3.08 (q, 2H, J =7 Hz), 3.48 (br s, 2H),
3.70 (s, 3H), 4.79 (br s, 1H), 5.52 (br s, 1H), 6.76-7.32 (m, 8H): mass
spectrum, m/z 327 (M"). The crude product from above was treated with a
mixture of 50% aqueous sodium hydroxide (20 mL) and ethanol (20 mL) and
the whole was heated under reflux for 8 hours. The reaction mixture was
evaporated to dryness, acidified with hydrochloric acid at 0°, and extracted
with ethyl acetate. The extract was dried over sodium sulfate and concentrated
to give 0.82 g (65% overall) of the dihydroisocoumarin 169, mp 109°
(methanol).
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7.1.1.10. N,N-Diethyl-2-[bis(trimethylsilyl)methyl]benzamide (137) (One-Pot

Bis-Silylation of a Tertiary o-Toluamide) (166)

A solution of N,N-diethyl-o-toluamide (4.39 g, 22.9 mmol) in 20 mL of

tetrahydrofuran was added dropwise to a stirred solution of sec-butyllithium

(18.7 mL of 1.3 M in cyclohexane, 23 mmol) and TMEDA (3.8 mL, 23 mmol) in

150 mL of tetrahydrofuran at —78°. The resulting burgundy solution was stirred

at —78° for 1 hour and treated with chlorotrimethylsilane (3.0 mL, 23 mmol). To

this solution were added consecutively TMEDA (3.8 mL, 23 mmol) and

sec-butyllithium (18.7 mL, 23 mmol), regenerating the burgundy color. The

mixture was stirred for 45 minutes at —78°, chlorotrimethylsilane (4.4 mL,

34 mmol) was added, and the resulting clear solution was allowed to warm to
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the mixture was extracted with ethyl acetate. The extract was washed with

dilute hydrochloric acid, water, and brine, dried over sodium sulfate, and

evaporated. Short-path distillation of the residue afforded 7.03 g (91%) of the

bis-silylated product 137, bp 110-112° (0.02 mm); IR (neat) 1629 cm™; *H

NMR ( CD ale 'wel 1 IBR 7 Hz),

APCEYR 0 8 A

12.7,13.9, 24.6, 38.2, 43.0, 122.6, 126.0, 128.0, 128.8, 135.5, 141.2, 170.6;

mass spectrum, m/z 335 (M", 25), 334 (55), 320 (43), 249 (21), 248 (100), 73

(90). Anal. Calcd for C1gH33NOSI,: C, 64.41; H, 9.91; N, 4.17. Found: C, 64.21;

H, 9.96; N, 4.19.

o)
(‘@ > . LDA, THF,
" o 70 to -45°
NEt, Ni 2. Mel
D Mﬂf

7.1.1.11. trans-3-(1,3-Benzodioxol-5-yl)-2,4-dimethyl-3,4-dihydroisoquinolin-1-
(2H)-one (170) (Condensation of a Lithiated Tertiary o-Toluamide with an
Imine Followed by Electrophilic Trapping) (52)



A solution of N,N-diethyl-o-toluamide (0.95 g, 5 mmol) and piperonal
N-methylimine (0.90 g, 5.5 mmol) in 6 mL of tetrahydrofuran was added
dropwise to a —70° solution of lithium diisopropylamide [from 0.84 mL (6 mmol)
of diisopropylamine and 3.75 mL (6 mmol) of n-butyllithium in hexane] in

10 mL of tetrahydrofuran. The reaction mixture was allowed to stir with gradual
warming to —45° over 2 hours and was then cooled back to —70°. lodomethane
(2.24 mL, 20 mmol) was added, and the mixture was allowed to warm to room
temperature. After dilution with ether, the mixture was washed with dilute
hydrochloric acid, and the ether layer was separated and dried over sodium
sulfate. The ether was evaporated under reduced pressure and the residue
was purified by medium pressure chromatography on silica gel (50% ethyl
acetate—hexane) to afford 0.92 g (62%) of 170 as a white solid, mp 98-99°; *H
NMR ( CDClIz) 6 1.45 (d, 3H, J = 7.1 Hz), 3.10 (dqg, 1H,J = 1.5, 7.1 Hz), 3.12 (s,
3H), 4.38 (d, 1H, J = 1.5 Hz), 5.87 (AB, 2H J = 1.4 Hz), 6.50 (m, 2H), 6.65 (d,
1H, J =7.9 Hz), 7.01 (m, 1H), 7.35 (m, 2H), 8.14 (m, 1H). Anal. Calcd for
C1gH17NO3: C, 73.22; H, 5.76; N, 4.75. Found: C, 73.08, H, 5.83, N, 4.69.

D’X( 8]
= 1. n-Buli, ether, {I“
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of a 2-(o-Tolyl)-2-oxazoline] (195)

A solution of 2-(2-methylphenyl)-4,4-dimethyl-2-oxazoline (1.89 g, 10 mmol) in
30 mL of ether was cooled to <0° with an icesalt bath, and n-butyllithium

(20 mmol) in ether (20 mL) was added slowly to maintain the temperature
below 0°. The resulting deep red solution was stirred for 1 hour, and
p-tolualdehyde (1.20 g, 10 mmol) was then added. After stirring overnight at
room temperature, the reaction mixture was hydrolyzed by heating to reflux
with 1 N hydrochloric acid (70 mL) for 1 hour. The cooled mixture was
partitioned between ether and water. The organic layer was separated, dried
over magnesium sulfate, and evaporated. Purification of the crude product by
chromatography over Florisil (benzene) afforded dihydroisocoumarin 171 in
80% yield, mp 95-96°; IR (Nujol) 1715 cm™; *H NMR (acetone-ds) 8 2.37 (s,
3H), 3.10 (dd, 1H, J = 12.0, 16.3 Hz), 3.34 (dd, 1H, J = 3.0, 16.3 Hz), 5.50 (dd,
1H, 3.0, 12.0 Hz), 7.24 (d, 2H,J = 7.9 Hz), 7.31 (d, 1H,J = 7.4 Hz), 7.36 (d, 2H,
J=7.9Hz),7.43 (t, 1H), 7.58 (t, 1H, J = 8.9 Hz), 8.09 (d, 1H, J = 7.9 Hz). Anal.
Calcd for C46H1405: C, 80.65; H, 5.92. Found: C, 80.88; H, 6.07.



CHO ;
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7.1.1.13. o-Butylbenzaldehyde (172) (Lateral Lithiation of an o-Tolualdehyde
Amido Adduct) (69)

To a solution of N,N,N¢-trimethylethylenediamine (0.41 mL, 3.2 mmol) in 8 mL
of tetrahydrofuran at —20° was added a hexane solution of n-butyllithium

(3.1 mmol). After 15 minutes, o-tolualdehyde (360 mg, 3 mmol) was added
and the resulting solution was stirred for 15 minutes. A hexane solution of
n-butyllithium (9 mmol) was added at —20°, and the mixture was stirred at —20°
for 1.5 hours. After cooling to —78°, n-propyl iodide (1.7 mL, 18 mmol) was
added, the cooling bath was removed, and the mixture was stirred at room
temperature for 30 minutes. The mixture was poured into cold stirred 10%
hydrochloric acid, extracted with ether, washed with brine, dried over
magnesium sulfate, and concentrated to give the crude product. Purification by
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yield

1. LTMP, THF, -15 to 0° N

7.1.1.14. 3-Butylisoquinoline (173) (Lateral Lithiation of an o-Tolualdehyde
Cyclohexylimine and Condensation with an N-Methoxy-N-methylamide) (208)
To a solution of 2,2,6,6-tetramethylpiperidine (3.00 g, 21 mmol) in 50 mL of
tetrahydrofuran at —15° was added a solution of sec-butyllithium in
cyclohexane (16.0 mL of 1.3 M, 21 mmol). After 15 minutes, o-tolualdehyde
cyclohexylimine (2.00 g, 10 mmol) was added dropwise over 5 minutes to give
a deep purple solution. The solution was allowed to warm to 0° over 20
minutes and N-methoxy-N-methylvaleramide (1.90 g, 13 mmol) was added.
The mixture was allowed to stand at room temperature for 30 minutes and was
then poured into saturated ammonium chloride solution and extracted with
ether. The ether extract was washed with water, dried over magnesium sulfate,
and concentrated in vacuo to give 2.76 g of a yellow oil. Concentrated



aqueous ammonium hydroxide (50 mL) and acetic acid (3 mL) were added
and the resulting mixture was heated under reflux for 4 hours. The reaction
mixture was allowed to cool to room temperature, diluted with 100 mL of water,
and extracted with ether. The ether extract was washed with water, dried over
magnesium sulfate, and concentrated in vacuo. Kugelrohr distillation of the
residue afforded 1.52 g (82%) of a colorless oil, bp 90-100° (0.6 mm); *H NMR
(CDCI3) 6 0.96 (t, 3H, J = 7.5 Hz), 1.42 (sextet, 2H), 1.80 (m, 2H), 2.94 (t, 2H,
J=7.7Hz), 7.46 (s, 1H), 7.51 (td, 1H,J = 1.0, 8.0 Hz), 7.63 (td, 1H, J = 1.0,
6.5 Hz), 7.74 (d, 1H, J = 8.0 Hz), 7.92 (d, 1H, J = 8.0 Hz), 9.20 (s, 1H); **C
NMR ( CDCl3) 6 13.9, 22.4, 32.0, 37.7, 117.8, 125.9, 126.1, 126.9, 127.3,
130.0, 136.4, 151.9, 155.7. The picrate salt had mp 172-173° (ethanol). Anal.
Calcd for C19H18N4O7: C, 55.07; H, 4.38; N, 13.52. Found: C, 55.18; H, 4.36; N,
13.59.

OH 1. n-BuLi (2 eq), ether, n OH
2, TMSCI1 T™S
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1.15. o-[(Trimethylsilyl)methyl]benzyl alcohol (174) (Lateral Lithiation of an
o- Methylbenzyl Alcohol) (257)
To a stirred solution of o-methylbenzyl alcohol (22) (1.16 g, 9.50 mmol) in
10 mL of ether was added n-butyllithium (2.7 mL of 10.5 M, 28.34 mmol) at
—78°. Afterm ' PR S’EJ i T s cooled to
—78°andc Em m . mdeed. The
solution was stirred at 25° for an additional 1.5 hours before being poured into
water and extracted with ether. The extract was dried and concentrated in
vacuo. The residue was purified by medium pressure chromatography on silica
gel (30% ether-hexane) to give 1.45 g (79%) of alcohol 174; IR ( CHCIs) 3420
(br), 2955, 1600, 1480, 1240, 1000, 850 cm™; *H NMR ( CDCls) & 0.01 (s, 9H),
2.18 (s, 2H), 4.61 (s, 2H), 7.00-7.34 (m, 4H); *C NMR ( CDCl3) 5 1.5, 22.8,
63.4,124.4,127.5, 128.1, 129.3, 137.1, 138.6.

OMe 1. n-BuLi, THF, OMe
0°tort 2 OH
2. CgH,)CHO

175



7.1.1.16. 1-Cyclohexyl-2-(2¢methoxy-3¢-methylphenyl)-1-ethanol (175)
(Lateral Lithiation of 2,6-Dimethylanisole) (78)

n-Butyllithium (14.0 mL of a 2.5 M solution in hexane, 35 mmol) was added
dropwise to a solution of 2,6-dimethylanisole (4.95 mL, 35 mmol) in 60 mL of
tetrahydrofuran at 0°, and the resulting solution was stirred at 0° for 1 hour and
then at ambient temperature for 4 hours. The reaction mixture was cooled to 0°,
treated with cyclohexanecarboxaldehyde (4.2 mL, 35 mmol), allowed to warm
to ambient temperature again, and poured into saturated aqueous ammonium
chloride solution. The mixture was extracted with ether and the ether extract
was washed with water and brine and concentrated in vacuo. The residue was
purified by silica gel chromatography (hexane-ether, 5:1 v/v) to give 4.2 g (48%)
of 175 as a colorless oil; *"H NMR ( CDCls) & 1.05-1.50 (m, 6H), 1.64-1.82 (m,
4H), 1.92 (m, 1H), 2.28 (d, 1H, J = 3 Hz), 2.31 (s, 3H), 2.68 (dd, 1H, J = 10,

13 Hz), 2.85 (dd, 1H, J = 3, 13 Hz), 3.57 (m, 1H), 3.75 (s, 3H), 6.95-7.10 (m,
3H).

SMe 1.n-BuLi:TMEDA (2 eq), SCH,TMS
g
2. TMSCI T™MS
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7.1.1.17. Trimethyl([(2-[(trimethylsilyl)methyl]thio)phenyllmethyl)silane (31)
(Alpha, Lateral Dilithiation of o-Methylthioanisole) (83)

O B 0 W

in hexane (65.8 mL of 1.2 M, 79 mmol) and stirring was continued at room
temperature for 12 hours. The resulting solution was cooled to 0° and treated
dropwise with chlorotrimethylsilane (7.8 g, 72 mmol). The mixture was then
stirred at room temperature for 12 hours, and the pH was adjusted to 5-6 by
addition of 10% aqueous hydrochloric acid. The organic layer was separated
and the aqueous layer was extracted with ether. The combined organic extract
was dried over sodium sulfate and concentrated in vacuo. The crude product
was purified by medium-pressure chromatography (hexane) to give 31 in 71%
yield, bp 60—-61° (12 mm); *H NMR ( CDCls) & 0.3 (s, 18H), 2.10 (s, 2H), 2.20
(s, 2H), 6.90 (m, 4H); mass spectrum, m/z 282(M"). Anal. Calcd for C14H26SSiy:
C,59.51; H, 9.28; S, 11.35. Found: C, 59.38; H, 9.34; S, 11.17.

OPO(NMe,); OPO(NMe;);
@1 1. s-BuLi, THF, -105°
2. Mel

176




7.1.1.18. 2-Ethylphenyl N,N,N¢,N¢-Tetramethylphosphorodiamidate (176)
(Lateral Lithiation of a Protected o-Cresol) (87)

A solution of sec-butyllithium (6.0 mL of 1.0 M in cyclohexane, 6.0 mmol) was
added to a stirred solution of o-tolyl tetramethylphosphorodiamidate (1.2 g,
5.0 mmol) in 50 mL of tetrahydrofuran at —105° (liquid nitrogen—ethanol bath).
The mixture was stirred at —105° for 1 hour, and iodomethane (1.0 g, 7.0 mmol)
in 20 mL of tetrahydrofuran was then added to the yellow solution. The yellow
color gradually disappeared during the addition of the electrophiles. Stirring
was continued at —105° for 1 hour. The reaction mixture was quenched with
saturated ammonium chloride solution at —90° and the solution was allowed to
warm to room temperature. The mixture was concentrated in vacuo and the
residue was extracted with dichloromethane. The dichloromethane was
washed with 5% aqueous sodium thiosulfate solution, dried over sodium
sulfate, and evaporated to an oil. Distillation provided 1.04 g (81%) of 176, bp
130° (0.5 mm); IR ( KBr) 3470, 2940, 1590, 1490, 1460, 1310, 1240, 1180,
990, 920 cm™; *H NMR ( CDCl3) 5 1.19 (t, 3H, J = 7.2 Hz), 2.15-2.50 (m, 2H),
2.70 (d, 12H, J = 10.2 Hz), 6.92-7.28 (m, 4H); mass spectrum, m/z 256 (M").
Anal. Calcd for C12H2:N20,P : C, 56.23; H, 8.26; N, 10.93. Found: C, 55.85; H,
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7.1.1.19. 2-[2-(Dimethylamino)phenyl]-1,1-diphenyl-1-ethanol (177) (Lateral
Lithiation of N,N-Dimethyl-o-toluidine) (89)

To a solution of TMEDA (2.2 g, 19 mmol) in 100 mL of hexane was added
n-butyllithium (33 mL of 2.25 M in hexane, 75 mmol). The resulting mixture
was stirred for 10—15 minutes, during which time the TMEDA-butyllithium
complex usually precipitated. A hexane solution of N,N-dimethyl-o-toluidine
(5.0 g, 38 mmol) was added dropwise over 2—-10 minutes. Stirring was
continued for 3 hours. The lithio species precipitated during this time affording
a yellow-white suspension. An ethereal solution of benzophenone (13.4 g,

75 mmol) was added dropwise over 15 minutes and the resulting green
solution was stirred for 5-30 minutes. The mixture was poured into a solution
of 5.0 g (83 mmol) of acetic acid in 30 mL of ether. After the solution had been
stirred for several minutes, 50 mL of water was added. The resulting
suspension was filtered, affording the product 177 as a white crystalline solid.



The filtrate was extracted with 10% aqueous hydrochloric, acid (solid HCI salt
of the product precipitated). The agueous suspension was made basic with
sodium hydroxide and the mixture was filtered to afford additional product.
Recrystallization of the combined solids from benzene-hexane gave white
needles (total yield 60—-94%), mp 153-155°; IR ( KBr) 1060, 935, 767,

756 cm™; 'H NMR ( CDCls) 8 2.71 (s, 6H), 3.62 (s, 2H), 6.64 (br s, 1H, -OH),
7.00-7.50 (m, 14H). Anal. Calcd for C;,H23NO : C, 83.24; H, 7.30; N, 4.41.
Found: C, 83.03: H, 7.40: N, 4.48.

@ 1. n-BuLi (2 eq), THF, 0° @(\ ™S
NHCOBus 0O NHCOBu-#
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7.1.1.20. 2,2-Dimethyl-2¢-(trimethylsilymethyl)propionanilide (178) (Lateral
Lithiation of N-Pivaloyl-o-toluidine) (90)
A solution of N-pivaloyl-o-toluidine (1.91 g, 10 mmol) in 30 mL of
tetrahydrofuran was cooled in an ice bath and a hexane solution of
00000000 NROAnR e ORE R ERRE NREO 00000000
was stirred in the ice bath for 1.5 hours, and chlorotrimethylsilane (2.5 mL
20 mmol) was then slowly added. The mixture was stirred for 1 hour at room
temperature, diluted with ether, quenched with ice and water, washed with
brine, and dried over magnesium sulfate. The crude product obtained after

concentrat m

(chlorofor Dmmmwm Mne to give
1.9 g (73%) of 178, mp 79-81°; IR (Nujol) 3255, 1639, 1605, 1587 cm™*; 'H
NMR ( CDClg) & 0.00 (s, 9H), 1.30 (s, 9H), 2.02 (s, 2H), 6.98-7.91 (m, 5H).
Anal. Calcd for C15H2sNOSi : C, 68.38; H, 9.56; N, 5.31. Found: C, 68.17; H,

9.65; N, 5.21.

Cl C
\(:I'H n-BuLi (2 eq), THF, it ‘m_m
N
COPh H

179

7.1.1.21. 5-Chloro-2-phenylindole (179) [Preparation of an Indole by
Dilithiation of an N-(2-Alkylphenyl)carboxamide] (92)

A stirred solution of N-(4-chloro-2-methylphenyl)benzamide (50 mmol) in

100 mL of tetrahydrofuran was cooled to —20° and treated dropwise with a
solution of n-butyllithium in hexane (100 mmol). The stirred mixture was kept at



ambient temperature for 15 hours, cooled in an ice bath, and treated dropwise
with 60 mL of 2 N hydrochloric acid. The organic layer was separated and the
aqueous layer was extracted with benzene. The combined organic layers were
dried over magnesium sulfate, filtered, and concentrated in vacuo.
Recrystallization of the residue from ether—benzene afforded indole 179 in
94% yield, mp 195-196°.

1.5-Buli (2eq), g

E THF, -40° £
\©\/ 2 DMI; moﬂ = m
NH : N N
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7.1.1.22. 1-(tert-Butoxycarbonyl)-5-fluoroindole (180) (Preparation of a
Boc-Protected Indole by Lateral Lithiation of a Boc-o-Toluidine) (93)
A solution of N-(tert-butoxycarbonyl)-4-fluoro-2-methylaniline (2.25 g, 10 mmol)
in 35 mL of tetrahydrofuran was cooled to —40° and sec-butyllithium (17 mL of
1.3 M in cyclohexane, 22 mmol) was added at such a rate as to maintain the
0000000 CCHHOERpd BHE PHOW AT T MM CHIT I T I L1 00000000
species persisted after slightly more than 1 equivalent of the sec-butyllithium
had been added. The mixture was cooled to —40° over a 5-minute period and
DMF (1.5 mL, 20 mmol) was added. The now colorless solution was poured
into 100 mL of water and extracted with ether (2 x 50 mL). The ether extract
was conce\mm E:l] mmm -indoline
was dissol Ot m mdrochloric
acid (0.5 mL). The resulting solution was stirred at room temperature until TLC
(10% ethyl acetate—hexane) indicated that complete dehydration to the indole
had occurred (10—-30 min). Ether (100 mL) was added and the mixture was
washed with 50 mL of water followed by 50 mL of saturated aqueous sodium
bicarbonate, dried over sodium sulfate, and evaporated. Medium pressure
silica gel chromatography (2% ethyl acetate—hexane) afforded 2.0 g (86%) of
180 as a colorless oil; IR (neat) 1728 cm™; *H NMR ( CDCl3) & 1.57 (s, 9H),
6.41 (d, 1H, J = 3.4 Hz), 6.92 (ddd, 1H, J = 2.6, 8.8, 8.8 Hz), 7.10 (dd, 1H,
J=2.6,8.8Hz), 7.52 (d, 1H, J = 3.4 Hz), 8.00 (br m, 1H). Anal. Calcd for
C13H14FNO2: C, 66.37; H, 6.00; N, 5.96. Found: C, 66.12; H, 6.11; N, 5.92.

1. +-BuLi (2 eq), THF,

-60 to 15°
2. Mel COH [y, mioH o
3. 5-BulLi, 40° reflux N
i 4.CO, NH H
E 0,Bu-t F  CO,But F

181



7.1.1.23. 7-Fluoroindol-2(3H)-one (181) (Preparation of an Oxindole from a
Boc-Aniline by One-Pot Sequential ortho and Lateral Lithiation) (93)

A solution of N-(tert-butoxycarbonyl)-2-fluoroaniline (5.3 g, 25 mmol) in 75 mL
of tetrahydrofuran was cooled to —60° and tert-butyllithium (35 mL of 1.7 M in
pentane, 60 mmol) was added at such a rate as to maintain the internal
temperature below —40°. The mixture was stirred at —60° for 1.5 hours and was
then allowed to slowly warm to —15° over a 30-minute period. The solution was
cooled to —45° and iodomethane (2.2 mL, 35 mmol) was added. The resulting
suspension was allowed to warm to —15° over 15 minutes and was then cooled
to —40°. sec-Butyllithium (27 mL of 1.3 M in cyclohexane, 35 mmol) was added
and after 5 minutes, carbon dioxide was bubbled into the mixture for 1 minute.
Water (150 mL) was added and the mixture was washed with 150 mL of ether.
The aqueous layer was acidified with hydrochloric acid (ice-bath) and
extracted with dichloromethane (2 x 150 mL). The combined dichloromethane
extract was concentrated in vacuo and the residue was dissolved in 50 mL of
ethanol. To the resulting solution was added 10% HCI in ethanol (10 mL) and
the mixture was heated on a steam bath for 10 minutes. The solution was
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3600-3300, 1723, 1700 cm™; *H NMR ( CDCls) & 3.56 (s, 2H), 6.88—7.00 (m,
3H), 9.24 (br s, 1H). Anal. Calcd for CgHsFNO : C, 63.57; H, 4.00; N, 9.27.
Found: C, 63.82; H, 4.05; N, 9.40.
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7.1.1.24. 1-Methyl-2-phenylindole (182) (Preparation of a 2-Substituted
N-Methylindole by Lateral Lithiation of an N-Methyl-o-toluidine/Carbon Dioxide
Adduct) (100)

A solution of N-methyl-o-toluidine (1.20 g, 10 mmol) in 30 mL of
tetrahydrofuran in a Schlenk-type reactor was cooled to —70° and
n-butyllithium (4.0 mL of 2.5 M in hexane, 10 mmol) was added dropwise. The
resulting solution was kept at —70° for a few minutes, and the temperature was
then allowed to rise to ca. 0°. Carbon dioxide gas was passed through the
solution for about 5 minutes. The solvents were then removed under reduced



pressure to give the lithium N-methyl-N-tolylcarbamate. The atmosphere was
replaced with argon and 30 mL of tetrahydrofuran was added. The solution
was again cooled to —70°, and n-butyllithium (4.4 mL of 2.5 M in hexane,

11 mmol) was added slowly. The solution was kept at —20° for 45 minutes and
was then cooled back to —70°. A solution of ethyl benzoate (10 mmol) in 5 mL
of tetrahydrofuran was added and the mixture was allowed to warm to room
temperature. After several hours, the mixture was concentrated in vacuo and
10 mL of 2 N hydrochloric acid was then added at 0°. The aqueous solution
was neutralized with solid sodium bicarbonate and extracted with chloroform
(2 x 20 mL). The extract was washed with water, dried over magnesium
sulfate, and evaporated under reduced pressure. Crystallization of the residue
afforded indole 182 in 60% yield, mp 98—-100°; *H NMR ( CDCls) & 3.70 (s, 3H),
6.55 (s, 1H), 7.20-7.75 (m, 9H).

@:w 1. sBuLa(Zeq}ﬂh:rD"
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7.1.1.25. 2-(4-Hydroxy-2-methylbut-2-yl)indole (183) (Preparation of a
2-Substituted Indole by Lateral Lithiation of an N-Trimethysilyl-o-toluidine)
(102)
sec-Butyllitjm I ‘ ] added
dropwise tc[—:r[ u w H i mmm@mﬂol) in

40 mL of ether at 0°. The pale yellow suspension was stirred at ambient
temperature for 1.5 hours, cooled to —78°, and quenched with
dimethylbutyrolactone (2.02 g, 17.7 mmol) in one portion. The mixture was
allowed to warm to ambient temperature and was then poured into aqueous
ammonium chloride solution (50% saturated). The mixture was extracted with
ether, and the combined ether extract was washed with brine, dried over
magnesium sulfate, and concentrated in vacuo. Medium pressure silica gel
chromatography (hexanes—ethyl acetate, 3:2) afforded 1.29 g (63%) of the
indole 183 as a colorless oil which crystallized on standing. Recrystallization
from ether-hexanes gave colorless prisms, mp 96-97°; IR ( CHClz) 3650-3150,
3005, 2970, 1460, 1405, 1295, 1225, 1015 cm™; *H NMR ( CDCls) & 1.37 (s,
6H), 1.58 (br s, 1H), 1.88 (t, 2H, J = 7.0 Hz), 3.56 (t, 2H, J = 6.9 Hz), 6.25 (m,
1H), 7.06 (dt, 1H,J =1.2, 7.1 Hz), 7.12 (dt, 1H, J = 1.4, 7.5 Hz), 7.28 (d, 1H,
J=7.9Hz), 7.53(dd, 1H, J = 1.0, 7.2 Hz), 8.37 (br s, 1H); **C NMR ( CDCl3) &
28.5, 33.9, 45.3, 59.9, 98.0, 110.5, 119.6, 119.9, 121.2, 128.2, 135.9, 146.6;
mass spectrum, m/z 203.1300 (M calcd for Cy3H;7NO , 203.1310). Anal.




Calcd for C13H17NO : C, 76.81; H, 8.43; N, 6.89. Found: C, 77.08; H, 8.65;
N,6.67.

diglyme, -78° to rt N
c H
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7.1.1.26. 5-Methylindole (184) (Preparation of an Indole by Lateral Lithiation of
an o-Tolyl Isocyanide) (104)
To a solution of diisopropylamine (304 mg, 3 mmol) in 4 mL of diglyme was
added dropwise n-butyllithium (1.9 mL of 1.6 M in hexane, 3 mmol) at —78°.
The solution was stirred at —78° for 15 minutes and 2,4-dimethylphenyl
isocyanide (197 mg, 1.5 mmol) was then added. The resulting red solution was
stirred for 30 minutes at —78°, and was then allowed to warm to room
temperature. The reaction mixture was quenched with agueous ammonium
chloride solution and extracted with ether. The ether extract was washed with
water (3x), dried over sodium sulfate, and evaporated to a solid residue.
DDDDDDDD*EEIEE!CIEIEEIE#EEEE@@'EMEE@@EIDDDDDDDDDDI
quantitative yield, mp 57°; IR ( KBr) 3400 cm™; "H NMR ( CCls) 6 2.36 (s, 3
6.22 (m, 1H), 6.61 (m, 1H), 6.83 (br s, 2H),7.00 (brs, 1H), 7.22 (br s, 1H).
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7.1.1.27. 2-Ethylphenyl Isocyanide (185) (Lateral Lithiation of an o-Tolyl
Isocyanide Followed by Reaction with an Electrophile) (104)

To a stirred solution of lithium diisopropylamide (3 mmol) in 4 mL of diglyme at
—78° was added o-tolyl isocyanide (176 mg, 1.5 mmol). After 30 minutes,
iodomethane (426 mg, 3 mmol) was added dropwise. The characteristic red
color of o-(lithiomethyl)phenyl isocyanide disappeared immediately. The
reaction mixture was quenched with agueous ammonium chloride at —78°,
extracted with ether, washed with water (3x), and dried over sodium sulfate.
The ether extract was evaporated and the residue was distilled using a
Kugelrohr apparatus to afford 185 in 95% vyield, bp 85° (10 mm); IR (neat)
2115 cm™; *H NMR ( CCly) 6 1.28 (t, 3H), 2.77 (q, 2H), 7.20 (s, 4H). Anal.
Calcd for CgHgN : C, 82.40; H, 6.92; N, 10.68. Found: C, 82.62; H, 7.09; N,
10.85.



1. n-BuLi, ether, nt
NMe; 2. PhCN - NMe;

3. HCI
186

7.1.1.28. 2-(2-[(Dimethylamino)methyl]phenyl)-1-phenylethanone (186)
(Lateral Lithiation of o-Methylbenzyldimethylamine and Condensation with an
Aryl Nitrile) (19)
A solution of o-methylbenzyldimethylamine (11.9 g, 80 mmol) in 250 mL of
ether was treated with n-butyllithium (59 mL of 1.5 M in hexane, 88 mmol) and
the resulting solution was stirred at room temperature for 6 hours. A solution of
benzonitrile (10.3 g, 100 mmol) in 100 mL of ether was added dropwise. The
mixture was heated under reflux for 6 hours, cooled in ice, and 30 mL of water
was added carefully followed by 6 mL of acetic acid. The layers were
separated, the aqueous layer was extracted with ether, and the extract was
0000000 CemeeCHT Mt 1A BetTE e e e M s EerE T 00 00000
magnesium sulfate and evaporated under reduced pressure. The oily residue
was heated under reflux in 250 mL of 4 N hydrochloric acid for 8 hours and
allowed to stand overnight. The mixture was washed with ether, cooled, and
made basic with sodium hydroxide. The product was isolated by ether
extraction f ﬂ ﬂg@ﬁ]m 43-146°
(0.3 mm). e BJ:E[E und: C,

80.39; H, 764 N 5.74.

1. s-BulLi (2 eq), THF, OH
-60 to -30°
NHCO;Bu-t ; N
02 2. DMF ~CO,Bu-t
Cl 187

7.1.1.29. 2-(tert-Butoxycarbonyl)-8-chloro-3-hydroxy-1,2,3,4-tetrahydroisoquin
oline (187) (Lateral Lithiation of an N-Boc-o-Methylbenzylamine) (47)

A solution of N-(tert-butoxycarbonyl)-2-chloro-6-methylbenzylamine (1.28 g,

5 mmol) in 10 mL of tetrahydrofuran was cooled to ca. —-60° and
sec-butyllithium (8.5 mL of 1.3 M in cyclohexane, 11 mmol) was added over
several minutes at such a rate as to maintain the internal temperature at ca.
—30°. The resulting bright orange solution was stirred for 10 minutes and DMF



(0.58 mL, 7.5 mmol) was then added. The now colorless reaction mixture was
quenched with saturated agueous ammonium chloride. The mixture was
diluted with ether, washed with water and brine, and dried over sodium sulfate.
Removal of solvent in vacuo gave the crude product which was purified by
medium pressure silica gel chromatography (ethyl acetate—hexane) to afford
1.13 g (80%) of 187 as a white solid, mp 105-106°; IR ( KBr) 3360-3200,
1670 cm™; 'H NMR ( CDCl3) & 1.53 (s, 9H), 2.95 (dd, 1H, J = 3.7, 15.8 Hz),
3.10 (dd, 1H, J = 3.7, 15.8 Hz), 3.30 (br s, 1H, -OH), 4.45 (d, 1H, J = 17.0 Hz),
4.70 (d, 1H, J = 17.0 Hz), 5.90 (m, 1H), 7.14 (m, 2H), 7.27 (m, 1H); mass
spectrum, m/z 285 (M*?, 7), 283 (M*, 18), 229 (6), 227 (18), 211 (12), 209 (32),
192 (12), 164 (16), 148 (22), 138 (44), 57 (100). Anal. Calcd for C14H15CINO3:
C, 59.26; H, 6.40; N, 4.94. Found: C, 58.98; H, 6.34; N, 4.92.

SO;Et SO:Et
_|l. n-BuLi, THF, -78°
2. PANCO
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7.1.1.30. Ethyl 2-(N-Phenylcarbamoylmethyl)benzenesulfonate (188) (Lateral
Lithiation of a 2-Methylbenzenesulfonate) (144)

n-Butyllithium in hexane (13.7 mmol) was added slowly to a solution of ethyl
2-methylbenzenesulfonate (2.5 g, 12.5 mmol) in 50 mL of tetrahydrofuran at
—78° and t T ] ' mmgmarnyl
isocyanatemﬁmmmmm e deep red
solution and the mixture was stirred at —78° for 1 hour, allowed to warm to 0°,
and stirred at 0° for 1 hour. Water was then added at 0° followed by 5%
aqueous hydrochloric acid. The organic layer was separated and the aqueous
layer was extracted with dichloromethane. The combined organic portions
were washed with brine, dried over magnesium sulfate, and evaporated in
vacuo to afford a solid residue. Recrystallization from
dichloromethane—petroleum ether gave amide 188 in 78% yield as pale yellow
needles, mp 124-126°; IR ( KBr) 3360, 2990, 1680, 1600, 1550, 1450, 1350,
1180, 1000, 920 cm™; *H NMR ( CDCl3) 8 1.2 (t, 3H), 4.1 (q and s, 4H),
7.1-7.6 (m, 8H), 8.0 (dd, 1H), 8.35 (1H, -NH).



CONEt, _—

| ] _LDA,THF,-70t0-25°

N = MeO.
19@

7.1.1.31. 5,8,13,13a-Tetrahydro-3-methoxy-8-0x0-6H-isoquino[2,1-g][1,6]
naphthyridine (189) (Cyclocondensation of a Lithiated Tertiary Nicotinamide
and a Dihydroisoquinoline) (225)
A solution of lithium diisopropylamide was prepared at —70° by addition of
n-butyllithium (312 mL of 1.6 M in hexane, 0.50 mol) to diisopropylamine
(74 mL, 0.53 mol) in 750 mL of tetrahydrofuran. To this solution was added a
solution of N,N-diethyl-2-methylpyridine-3-carboxamide (96.0 g, 0.50 mol) and
6-methoxy-3,4-dihydroisoquinoline (80.5 g, 0.50 mol) in 200 mL of
tetrahydrofuran over a 15-minute period. The resulting dark reaction mixture
was allowed to warm to —25° over 30 minutes at which point a thick
00000000 CHCRp3 e FEEE NSHA PP P et Rk (100000000
acid in 500 mL of water was slowly added, and the layers were separated. The
aqueous layer was basified with ammonium hydroxide and extracted with ethyl
acetate (2x). The ethyl acetate extract was dried over sodium sulfate and
concentrated in vacuo. Ether was added to the semisolid residue and filtration

afforded 93T m T | o total yield)
of product WweSedter m@@mlica gel
(ethyl acetate) of the mother liquor, mp 115-116° (ether); IR ( KBr) 1640 cm™;
'H NMR ( CDCl3) & 2.85 (m, 1H), 3.00 (m, 2H), 3.16 (dd, 1H, J = 13.8, 16.4 Hz),
3.52 (dd, 1H, J = 3.8, 16.4 Hz), 3.82 (s, 3H), 4.90 (m, 2H), 5.00 (dd, 1H, J = 3.8,
13.8 Hz), 6.75 (d, 1H, J = 2.6 Hz), 6.86 (dd, 1H, J = 2.6, 8.6 Hz), 7.20 (d, 1H,
J=8.6 Hz), 7.36 (dd, 1H, J = 4.9, 7.8 Hz), 8.38 (dd, 1H,J = 1.6, 7.8 Hz), 8.64
(dd, 1H, J = 1.6, 4.9 Hz). Anal. Calcd for C17H16N20O4: C, 72.84; H, 5.75; N,
9.99. Found: C, 72.79; H, 5.81; N, 10.01.

CN
| = 1. LDA, THF, -78"
=N 2.
R
%N“ms

N
lw "I_'MS CF}SGJ._

3. KOH




7.1.1.32. 8,13,13b,14-Tetrahydroindolo[2¢,3¢:3,4]pyrido[1,2-b][2,7]naphthyridi
n-5[7H]-one [191, (z)-Dihydronauclefine] (Addition of a Lithiated Picolyl Nitrile
to an Iminium Salt) (122)
To a stirred solution of 3,4-dihydropyrido [3,4-b]indole (629 mg, 3.7 mmol) in
7 mL of tetrahydrofuran at —70° was added n-butyllithium (2.3 mL of 1.6 M in
hexane, 3.7 mmol). A heavy precipitate appeared after ca. 30 minutes.
Trimethylsilyl triflate (1.43 mL, 7.4 mmol) was added and the resulting
suspension was stirred at —70° for 15 minutes and then at —5° for 1.5 hours.
The heterogeneous mixture containing triflate salt 190 was then cooled to —70°
and treated with a solution of the lithio species prepared as follows. To a
solution of lithium diisopropylamide [from 0.62mL (4.4 mmol) of
diisopropylamine and 2.8 mL (4.4 mmol) of 1.6 M n-butyllithium in hexane] in
25 mL of tetrahydrofuran at —70° was added dropwise a solution of
3-cyano-4-methylpyridine (524 mg, 4.4 mmol) in 10 mL of tetrahydrofuran. The
resulting yellow solution was transferred via cannula to the suspension of
iminium salt from above. After the addition was complete, the reaction mixture
was stirred for 10 minutes at —70° and then it was added to 200 mL of brine.
The mixture was extracted with dichloromethane (200 mL) and the extract was
dried over sodium sulfate and concentrated under reduced pressure. The
residue was stirred for 10 minutes in 10 mL of ethyl acetate and the solid that
OO00O000Oe e eSO I DR AT OO 000001
of the amidine product. This material was heated under reflux in 60 mL of
dioxane and 20 mL of 20% aqueous potassium hydroxide for 24 hours. The
solvent was removed under reduced pressure and the residue was partitioned
between dichloromethane (200 mL) and water (50 mL). The organic layer was
dried over i m ssure The
residue Wammml Wmm verall yield)
of (#)-dihydronauclefine (191), mp 266—-268°; *H NMR ( CDCls) & 2.90-3.00 (m,
2H), 3.05 (m, 2H), 3.45 (dd, 1H, J = 3.4, 16.3 Hz), 5.19 (m, 1H), 5.22 (m, 1H),
7.14 (m, 1H), 7.21 (m, 1H), 7.25 (dd, 1H, J = 1.1, 5.0 Hz), 7.38 (dd, 1H,J = 0.9,
8.0Hz), 7.56 (d, 1H, J=7.8Hz), 8.62 (d, 1H, J=5.0Hz), 9.24 (s, 1H);
high-resolution mass spectrum, calculated for CigHisN3sO : m/z 289.1215;
found m/z 289.1225.




8. Tabular Survey

Tables |-XI are organized according to the sequence used in the Scope and
Limitations section. Entries in Tables I-IX are ordered by increasing carbon
count of the compound lithiated. Protecting groups are included in the carbon
count. For a particular carbon count, entries are ordered according to
increasing hydrogen count. Toluene derivatives are given priority over
alkylbenzenes, and meta and para isomers are given the lowest priority. Table
X (Alkyl Substituted Heterocycles) is ordered both by carbon count and by
facilitating group as in the Scope and Limitations section. Table Xl (Lateral
Lithiations in Natural Products Synthesis) is ordered by carbon count and by
the general class of the lithiated starting material. The conditions used to effect
the lithiations are given in the tables; however, conditions for reactions with
substrates are not given. Examples in which no substrate is added to the
lithiated species are indicated by — in the substrate column, and unspecified
yields are indicated by (—). The tables contain all examples that could be
found in the literature through the beginning of 1994.

Abbreviations used in the tables are as follows:

noooobooonogongdonoionoooooooooonooonooooool

benzyl
Boc tert-butoxycarbonyl
BOM benzyloxymethyl

CBZ rhobenzylox
LOLOHHN000000000
C4HsS  thienyl

CsHsN  pyridinyl

CeH11  cyclohexyl

CioH7 naphthyl

diglyme diethylene glycol dimethyl ether

DMF N,N-dimethylformamide

DMPU  N,N¢-dimethylpropyleneurea

ether diethyl ether

HMPA  hexamethylphosphoric triamide
LCHTBA lithium N-tert-butylcyclohexylamide

LDA lithium diisopropylamide

LDMA lithium dimethylamide

LHMDS lithium hexamethyldisilazide

LTMDA lithium N,N,N¢-trimethylethylenediamide



LTMP  lithium 2,2,6,6-tetramethylpiperazide

MoOPH molybdenumoxodiperoxy pyridine
hexamethylphosphoric triamide complex

MOM methoxymethyl

NPSPO N-(phenylsulfonyl)-3-phenyloxaziridine

PMB p-methoxybenzyl

rt room temperature

TBDMS tert-butyldimethylsilyl

TBDPS tert-butyldiphenylsilyl

THF tetrahydrofuran

THP 2-tetrahydropyranyl

TFA trifluoroacetic acid

TIPS triisopropylsilyl

TMS trimethylsilyl

TMEDA N,N,N',N'-tetramethylethylenediamine

T™U 1,1,3,3-tetramethylurea
p-toluenesulfonyl
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Table Il. Tolyl Ketones
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Table lll. Tolualdehyde Derivatives
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Table IV. 2-Methylbenzyl Alcohols
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Table V. Cresol and Thiocresol Derivatives
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Table VI. Toluidine Derivatives
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Table VII. 2-(Alkylamino)Toluene Derivatives
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Table VIII. Toluenesulfonic Acid Derivatives
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Table IX. Fluoro- and Trifluoromethyltoluenes
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The Intramolecular Michael Reaction

R. Daniel Little, University of California, Santa Barbara, California
Mohammad R. Masjedizadeh, University of California, Santa Barbara, California
Olof WaIIquistT, University of California, Santa Barbara, California
Jim I. Mcloughlin*, University of California, Santa Barbara, California

1. Introduction

Like its intermolecular counterpart, the intramolecular Michael reaction
involves the addition of a nucleophile, often referred to as the donor, to an
acceptor, usually an olefin bearing one or more functional groups capable of
stabilizing a carbanion.

Strictly speaking, the term Michael reaction refers to the 1,4-, or conjugate,
addition of a carbanion to an acceptor under basic conditions. However, just as
the scope of a previous review dealing with the Michael reaction was
expanded to encompass a wide range of acceptors and noncarbon-centered

agcce " ’JEUITEIEI bot ngﬁmmmmmnnnnnnnnnnl

As suggested by the name, the intramolecular Michael reaction most often
leads to the formation of a ring, either carbo- or heterocyclic.

Hooooononooonono
4

CR=CR'EWG

However, there are many examples of sequential, or tandem, Michael
reactions wherein the first inter- or intramolecular Michael reaction is followed
directly by an intramolecular variant leading to the formation of more than one
ring. (2, 3) In other instances, a nucleophile is delivered to the 3 -carbon atom
of an acceptor in a process which does not lead to the production of a ring.
These transformations are referred to as heteroconjugate addition reactions.

(4)



inter- followed by intramolecular

OLi
. _ DME
Pr-i T8 tont
I MeO,C | I
MeO,C” “Br  © Br O @s%
HO
heteroconjugate addition
g o OH g . OH
q-ﬂ'r'”\ NaBH,, THF C
\\) — e (87%)
H H | Y H H
/= COsMe C
MeO,C Mo, COMe
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In contrast to the intermolecular counterpart, the intramolecular Michael

reaction has _been formally reviewed only once. (5) Two contemporary
publication§, }pwHve] Hvd[od[sd{ d :ﬂ= Eelfelp fighiignt
recent developments. (6, 7) The first example dates back to 1898 when
Guthzeit reported that on standing at room temperature for a year, or upon
treatment with a “small amount” of pyridine, ethyl a -carboxyglutaconate
transforms to the “bimeric” ester 2. (8-10) Subsequent reinvestigation by
Ingold and co-workers led to the revised structure 3 and to the



CO,E

CO4Et
EtO,C CO+Et

Et0,C™ ™= COqEt
1 E[ch CDQE'[
+1 1

EtO:C
El‘DEtng CO-Et Et0,C
: X7 Et0,C—— ~CO,Et
EtO,C CO,Et EtO,C CO4Et

CO,Et
CO4Et 3

suggestion that it arose via an initial inter- followed by an intramolecular
Michael reaction. (11)

The first systematic study of the intramolecular Michael reaction appeared in

1945 and focused upon examination of the transformation illustrated below.
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sodium alkoxide in alcohol solvent leads to coumarins. Of particular interest is

the fact that the reaction proceeds efficiently even when the 3 carbon of the

acceptor is substituted with two sterically demanding groups. This apparent

lack of retardation by double substitution at the 8 carbon contrasts sharply with

e e YA YA

R'-_ _CO,Et
|
R? NaOR, ROH
0~ CO,E

Another example highlighting the susceptibility of sterically hindered systems
to participate in intra- but not intermolecular Michael reactions comes from
studies concerning the mode of activation of the antibiotics calicheamicin and
esperamicin. Thus, while thiolate, cyanide, and cuprate all failed to add
intermolecularly to 4, treatment of 5 with diethylamine and 1,4-cyclohexadiene
in THF afforded a 71% yield of thiophene 7. The purpose of the
cyclohexadiene, of course, was to serve as a hydrogen atom source in the
cycloaromatization of the initial Michael adduct 6. (14)
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Access to the tetracyclic precursor 9 of a taxol analog was achieved via an
intramolecular Michael addition to the relatively hindered Bcarbon of enone 8.

@) OOO0000Odddobooooa

("nearly quantitative™)

The intramolecular Michael reaction again formed the subject of publications
appearing in 1951, (16) 1957, (17) and 1962. (18, 19) During the 1960s,
comparatively little study or use of the reaction was reported. A notable and
historically significant exception, however, was Corey's use of it in a total
synthesis of longifolene. (20)



0
0
EtsN, 225°
0O —_——
%h (10-20%)

This approach to the construction of tricyclic systems is similar to that
suggested mechanistically in the base-induced conversion of santonin to
santonic acid. (20, 21)

0
1. KOH, H50, reflux
0 L i
: 2.1ZNHCL it
0 2
y con®
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The 1970s and 1980s witnessed a dramatic increase in uses of the
intramolecular Michael reaction. Much of the chemistry discussed in this
chapter foclLﬁeISjlﬁ material discovered duriﬁthis time period.
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2. Mechanism and Stereochemistry

2.1.1.1. Geometry of Closure

As the following discussion illustrates, the facility with which a substrate
undergoes intramolecular Michael cyclization is dependent upon (a) the size of
the ring being created, (b) the geometry at the reacting terminus, and (c) the
endo or exo nature of the closure being investigated. (22, 23)

The geometric restraints associated with the intramolecular Michael reaction,
especially the formation of five-membered rings, are reasonably well defined.
The propensity for the conjugated ester shown below to undergo a
base-initiated 1,2-addition—elimination to the ester carbonyl carbon (a 5-exo,
trig closure) rather than an intramolecular Michael reaction (a 5-endo, trig
closure) exemplify the constraints. (22, 23)

HO . (8]
MeO,C ) 3'3.5-"35— 0;_7 ("efficient”)
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0

.E *: "treatment with a variety of bases"

HOO00oooooOodooon

The same tendency is noted in the failure of the amino diester 10 to form
amine 11 rather than produce lactam 12, despite the fact that primary amines
readily undergo intermolecular 1,4 in preference to 1,2 addition to a
-substituted

Me0,C



H
H3N N
MeO 0,Me base O O,Me
25

12
(100%)

10

H
Q/CUEMﬂ
MeO,C

11
acrylic esters. (22, 23) Presumably, the restrictive geometry imposed by the
existence of the two sp®-hybridized carbons as members of the ring being

formed in the 5-endo, trig cyclization does not allow the reacting centers to
approach one another with the geometry required for sigma bond formation.

These limitations can sometimes be removed by simpl

OO00000 Ckbdla#Eitéd EHidéddn Moklel b i |

illustrated below. (24)

choosirﬁto conduct

AR HARENE1OIOO00O0000|

0

! \ O
o_ 0 H
‘ (88%)
OQUGHON.

AcOH

(8]

It has been suggested that the reaction does not involve a 5-endo, trig closure.
Instead, the protonated enone 14, derived from 13 via loss of the
tert-butoxycarbonyl unit, deketalization, and isomerization, is considered the
reactive intermediate leading to a geometrically preferable 5-exo, trig process.

O +0OH

= CO,Me

NH
14

Similarly, while enones 15 and 16 fail to undergo a base-initialized
intramolecular Michael reaction, the reaction occurs satisfactorily when acid



catalyzed. (25, 26) The success of the latter conditions has been attributed to
the reduction in the rotational barrier around the enone double bond of the
conjugate acid 17, thus allowing access to conformations which are
geometrically similar to the product.

O OH
R
2 >{)’K{//\ Ph i -
OH OH —y
15. R = Me i
16, R = (CHy)s 17

While 5-endo, trig cyclizations are rare, they are by no means unknown.
Excellent yields of tetrahydrofurans and good yields of pyrrolidines and
cyclopentane derivatives have been obtained by treating vinyl sulfones with
catalytic quantities of potassium hydride in THF. (27)

0000000000REO0000000000008000000000000000001

KH (cat.), THF
R! — RI—}—0
R2 UH 25:‘, 10 min R'z_
S e e B | ﬁ
OCOEIEEI00000000
Et Et 88
n-CsHy n-CsHy, 85
—{CHq)s— B4
SO,Bu-t SO,Bu-t
KH (cat.), THF
_—— (65%)
45°,05h NPh
Ph NHFPh !
Ph
SO;Bu-t S0,Bu-t

5 mol % KH, THF
EtO,C O - o (65%)
EtO,C 45°,05h 0,C COEt

&0,5t Et0,C CO4Et



A similar example is illustrated below.

PhO,S8 OH PhO,S,
KH (cat.), THF : R =Ph S0%
R R = H-CsH".E';%
25°,0.5h 0 R

Interestingly, the corresponding sulfoxide failed to undergo cyclization under
the same conditions.

An attempt was made to qualitatively compare the differences in the rate of
5-endo, trig cyclization with an anion accelerated sigmatropic rearrangement
of order [1,3] or [3,3]. Thus treatment of hydroxy sulfone 18 with one equivalent

SO;Bu-t Sale 1

HO 0] Q
e 64,
O00000000GBO000000000EE00000o0odatibooooooooo:

of potassium hydride in THF at 25° led only to the tetrahydrofuran; none of the
expected sigmatropically rearranged keto sulfone was detected. (28) A more
relevant comparison would have been available if both products had formed.
Nonethele@j@ infdn hEck E:@| and [3,3]
shifts, the present observation suggests that 5-endo, trig cyclization may be a
much faster process than anticipated.

To our knowledge, no suggestion has been made to account for the ease with
which the systems discussed in the preceding paragraphs undergo 5-endo,
trig cyclization. It is tempting, however, to suggest that the cyclopentene
synthesis outlined below is driven enthalpically by the formation of an a , 3
-unsaturated amide and entropically by the extrusion of the phenylsulfonyl
anion. (29)



SO,Ph

I
LTMP, CH;=CR'R* R CON(Pr-i),
THF, -78° to t R?
CON(Pr-i);

(22-89%)
R! R? Yield (%)
R! H  CONMePh (33
CON(Pr-i), Me CO;Me (59)
RZ Me CN (22)
(_SDQPh Me CON{Me)Ph (65)
TMS CO;Me (57)

Perhaps an equilibrium between open and closed forms exists (cf. ref. 27), and
the equilibrium is shifted toward the cyclized material by an irreversible 3
-elimination of phenylsulfinate.

While the 5-endo trig pathway is geometrically unfavorable, 5-endo dig
cyclizations occur with facility. For example, treatment of hydroxy ynone 19
with sodium hydride in refluxing methanol provided the natural product
bullatenone 20 in 93% vyield. (25) The same product was produced in a 79%
yield uﬁm treatment

EIEIEIEIEIEIEIEIEIEI Ooooooooonnnoooooooogdooooooooon

0
>|)L NaH, CH;OH
C e 3%
<cph f A

OH reflux 2h
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of 19 with catalytic p-toluenesulfonic acid, albeit after 19 hours of refluxing in
methanol.

Inclusion of one additional carbon between potentially reactive centers eases
geometric constraints; both acid and base initiated 6-endo trig Michael
additions occur. (25) This is illustrated by the chalcone to chromanone

conversion.
(0]
i, 2h 0" "r
R=H R = H (80%)
R = Me R =Me (65%)



The mere fact that a six-membered ring is to be formed does not, however,
guarantee success. Interesting and important examples which dramatically
illustrate this point stem from several independent efforts to use the reaction in
the construction of the carbocyclic six-membered ring found in the antitumor
agent quadrone. (30-32)

R=CO;Me, R'= {CthCI{DEI

R 21a, R =Me, R' = (CH;);CHO
R =Me, R' = CH,COCH,CO,Me
0 R =Me, R' = CH;CH;CH=N(Me)O; (1,3-dipolar)

I as enolates ™

s OH > [Ref. 30]
R H R=Me, R' ‘}f\)\( OH
21 Bl

.. . all failed to undergo intramolecular Michael
cyclization under all conditions tried.

It has been suigested that the failure of 21 (structure shown above, the
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unfavorable torsional strain imposed about the C5 to C6 bond as the transition
state for s -bond formation is reached. (30, 33)

LOC
. ° _AL

CHO

s[u(n(uplain

21b

Similarly, () failed to undergo an intramolecular
: Michael reaction?!-4

CHO

The successful cyclization of keto enone 22, ultimately leading to a total
synthesis of cedrene, stands in marked contrast to these results. (35)



KOBu-¢
-BuOH,
25°, 15 min 0

(73%)

2.1.1.2. Kinetic vs. Thermodynamic Control of Stereochemical Outcome
In many instances, the intramolecular Michael reaction is conducted under the
same conditions as those used in the classical intermolecular version (e.g.,
catalytic metal alkoxide in alcohol solvent). Accordingly, each step of the
sequence is reversible, and it is not surprising to discover that stereoselectivity
is subject to those factors usually associated with both kinetically and
thermodynamically controlled processes. Consequently, prediction of the
stereochemical outcome of a given transformation is often complicated by the
fact that a change in reaction conditions often leads to a change in product
ratios. For example, after one hour at 55°, the reaction of equimolar quantities
of pelletierine, benzaldehyde, and sodium hydroxide in water leads to
quinolizidinones 23 and 24 in a 58% yield and a ratio of 5:2. (36) Lengthening
000000003 &S e CrE] 1 M9 Cher e T HaTHHOSE E IR e ¥ et O 0 000001
is observed when the reaction is conducted for varying lengths of time in
methanol. That is, the ratio of compounds 23 and 24 varies from 5:2 after one
hour to 1:6 after 14 hours. These results are rationalized by suggesting that the
intramolecular Michael reaction emanating from intermediate 25 is reversible
and leads, 1T c rather
than thermm

. e the
reaction toward the thermodynamlcally more stable product 24.

m PhCHO, NaOH 0
O HN MeOH, 55°, 14 h X HN

Ph
L e -
O~ o~
ICSERES
N N
Ph Ph
23 24

(56% total) 23:24=1:6



In some instances, kinetics and thermodynamics operate cooperatively and
afford high levels of stereoselectivity, and occasionally stereospecificity. For
example, treatment of enone 26 with potassium carbonate in ethanol affords a
high yield of the diketoester 27. (37) This result is in accord with expectations
based

o]

K,CO4, EtOH e
0 t

2 o CO,Et
27

on the ~7 kcal/mol difference in strain energies between cis- and trans-fused
bicyclo[3.3.0]octane, the former being preferred. Of course, the strain energy
difference may also be manifest in the transition state leading to 27, making it
the preferred product on kinetic as well as thermodynamic grounds.

OO00000 043 B HY et E O e & PHme 1 1000000000000l

Stereoelectronic factors often play an integral role in affecting the
stereochemical outcome of intramolecular Michael reactions. The conversion
of malonic ester 28 to the bicyclic lactone 29, an important intermediate to
vernolepin, is illustrative; the

DDDDDDEDDDD]DDD

(0]

0 - J 1
o
04\ o " 0 : 0
. H

0
CO,Et L f’y i Et0,C
28 29 (88%)

malonyl anion approaches the B carbon of the enone in that fashion which
leads to the most efficient overlap of the donor and acceptor units (an axial
approach). (38)

2.1.1.4. Steric Factors

Steric factors also play a role. For example, treatment of the unsaturated
ketonitrile 30 with potassium tert-butoxide in tert-butyl alcohol leads to the
formation of the cis-hydrindanone 31 only. (39)



t+-BuQK, -BuOH

) 65-70° E
\r = CN rt o \[

30 3

(85%)

The formation of 31, rather than any of several stereoisomers, is readily
explained by suggesting that, of the possible transition states 32—-34, 32 is of
lowest energy since it does not experience the energy-raising side chain
interactions that are present in 33, or the H-H interaction that is found in 34.

KO _CN KO i v
Me Me
HH|CN
) V5. ) V8, =]
M
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Another example illustrating the role of steric factors is the conversion of the 3
-ketoester 35 to a 30:1 mixture of products 36 and 37 in 88% vyield. (40)

MOOO00000000cd
MeQ,C

MeO,C MeO,C
0 & 0 § 0
= ;
: H
as K 37
Conditions 36:37 Yield (%)
NaH (eat.), CgHg, 15 min, rt 30:1 (88)
KOBu-t, -BuOH 1:1 (—)

The high degree of stereoselectivity is explained by suggesting that
energy-raising steric interactions between the chelate ring and the acceptor
chain are lower in transition state formulation 38 than in 39, and that the former
leads preferentially



to 36 in a kinetically controlled process. Notice that in a polar medium
(potassium tert-butoxide, tert-butyl alcohol), stereoselectivity is greatly reduced.

Similarly, the efficient conversion of ketoenoate 40 to a mixture of products

wherein diastereomer 41 predominates is believed to occur in a fashion that
minimizes nonbonded interactions in the transition state. (41)

o BnO,CN
reflux

N 0

40 41 CO;EL
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K3COs5, EtOH, reflux, 1 h (73%) (15%)

NaH, dioxane, reflux, 45 min (51%) (26%) o) CO,Et
42
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In the example portrayed below, the authors cite avoidance of allylic 1,3-strain
as the means to fix the preferred reacting conformations about the enolate and
the acceptor subunits. Only a single sterecisomer was isolated. (42)

H !
Z~CONMe,  LDA, THF CONMe,
e e (68%)
-78°, 30 min ,
CO,Me 1 -co:me

CONMe,

Sf\?{ou o~
-1 —_—————— N
2 u

OMe



2.1.1.5. Stereochemical Control: Intramolecular Michael Followed by Aldol
Condensation

When an intramolecular Michael reaction is followed by an aldol condensation,
the sequence provides an excellent protocol for the preparation of
trans-hydrindenones. (43) The trans/cis ring junction product ratio resulting
from such Michael-aldol sequences varies markedly as a function of the
counterion of

o

CHO
(\ 0 o NV OMe
= OMe 5 NaOMe 0

H

63%
trans fused / cis fused 25:1

the base used to initiate the reaction, as well as the nature of the solvent. (43)
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to afford trans-fused products. As illustrated below, the ratio varies in accord
with a pattern wherein those metals that form stronger bonds with oxygen lead
to larger amounts of the trans product. This being so, it is reasonable to note
the increase in the trans/cis ratio upon changing from methanol, a solvent that

R e sale e s e

Base Solvent franslcis

Ba(OH); MeOH 31
GHC Ca(OH); MeOH  10:1
Mg(OMe); MeOH 12:1
Al(OBu-t}y MeOH 20:1

ZrOPr-n)y CgiHg 25:1

Assuming kinetic control, then, the stereochemical results illustrated above are
consistent with the transition state models 43 and 44. The latter is assumed to




be of lower energy, the thought being that electron repulsion and eclipsing
interactions are minimized.

These observations concerning the nature of the factors responsible for
stereochemical control served as the foundation upon which a total synthesis
of retigeranic acid was based. (44)

CHO

1. Zn(OPr-n)4, CeHp,
0 LiOH, 22°, 12 h .
. - +1: 1 mixture
s O  of isomers

2. {CFJC{}}ZDI DBU! ‘r H

DMAP, CH,Cl,, — M g y
18 tont (80%) 10:1:1)

The scope of the process has been expanded through the use of a variety of
standard chiral auxiliaries; (45) useful amounts of asymmetric induction have
been achieved, and the process has been applied to the construction of
11-ketosteroids. (46)
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R*0,C ! N, G R*0,C R*0,C |
r-BuDzC\ﬂ M 15Smin  -BuO,C t-Bu(}gC\;ﬁ}
DDDDDDDDDDHDEDDD g

I:11

1:12-14

'?_L_‘..

Lfga u-t >40:1

2.1.1.6. Chelation Control
Chelation of the entering nucleophile with another functional group which is
also pendant to the starting material can lead to a stereocontrolled



intramolecular Michael reaction. For example, both sulfoxides 45 and 46
undergo efficient cyclization upon treatment with potassium hydride in

iy sl
- ) (CH;)40OH KH. THF
P (90%)
FSIFFF:
O Ph
45
O —(CHy)0H H ¢k 0l
o = Yo
g O, ‘SOPh
th Ph #
{90%)
“ c— il

tetrahydrofuran at room temperature; in each instance, only one product is

isolated in 90% vyield. (47) It is believed that chelation between the side-chain
O000000CHEEEEDENBEEME L BTG EEe 00000000

former to the unsaturated sulfoxide.

Enone 47 undergoes sequential intramolecular Michael reactions when treated
with 1.3 equivalents of lithium hexamethyldisilazide in tetrahydrofuran at

temperatur@rﬂ@| er m VTS ecificity
was suggestea 1o ai EqUENCE ' T conuor. same
product was isolated, albeit in only 10% yield, when the reaction was carried

out in THF-HMPA, that is, under conditions where one would expect the metal
to be preferentially coordinated by HMPA. (48)

0

EtO,C
= LiN[SiMe;],, THF
-78°tort

—Li T EtO,C
15 K3
"*—-..__\_\JZ" DCIHj 0 D

= - (30-60%)

47




3. Scope and Limitations

3.1. Retro Intramolecular Michael Reactions

The Michael reaction is reversible. An interesting example, conducted under
acidic conditions and illustrating its use in the construction of spirocyclic
compounds, is illustrated. (49)

HCl, THF

r, 18 h P P ("quantitative")

MeO,C

One can imagine situations where the addition of a nucleophile could be used
formally to “protect” the acceptor from attack. Here, the nucleophile should
0000000 CHSE3E }oree &G id PR [aTi0S Mk prcH e 3L N H AT OO0 000001
(50) If it is carbon-centered, then the carbon should be substituted with one or
more anion stabilizing groups. This “self-protection protocol” proved
particularly expedient in the example below since the protection/deprotection
operations arose as a natural consequence of the methodology used in the

QU 1

Co,Me QAc
0 ] =
< DBU, 0° 0 _
0 CH,Cl,, 1h < )
(o)
X" = Br, BF; o

An example stemming from efforts to prepare leukotrienes is illustrated. (52)

0
TBDPSO” () “COj LDA.THF TBDPSOMCDQEI
- =

(92%)

Often, especially when using phosphonate anions rather than phosphonium



ylides, five- and six-membered ring lactols undergo Horner—Emmons
olefination only to be followed in situ by an intramolecular Michael cyclization.
(53)

NaH, CgHg, Et0,C
(Et0):POCHCO-EL
rt to reflux

(53%)

The resulting tetrahydrofuran or pyran can be thought of as a “self-protected”
w -hydroxy- a , B -unsaturated ester (ketone, nitrile, etc.). The following
example, leading to the formation of an important intermediate used in a novel
synthesis of the sesquiterpene A **-capnellene, exemplifies the idea. (54)

CO,Bu-t
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3.2. Sequehti E‘Eﬂg PEDD QQ
The terms ‘n a oran emD ichaelTeac |(|);algtljsje 0 describe an

inter- or intramolecular version followed directly by one or more intramolecular
Michael reactions. Posner uses the term MIMIRC (Michael-Michael-ring
Closure) as a descriptor. (2, 55)

As many as four successive Michael reactions have been carried out
successfully. The example shown begins with one of the intermolecular variety,
and finishes with three consecutive intramolecular Michael reactions. (56)

0 0 0 o
. NaOAc*3H,0
MeOH %
———
0 0 0 Nu O

(20%)
Nu = C,H;0,CH;

(CyH702CH3) {excess)



A sequential Michael process involving two components, one of which serves
twice as a Michael acceptor, provides a clever and facile means of bridging the
a and a ' carbons of a cyclic ketone with a three-carbon bridge. In the example
shown, a Dieckmann condensation leads to the formation of a tricyclic diketo
diester related to clovane. (57)

1. Sodium dimsyl (xs),
DMSO, rt
2. (E)-CH;=CHCH=CHCO;Me
total time 112 h

N
;' 'rcozml-.
D
41%
MeO,C H Bi%)
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Sequential reactions have been used creatively in the construction of a variety
of ring systems, including, for example, those of the natural products eriolanin,
(58) atisiranone, (59) and atisine. (60)

HOO00oooooOodooon



TMSO MeO,C

1.LDA, THF, -78° OTMS
- (74%)
2. MeCH=CHCO,Me,
o THF, -78° to rt g
MOMO OMOM

used en route to eriolanin

LiN(TMS);
CeHtya / ELO
(8:1, viv),

-78° to ambient

CO,Me MeO,C,

LiN(TMS);
CeH;4 / E1O,

OREE00000C0300000000000000

several steps to atisine

Trree merkoHled LA b e e b

cyclohexenone, or a substituted derivative thereof, reacts with a Michael
acceptor whose anion stabilizing unit serves as a leaving group after the initial
Michael reaction has occurred. (61-63)

1. LDA, THF, 0° O 0
0 2. MeCH=CHNO,, *
THF / HMPA,

OO0000000000E0000LE

—_— -78° to reflux (63%) 12:1
L8]
1. LDA, THF, 0°
2. CHy=CHSO,Ph, THF / HMPA
ri to reflux
{38%)

+ 47% recovered starting material



This basic concept has been applied to total synthesis; one example is
illustrated. (64-67)

1. LDA, THF, 0°

2, CHy=C(Me)PPh3Br,
THF, nt

(23%)

CO,Me
toward trachyloban-19-oic acid

A similar strategy has been applied to the total synthesis of several
eremophilane sesquiterpenes, including ishwarane. (68)

NO0000000000
H

(20%) +37% starting material  (20%)

o o o o o o o o

A nice example of stereocontrol in a sequential Michael sequence is portrayed
below. Here it was reasoned that the preferred reacting conformation is that
which places the large silyl ether groups antiperiplanar and the a ,
-unsaturated ester moieties gauche to one another. In this manner the p faces
of the acceptor units are rendered homotopic. The authors use the expression
“rotamer distribution control” to refer to the control of ground state rotamer
distribution in a manner that leads to such differentiation. (69) The conjugate
addition of a variety of Grignard reagents occurs stereospecifically; an
intramolecular Michael reaction leads to the five-membered rings shown.



TBDMSO

TBDMS E
O OB pmex s cut (1o ——CO,Et
sz Et,0,-20°, 1 h —COzE
TBDMSO CO,Et

TBDMSO
CO,Et
R Yield (%)
TBDMSO CO,Et CH,=CH (94)
- . Me (92)
J ' Et (77
TBDMSO R Ph (40)

One powerful variation of the sequential sequence begins with an
intermolecular addition of the kinetic enolate derived from an a, -unsaturated
ketone to either the same or a different a , -unsaturated ketone (or aldehyde
or ester). Overall, two new carbon—carbon s bonds are formed. As shown, the
yields are not always high, but considering the significant increase in
architectural comple%.t)'/éttendant to such a sirﬁ)le procedure, the

OO00000 Chdiskoaibdf dkeleatadid [RI OO OO 0O000000000000ooal
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0 0
1. LDA, THF,
* -70°, 70 h O
2. warm to rt
OMOM MOMO
(65-T0%)
0

) @)j\ LDA, THF
-70° to rt

& _LDATHF _ O o5
'?[Ptort

Ooooooooooooooooogddoooooooooooonooooooooooan

0

) vt P -

Temp  exo.endo
-70° 8:1
-20° 1.5:1

Sequential Michael additions can be achieved under basic conditions, as the
examples considered thus far make abundantly clear, or under acidic
conditions,

OTMS 0
(8]

Et;AlCI, CH;Cl;
* W R0 to 25° -0 (43%]

overnight




though there are far fewer examples. One, illustrated above, features three
consecutive Lewis acid promoted Michael additions and leads to the
sesquiterpene seychelene. (71)

3.2.1.1. Sequential Reactions: A Lewis Acid Promoted Intramolecular Michael
or Diels—Alder Reaction?

Each of the base-initiated reactions illustrated above bears similarity to the
Lewis acid promoted Diels—Alder reaction of a silyl dienol ether with a
dienophile. (48, 72-74)

g ]
H
Me,C=CHCOMe, TiCl
. . (64%)
CH;Cly, -78 10 -40°, 2 h + 17 % isomers
H" !
0

The two processes may in fact be used to complement one another. For
example, attempted Diels—Alder cycloaddition with triene 49 did not afford the

OoooooofefEa00000aaooooooooonnoooooooooon

LiN(TMS)z, CgH,4 / E10O

2007 i
I

49 OTMS

whereas the ring system was produced, although in only 17% vyield, via a
sequential Michael reaction. One should be cautious in comparing the two
reactions, however, since in one case the dienophile is unactivated. (74-76)

Most authors have expressed a preference for classification of the base
initiated processes as sequential Michael rather than anion accelerated
Diels—Alder reactions. (70, 77, 78) The mildness of the reaction conditions as



well as the isolation of products resulting from the formation of only one s bond
(i.e., after only one Michael reaction has occurred) have been cited as
evidence in support of the former classification. However, since the degree of
acceleration expected in such an anion accelerated Diels—Alder reaction has
never been measured, it seems risky to point to the use of “mild reaction
conditions” as being supportive of either of the mechanistic alternatives.

3.2.1.2. Sequential Reactions with Alkene Acceptors

Sequential Michael reactions allow one to “stitch” a carbon or a heteroatom
between the two Michael acceptor units. Most often, six-membered rings are
formed. The reaction conveniently leads to usable yields of spirocyclic
compounds, (79) as well as to simple substituted cyclohexanones, (80) and
has even been used to form seven-membered rings, albeit with variable yields.
(81)

EIEIEIEIEIDDDDDDDDDDDDDEIDEDELEEDHDEDEIDDEIEIEIEIEIEIEIEIEIEII

H reflux (45)
H‘l Me reflux (407
H H rt (33)
H Me rt (40)
EIEIEIEIEIEIEIEIEIEIEIEI L0
CH;R'R2
| ] NaOEt, EtOH o)
R 207 to reflux R!
R = Me, H "
R R! R? Yield (%)
Me CO4Et CN (62)
Me NO; H (59)
Me Ts CN (65)
H Ts CN (52)

Me COFt CO.Et  (0)

Ph Ph )
f\% MeNOs, rt, 3 days 5 Hﬂq{; o)
OMe tetramethylguanidine OMe
Et0,C OuN

CO Et CO,Et

(44%)



3.2.1.3. Sequential Reactions with Alkyne Acceptors

When one of the alkene acceptors is replaced with a triple bond, substituted
cyclohexenones are formed. A classic example involves the reaction of
7-chloro-4,6-dimethoxy coumaranone with methoxyethynyl propenyl ketone in
the presence of potassium tert-butoxide in diethylene glycol dimethyl ether,
leading to the formation of the antifungal antibiotic griseofulvin. (20)

OMe O
8]
+ MEDCEC—H{K_
MeO 0 N

Cl

KOBu-r

{(MeOCHyCH2),0,
rt, 16 h MeO

griseofulvin (—)

0000000000000000000000000000mO0000000000000

The reaction is presumably kinetically controlled and proceeds
stereospecifically via that pathway which allows maximal orbital overlap in the
transition state leading to the formation of the second C - C bond. (20)

p simiar pibeloel b kA L LALLM ILARILILALT occurs i

~70% vyield. (20)

5 E1O
CO,Et y EtO,C
' c)kﬁ\ :;;;m: 9
- u-
COEt ELOC” ghr FtOC

Activated alkynes, while not used frequently, make excellent Michael
acceptors. (20, 82, 83) For example, treatment of ketoalkyne 50 with 4-8
equivalents of triethylamine in refluxing toluene for 12 hours afforded bicycle
51 in 65-70% vyield. (84)



CN
Et;N, PhMe
reflux 12h
L O \
NC C=CCO;Me CO-Me

51

(65-70%); a 30% enantiomeric excess
was obtained by using using (—)-quinine.

By virtue of the use of an alkynoate, the product contains an a, 3 -unsaturated
ester that can be further functionalized.

In the example cited, a series of straightforward manipulations, including a
retro-Michael reaction (52 to 53), converted 51 to aldehyde 54 which upon
treatment with 2—3 equivalents of 3,4-dimethyl-5-(2¢-hydroxyethyl)thiazolium
iodide (Stetter salt; (85, 86)) and 50 equivalents of triethylamine in refluxing
2-propanol afforded the tricyclic ketone 55, a key intermediate to hirsutic acid,
in 67% yield. (84)

Ooooooooon CEQEE%DDDDD B00000000000000

several
n,3h / steps
E0,c O MeO,C CouH
520 53 (77%)
LO0000000000oo00
CN CN
s Stetter salt (2.3 eq) o
p EtsN (50 eq), i-PrOH,
MeO,C - S5 reflux 5 h MeO,C -

A most interesting example of the use of an ynoate in an intramolecular
Michael reaction is illustrated; it originated from efforts to assemble the natural
product bilobalide. (87, 88) Of particular interest to the former is the suggestion
that what formally amounts to a 5-endo dig intramolecular Michael reaction,
probably occurs via an electron transfer-protonation (from diisopropylamine)
sequence leading to diyl 56 which subsequently engages in s -bond formation.



1. LDA (2 eq), HMPA (3 eq),

(ICO?M': THF, -45°
CO,Me 2. +-BuC=CCO,Ph

THF, -45 to (°
MeO,C Bu-t
electron & proton ’\
transfer
MeO,C O
56

= "0OMe
-~ CBu-t
: H/Cf v
MeO,C
MeO,C Bu-t
MeO,C O

The intramolecular Michael cyclization onto an activated alkyne is used in the
preparation of 9- and 10-membered rings. (83, 89, 90)

O0o000oaa ooooa DDDQQQDDD
MeO,C = B e -

48 h

*2x 10*M in THF / Me;NCHO

Hi000ooooooo

(35%)

0]
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COMe 0

J&csc—/\)\c L

Me0,C

* 2 x 10* M in THF / Me;NCHO

CsCOs*
ey m36h

C=C CO;Me
0 CO,Me
o~

(31%), plus 13% of 20-membered
ring dimer

The thermodynamic enolates of 3 -keto esters also undergo intramolecular
Michael addition to alkynones. (91, 92) With substrates bearing a leaving
group on the terminal carbon, the anion produced in the intramolecular Michael
reaction undergoes alkylation leading to the formation of tricyclic diketones.
(91) Alternatively, the enolate can be intercepted in an aldol-like manner.



0
M.
Coé ¢ Csz(!{}g. DMF
65" 20 min
Co

“C(CHy);Br
(< 5%)
R = CO;Me
0 O R
CO;Me
o C35C04, DMF OH
407
Cx 0
i CHO
\/\”/ 29%) e
0
R
-+
4]
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3.2.1.4. Sequential Reactions with Allene Acceptors (see p. 341, top)
AU 0 1 0 1
sequentialamm m d mmhe initial
conjugate addition occurs readily to afford an a , 8 -unsaturated nitrile, (94)

which reluctantly (temperatures of ca. 300° are required) undergoes the
intramolecular Michael reaction. (95)

3.3. Lewis Acid Promoted Cyclizations

3.3.1.1. Addition of Silyl Enol Ethers

The sesquiterpene seychellene has been constructed by using an
intramolecular variation of the Mukaiyama reaction, that is, a Lewis acid
promoted addition of a silyl enol ether to an enone. (96) While the use



Et

Et\ ;CN H;N(CH3);NH;, Et;0 Et—g“’fACN
;C =C=C

\ 0°tort, 2 h; reflux 1 h HN NH,
Et H \
Et Et Et
e X
neat ! |

of a variety of different Lewis and protic acids ( TiCls, SnCls4, AICl3, BF3-Et,0,
BFs, MgBr2, HF, HCI, CF3;CO2H ) failed to convert 57 (3:1 mixture of endo and
exo isomers) to 58 in yields exceeding 5%, the use of a mixture of TiCl, and
Ti(OPr-i)4 in methylene chloride proved satisfactory. Considering the fact that
only the exo isomer can participate in the desired process, the 31% isolated
yield of 58 is noteworthy.
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Ti(OPr-i)4

+ DoooooOoooooodio

Organotin reagents are useful nucleophiles for the construction of
carbon—carbon bonds through their addition to Lewis acid activated enones.
(97) For example, fused and spirocyclic ring systems have been prepared from
cyclic conjugated enones bearing the tin unit attached to either C3 or C4 of the
enone. Yields range from 68 to 92%; the reactions are conducted in
dichloromethane in the presence of 1% titanium tetrachloride at temperatures
ranging from —78 to 40°.



H

G 0
U\M TiCly (1%), CHiCl _ m (T3%)
SnMe; A2k
0

H

O

TiClg (1%), CH,Cl,
40°, 30 min

(82%)
SnMe;

lodoesters add conjugately to enones upon exposure to trimethylsilyl iodide.
Several pathways can be proposed to account for the transformation. In one,
the iodo ester is converted to a silyl ketene acetal; a second equivalent of the
silyl halide then serves as a Lewis acid, activating the enone toward conjugate
addition. The methodology has been applied advantageously to the
construction of quassinoids. (98)
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OBn

Bn 1. TMSI (4 eq),
MeCN, -20°, 25 h

Enga [ |

3.3.1.2. Addition of Allylic or Propargylic Silanes

The intramolecular Sakurai reaction, involving the addition of an allylic or
propargylic silane to cyclic enones, can be conducted in the presence of a
Lewis acid catalyst (EtAICI, or TiClys) or fluoride ion. (99) The reaction has been
explored in considerable detail and has proven exceptionally useful. Excellent
reviews exist, and the reader is referred to them for detail. (99-104)

BnO




4. Comparison with Other Methods

4.1. Free-Radical Cyclizations

Of the alternative methods for accomplishing the equivalent of an
intramolecular Michael reaction, those using free radical chemistry are
particularly significant and have proven to be of considerable synthetic utility.
(105-112) The reader is referred to existing excellent reviews for detail.
(113-115)

X
R n-BusSnH, AIBN
=. _EWG EWG

EWG = electron withdrawing group
X = Br, [ (radical may also be derived from a vinyl iodide)

4.2. Reductive Methods

0000000 O T e e R e B MO 00000000

including, for example, cyclization between the  carbon of an
electron-deficient alkene and a remotely tethered aldehyde or ketone, that is,
between two electrophilic centers. (116) Electrochemical variants of this

process eXisty tRays haigeh rly so
widespread.aslhd$ i 3 mﬁmme same
substrates the stereoselectivity obtained electrochemically is generally inferior
to that obtained using samarium(ll) or using a vanadium(ll) reductant. (116,

117, 119)
ﬂ OH
C_R * C-—-—R
=~ _EWG EWG

EWG = electron withdrawing group

* Smly, THF, MeOH (or with V[II]), or
+2 e (electrochemically), proton donor, supporting electrolyte



5. Experimental Procedures

TsOH, CICH;CH,Cl
| (80%)

reflux 24 h O
59 60

HO

5.1.1.1. 2,2-Dimethyl-5-phenyltetrahydro-3-furanone (Acid-initiated 5-Endo trig
Cyclization) (25)

A solution of 2.0 g (10.5 mmol) of enone 59 and 500 mg (2.64 mmol) of
p-toluenesulfonic acid monohydrate in 75 mL of 1,2-dichloroethane was
heated at reflux for 24 hours. The solution was diluted with methylene chloride
and washed with dilute sodium hydroxide, water, and brine. The solution was
dried over MgSO, and the solvent was removed in vacuo to afford 2.3 g of
viscous oil. Filtration through 60 g of silica gel gave 1.60 g (8.4 mmol, 80%) of

08 3 o 5

JAX = 7, JBX = 10, 1H, methine), 2.85 and 2.35 (AB of ABX, JAX = 7, JBX = 10,
Jas = 18, 2H, methylene), 1.38 (s, 3H, CHj3), 1.30 (s, 3H, CHj3); mass spectrum
m/z 190, 172, 162, 132, 104, 78, 77.

» HOOO0dobononnonoo

>(\L NaH, MeOH
C~ (93%)
SCPh /

HO reflux 2 h 0
Ph

19 20

5.1.1.2. 2-Phenyl-4-ox0-5,5-dimethyldihydrofuran (Base-initiated 5-Endo, dig
Cyclization) (25)

To a solution of 84 mg (0.44 mmol) of ynone 19 in 5 mL of methanol was
added 12 mg (0.50 mmol) of oil-free sodium hydride. The solution was heated
at reflux for 2 hours, cooled, and the methanol was removed in vacuo. The
residue was partitioned between water and methylene chloride. The organic
phase was dried over MgSQ,, and the solvent was removed in vacuo to afford
77 mg (0.41 mmol, 93%) of 20 as a pale yellow solid. Recrystallization from
hexanes gave an analytical sample: mp 66-67°; IR ( CHCIs) 3000, 1685, 1605,
1590, 1565 cm™; *H NMR ( CDCls) & 7.4-8.0 (m, 5H, aromatic), 5.98 (s, 1H,



vinyl), 1.50 (s, 6H, CHg); UV A nax (EtOH) 215, 242, 298, € 293 = 17,750. Anal.
Calcd for C1oH12,02: C, 76.57; H, 6.43. Found: C, 76.69; H, 6.54.

0 0
= NaOH (5%)
| (65%)
OH n,2h 0
61 62

5.1.1.3. Sodium Hydroxide Catalyzed 6-endo, trig Cyclization (25)

A solution of the phenylate of 61 was prepared by dissolving 0.150 g

(0.78 mmol) of 61 in 10 mL of 5% aqueous sodium hydroxide. The resulting
bright yellow solution rapidly faded to become colorless, and after standing at
room temperature for 2 hours the solution was diluted with water and extracted
twice with ether, which was subsequently washed with brine and dried

( MgSO*) to give 0.100 g (65%) of 62 as a light yellow oil: IR ( CCly) 2990 (s),
1695 (s), 1620 (s) cm™; *H NMR ( CDCls) 5 1.52 (s, 6H), 2.33 (s, 3H), 2.7 (s,
2H), 6.7 (d, 1H,J =8 Hz), 7.18 (2 d, 1H,J = 2 and 8 Hz), 7.58 (br d, 1H,

OoooooofGER@a000odddooooooooooonnoooooooooon
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5.1.1.4. Lewis Acid Mediated Cyclization of a Phenol onto a Hindered Acceptor
(120)

To a solution of racemic 63 (0.83 g, 1.67 mmol) in dry dichloromethane (30 mL)
was added dropwise boron tribromide (1.6 mL, 16.7 mmol) at —78° under
argon. The mixture was allowed to warm to —10° within 3 hours. Then the
mixture was hydrolyzed with water (15 mL) at 0°. After stirring at room
temperature for 12 hours, the mixture was extracted with ether (3 x 30 mL).
The combined organic extracts were washed with water and brine, dried with
anhydrous sodium sulfate, and concentrated in vacuo. The residue was
purified by silica gel chromatography. Elution with n-hexane/ether (3:2) gave



racemic 65 (0.31 g, 45%) after recrystallization from ether/n-hexane as
colorless flakes; further elution gave racemic 64 (0.19 g, 28%) as a colorless
solid. For 65, mp 247.0-251° (dec); IR (film) 3330, 1700, 1465, 1210,

1140 cm™. *H NMR (90 MHz, CDCls) 8 0.82 (s, 6H, 2 CHs), 0.90 (d, 3H,

J = 6.5 Hz, 2¢-CH3), 0.91 (s, 3H, CH3), 1.17 (s, 3H, CH3), 1.21-1.80 (m, 11H),
2.10 (s, 3H, C7-CHj3), 1.90-2.52 (m, 3H), 2.59 (q, 1H, J = 6.5 Hz, C2¢-H), 2.91
(d, 1H, J = 16.5 Hz, C2-H), 3.37 (d, 1H, J = 16.5 Hz, C2-H), 4.32 (m, 1H, OH),
6.42 (br s, 2H, aromatic). Anal. Calcd for C,7H3s03: C, 78.98; H, 9.33. Found:
C, 78.64; H, 9.32.

5.1.1.5. Protic Acid-Catalyzed Cyclization of Racemic 64 (120)

To a solution of racemic 64 (100 mg, 0.10 mmol) in dry THF (5 mL) was added
6 N hydrochloric acid (1 mL) at room temperature under argon. After stirring at
room temperature for 3 days, the mixture was extracted with ether (3 x 10 mL).
The combined organic extracts were washed with water and brine, dried with
anhydrous sodium sulfate, and concentrated in vacuo. The residue was
purified by silica gel chromatography. Elution with n-hexane/ether (1:1) gave
racemic 65 (25 mg, 25%) with recovery of racemic 64 (33 mg, 33%).

O

H

OO0O0000 Chg
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(53%)
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5.1.1.6. Reaction of
(2R,3R,3aR,6S,-7S,7aR)-7-(Hydroxymethyl)-2,3-(isopropylidenedioxy)-6-meth
yl-6-(oxomethyl)octahydrobenzo[3,4-b]furan 6,7-Lactol with Triethy!l
Phosphonoacetate (Horner—-Emmons—Wadsworth Reaction Followed by
Intramolecular Michael Cyclization) (53)

To a suspension of sodium hydride prewashed with hexane (67 mg, 50% oil
dispersion, 1.4 mmol) in 4 mL of dry benzene under argon was added, via
syringe, triethyl phosphonoacetate (0.24 mL, 1.2 mmol). After 5 minutes, the
lactol (150 mg, 0.6 mmol) in dry benzene (1 mL) was added. The reaction
mixture was refluxed for 1 hour, cooled, quenched with water, and washed
with brine. The organic layer was dried ( Na,SO,) and evaporated, and the
residue was purified by chromatography on silica gel (diethyl ether, R; 0.64) to
afford the Michael adduct (100 mg, 53%) as a solid material: IR 3500, 2890,
1720 (ester) cm™; *H NMR (80 MHz) & 1.00-1.84 (m, 17H, C(CHs),, H3, H9,
H10, CO,CH,CHj3;, CH3), 2.39 (d, 2H, H11), 2.53-2.84 (m, 1H, H5), 3.68-4.33




(m, 6H, H4, H6, H8, CO,CH,CHs), 4.58 (dt, 1H, H2), 5.75 (d, J1» = 4.5, 1H,
H1); MS, m/z 326 ([M* + 1] - CHs), 325 (M* -CHs).

HO,C.__~ Ph
o_ Ph I. LDA, THF/HMPA, Mm
RO,C "(_7< o 78 tort . a 1O

2. HyO*

66,R=H HO,C - Ph
67, R = Me \/\/\Fm

¢ HO

5.1.1.7. Preparation of 6-hydroxy-6,6-diphenyl-2-hexenoic acid (68) and
6-6-hydroxy-6,6-diphenyl-3-hexenoic acid (69) (A Retro Reaction: Ring
Opening of THF- and THP-Acetic Acids with Excess LDA) (121)
To a cold (-78°) solution of LDA (3.5 mmol) in THF (8 mL) was added a
solution of 66 (0.282 g, 1 mmol) in THF (2 mL) and HMPT (1 mL). After stirring
overnight (—78° to room temperature) and adding acetic acid (at —78°), the
reaction mixture was poured into water, acidified with 1 N HCI, and extracted
0000000 CISeSCIMHT ¢ ROHUS (AT CHE Mok S IO TS T Hrega ERNEl L1 O 0 O 00001
TLC (silica gel PF254, ethyl acetate/pentane 35:65), furnishing 69 (0.21 g
74%).

If acid 66 (1 mmol) was treated Wlth LDA (2 mmol), it gave a mixture of 68 and
69 (68/69 A : mj(mp
137-138.5 d by

fractional crystallization (from ether).

IR (a, B -unsaturated product 68; KBr) 2500-3300, 1680, 1640, 1595, 1490,
1450, 1425, 1350, 1310, 1290, 1250, 1200, 1060, 960, 910, 880, 780, 750,
640, 600 cm™. *H NMR ( CDCls) & 2.33 (m, 4H, 2H-[4 and 5]), 5.76 (d, 1H,

J = 16 Hz, H-C[3]), 7.0 (m, 1H, H-C[2]), 7.33 (m, 10H, aromatic). Anal. Calcd
for C18H1803: C, 76.57; H, 6.43. Found: C, 76.46; H, 6.56.

Spectral data for 3 , y -unsaturated product 69: IR (film) 2500-3500, 1710,
1655, 1600, 1495, 1450, 1180, 1100, 1060, 1010, 750, 700 cm™. *H NMR
(CDCI3) 6 3.06 and 3.13 (2 d, J = 6 Hz, 4H, 2 H-C[2]) and 2 H-C[5]), 5.6 (m,
2H, CH = CH), 7.3 (m, 10H, aromatic).



LiN(TMS);
CgH,4/ E;O
(8:1, viv),

-78° to ambient

5.1.1.8. Methyl
(-)-(3S,4R,4aR,4bS,8aS,10aR)-1,2,3,4,4a,4b,5,6,7,8,8a,9,10,10a-Tetradecah
ydro-4b,8,8-trimethyl-1-oxo0-3,10a-ethanophenanthrene-4-carboxylate
(Sequential Michael Reactions: Inter- Followed by Intramolecular) (122)
To a stirred solution of lithium hexamethyldisilazide, prepared from
1,1,1,3,3,3-hexamethyldisilazane (160 mg, 0.991 mmol) and butyllithium
(63 mg, 0.991 mmol) in dry n-hexane (20 mL) at —78° under argon, was added
a solution of the a , B -unsaturated ester (250 mg, 0.762 mmol) in dry diethyl
ether (3.3 mL). After being stirred for 1 hour at —78°, the mixture was allowed
to warm to room temperature during 30 minutes, and was then stirred for 1
hour. The reaction mixture was poured onto silica gel (50 g) at room
00000000 R EEH A MM SO EFEE 39 eI mENEs 1 000000
filtered and the filtrate was evaporated to give a solid, which was purified by
silica gel chromatography. Elution with n-hexane/ethyl acetate (20:3, v/v)
afforded the tetracyclic compound illustrated (230 mg, 92%) as needles, mp
145-148°. IR 1725, 1715 cm™. *H NMR ( CDCl3) 50.82, 0.88, 1.02 (each 3H,

2150 TR

O I. LDA, THF/HMPA,

H

0tort (21%)
3. CHp=C(Me)SO,Ph, 0

THF, rt to reflux

5.1.1.9. 1,2,4,4-Tetramethyltricyclo[3.2.1.0% “Joctan-6-one. (Sequential
Reactions: Bicycloannulation) (63)

To a solution of 0.77 mL (0.55 g, 5.4 mmol) of diisopropylamine and 3 mg of
2,2¢-bipyridyl in 4 mL of THF at 0° was added dropwise, with stirring, 3.9 mL
(5.2 mmol) of 1.3 M n-butyllithium over 10 minutes. To the resulting crimson
solution at 0° was added dropwise, with stirring, a solution of 0.47 mL (0.50 g,
3.6 mmol) of isophorone in 4 mL of THF over 1 hour. After the solution had
been allowed to stir at 0° for an additional 15 minutes, 2.5 mL of HMPA was



added, and the mixture was allowed to warm to room temperature. To the
resulting deep purple solution was added dropwise, with stirring, a solution of
0.76 g (4.2 mmol) of isopropenyl phenyl sulfone in 10 mL of THF over 1 hour.
The solution was then heated and refluxed for 2 hours, after which it was
partitioned between saturated aqueous NaHCO3; and petroleum ether (boiling
range 30-60°). The aqueous phase was extracted with petroleum ether, and
the combined extracts were washed with water, aqueous CuSO, (saturated
solution diluted with an equal portion of water), and brine and dried over
Na,SO4. The solvent was distilled through a Vigreux column on a steam bath,
and the residual oil was subjected to preparative GC (200°) to give the
tricyclooctanone shown above: 0.132 g (21%); colorless oil; IR 1721 cm™. 'H
NMR ( CDClz) 6 1.47-2.07 (m, 5H), 1.31 (s, 3H), 1.27 (m, 1H), 1.11 (s, 3H),
1.02 (s, 3H), 0.91 (s, 3H), MS, m/e (relative intensity) 178 (M", 12), 150 (18),
135 (55), 119 (11), 107 (100), 91 (33), 79 (35). High-resolution MS, calcd for
CoH1g0 :178.1358. Found: 178.1358.
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6. Tabular Survey

An effort has been made to cover the literature entirely through June 1992, but
additional entries published between July and September 1992 have been
included where possible. Because many intramolecular Michael reactions
occur as part of a larger synthetic work, often the reaction is not included in
abstract material and thus does not appear in Chemical Abstracts. Frequently,
Michael reactions are referred to as conjugate additions and/or 1,4 additions,
and search efforts have been expanded to include other terminologies
whenever possible. Retro- (or reverse) intramolecular Michael reactions have
been included in the tables, although these reactions are seldom found in
abstracts under this heading, and a thorough search of the retro version of the
reaction is bound to be incomplete. Although searches of the indices of the
major journals have been made in addition to manual and on-line searches of
Chemical Abstracts, many of the references cited were found by other
methods, leading to the conclusion that omissions are, unfortunately,
inevitable.

The tables are arranged according to the following guidelines:

O0O00000 CENeHeHphd et 4 L3 piobnd feded (A= DI 1O O 0000000000

2. For a given nucleophile, tables are subdivided according to acceptor type
(i.e., a, B -unsaturated sulfoxide, sulfone acceptor, etc.). For simplicity and
to aid a researcher in finding a particular example, entries are organized
according to increasing carbon count in the product rather than the starting

material.EtEEiEf dphsHioHs. J{s]difficutt to

know whiCh 0T the starting materials to count. EXCluded from the count are
carbons in:

a. Alcohols that esterify carboxylic acids, and carboxylic acids that esterify
alcohols;

b. Alcohol-protecting groups such as silyl, benzylic, and THP ethers; and

c. Nitrogen-protecting groups such as amides, urethanes, and benzylic
groups.

Arbitrarily, acetals and ketals, as well as sugar anomeric acetals, are not

excluded.

3. If the starting material contains a sulfoxide or a sulfone group, the
substituents on the S atom are not included in the carbon count.

4. The table containing double (or sequential) Michael reactions contains only
the examples where two intramolecular closures occur. The examples that
involve an intermolecular reaction followed by an intramolecular closure are
shown throughout other tables and have been pointed out in footnotes to the
tables.

5. Retrograde Michael reactions are tabulated separately according to the



above guidelines for a hypothetical addition reaction.

6. Molecules that contain a ferrocene nucleus are tabulated in a separate table
following the guidelines listed above.

Product structures often reflect subsequent reactions which follow the
intramolecular Michael reaction. The observed products are shown and the
nature of many subsequent reactions (aldol, elimination, subsequent Michael
reaction, substitution, etc.) are indicated in the footnotes to the table.

A dash (—) by itself in the column listing conditions indicates that no conditions
were provided. If a yield is not reported but a product is isolated, a dash (—)
appears in the yield column. A zero (0) in the yield column indicates that the
reaction did not proceed.

Although closures of compounds containing allylsilanes onto the Michael
acceptor fall within the boundaries of this chapter, such compounds are not
included in the tables since the allysilane chemistry has been reviewed
extensively in recent years. For leading references see Refs. 101-104.

OO0000000&I R SN EHBN LA LARE [ L Rl BRI B OO0 00000

included in the table of abbreviations.
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Table Il. Oxygen Donor, a, B -Unsaturated Sulfoxide or Sulfone Acceptor

View PDF

Table Ill. Oxygen Donor, a, B -Unsaturated Ketone or Alkynyl Ketone
Acceptor




View PDF

Table IV. Oxygen Donor, a, B -Unsaturated Ester, Nitrile, Aldehyde, or
Acid Acceptor

View PDF

Table V. Nitrogen Donor, a, B -Unsaturated Sulfoxide, Sulfone, or
Sulfoximide Acceptor

View PDF
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Table VI. Nitrogen Donor, a, B -Unsaturated Carbon or Nitrogen Group
Acceptor

View PDF

Table VII. Nitrogen Donor, a, B -Unsaturated Ketone or Alkynyl Ketone
Acceptor

View PDF

Table VIII. Carbon Donor, a, B -Unsaturated Sulfoxide or Sulfone
Acceptor




View PDF

Table IX. Carbon Donor, a, B -Unsaturated Carbon or Nitrogen Group
Acceptor

View PDF

Table X. Carbon Donor, a, B -Unsaturated Ketone or Alkynyl Ketone
Acceptor

View PDF
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Table XI. Carbon Donor, Ferrocenes and Miscellaneous Acceptor
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Table XII. Intramolecular Double, or Sequential, Michael Reactions

View PDF

Table Xlll. Retro Intramolecular Michael Reactions
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Abbreviations

Ac: acetyl

aq: aqueous

Bn: benzyl

BOC: tert-butoxycarbonyl

Bz: benzoyl

CBZ: benzyloxycarbonyl

CSA: camphorsulfonic acid

DATA: dibenzylammonium trifluoroacetate

DBU: 1,5-diazabicyclo[5.4.0Jundec-5-ene
OOO00000f8RREBRSROE0000000000000000000000aooal

DMAD: dimethyl acetylenedicarboxylate

DMAP: 4-N,N-dimethylaminopyridine

ows: amefnd{sdbid 1L 1LICILICICIOIOIOI0O00

DPPE: 1,2-bis(diphenylphosphino)ethane

HMPA: hexamethylphosphoric triamide

KHMDS: potassium hexamethyldisilylazide

LiCA: lithium isopropylcyclohexylamide

LiIHMDS: lithium hexamethyldisilylazide

LSA: N-benzyltrimethylsilylamide

LITEMP: lithium tetramethylpiperidide

MEM: methoxyethoxymethyl

MOM: methoxymethyl



Ms: mesyl or methanesulfonyl

Piv: tert-butylcarbonyl

PMB: p-methoxybenzyl

PNB: p-nitrobenzyl

PPTS: pyridinium p-toluenesulfonate
sat.: saturated

TAMA: N-methylanilinium trifluoroacetate
TBAF: tetrabutylammonium fluoride
TBDMS: tert-butyldimethyilsilyl
TBDMSTT: tert-butyldimethylsilyl trifluoromethanesulfonate
TBDPS: tert-butyldiphenylsilyl
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TFA: trifluoroacetic acid

it oooooooooo

THP: tetrahydropyranyl

TFFEA: trifl

TMS: trimethylsilyl

Tol: tolyl

Tr: N-tert-butoxycarbonyl tryptophyl

Trisyl: 2,4,6-triisopropylphenyl

Triton B: benzyl trimethylammonium hydroxide

TsOH: p-toluenesulfonic acid





