Chem. Rev. 2004, 104, 2353-2399 2353
1-Azaallylic Anions in Heterocyclic Chemistry

Sven Mangelinckx, Nicola Giubellina, and Norbert De Kimpe*

Department of Organic Chemistry, Faculty of Agricultural and Applied Biological Sciences, Ghent University,
Coupure Links 653, B-9000 Ghent, Belgium

Received September 25, 2003

Contents 3.3.2. Synthesis of Pyrroles, Pyrrolines, and 2381
_ Pyrrol-2-ones
1. Infroduction _ _ 2354 3.4. Synthesis of Bicyclic and Spiro Heterocyclic 2386
2. 1-Azaallylic Anions (Imine Anions) 2355 Compounds
2.1. Structural Data 2355 3.4.1. Synthesis of Cyclopenta[c]pyridin-7-ones, 2386
2.2. The Syn Effect 2355 Tetrahydroquinolines, and Quinolines
2.3. C-C Stereochemistry 2356 3.4.2. Synthesis of Bicyclic Compounds with an 2387
2.4. Regioselectivity 2356 Annelated N-Containing Six-Membered
2.5. Reactivity of 1-Azaallylic Anions 2357 Ring . o ,
2.6. Synthesis of Three- and Four-Membered 2359 3.4.3. Synthesis of Bicyclic Compounds with an 2388
Heterocyclic Compounds Annelated O-Containing Five- and
2.6.1. Synthesis of Oxiranes 2359 Six-Membered Ring
; s 3.5. Synthesis of Higher Membered Heterocycles 2389
2.6.2. Synthesis of Azetidines 2359 3.5.1. Synthesis of Cyclic Ethers 2389
2.7. Synthesis of Five- and Six-Membered 2361 oL Y] y
Heterocyclic Compounds 4. Oxime Anions 2389
2.7.1. Synthesis of Pyrrolidines and Pyrrolines 2361 4.1. Structural Data o . 2389
2.7.2. Synthesis of Pyrroles 2363 4.2. Reactivity of 1-Azaallylic Anions Derived from 2389
2.7.3. Synthesis of Tetrahydrofurans 2365 OX|mes_ .
2.7.4. Synthesis of Piperidines and 2366 4.3. Synthesis of Three-Membered Heterocyclic ~ 2390
Piperidinones Compougds. ‘9 .y )
2.7.5. Synthesis of Tetrahydropyridines and 2368 431 Synt. esis of 2H-Azirines . 390
Pyridines 4.4. Synthesis of Four-Membered Heterocyclic 2391
2.7.6. Synthesis of Tetrahydropyrans 2372 Compounds_ .
2.8. Synthesis of Higher Membered Heterocyclic 2372 44.L1 Synt‘he3|s C.)f Azeﬂdmgs 2391
Compounds 4.5. Synthesis of Five- and Six-Membered 2391
2.8.1. Synthesis of Azepines, Oxazocines, and 2372 Heterocycllg Compounds .
Oxazonines 4.5.1. Synthesis of Isoxazoles, Isoxazolinones, 2391
2.8.2. Synthesis of Macrocyclic Compounds 2373 and Lsm.(azoflmes‘ di
2.9. Synthesis of Bicyclic and Polycyclic 2373 4.5.2 Synt. €sis 0 PY” nes . 2392
Compounds 4.6. Synthesis of Bicyclic and Polycyclic 2392
2.9.1. Synthesis of Bicyclic and Polycyclic 2373 Compounds_ - .
Compounds with an Annelated 4.6.1. Synthesis of Quinolines, Ring-Fused 2392
N-Containing Five-Membered Ring ~ Pyridines, and Indolizidines
2.9.2. Synthesis of Bicyclic and Polycyclic 2376 5. Miscellaneous (Oxazolines, 2-Methylpyridines, 2393
Compounds with an Annelated 2-Methylquinolines, 2-Methylbenzothiazolines)
N-Containing Six-Membered Ring 5.1. 2-Methyloxazoline Anions 2393
2.9.3. Synthesis of O-Containing Bicyclic and 2377 5.1.1. Synthesis of Aziridines 2393
Polycyclic Compounds 5.1.2. Synthesis of Oxiranes 2393
2.9.4. Synthesis of N,O-Containing Bicyclic and 2378 5.1.3. Synthesis of y-Butyrolactones 2393
Polycyclic Compounds 5.1.4. Synthesis of Spiro Heterocyclic 2394
3. Hydrazone Anions 2379 Compounds
3.1. Structural Data 2379 5.2. Heteroarylchloromethyl Anions 2394
3.2. ReaCtiVity of Hydrazone Anions 2380 5.3. 2-Methy|pyr|d|ne Anions 2395
3.3. Synthesis of Five- and Six-Membered 2381 5.3.1. Synthesis of Aziridines 2395
Heterocyclic Compounds 5.3.2. Synthesis of Pyridines 2395
33.L %/igtzrlﬁiﬂzsm Siladiazacyclopentenes and 2381 5.3.3. Synthesis of Quinolizinium Salts 2395
6. Acknowledgments 2396
* To whom correspondence should be addressed. 7. References 2396

10.1021/cr020084p CCC: $48.50  © 2004 American Chemical Society
Published on Web 04/17/2004



2354 Chemical Reviews, 2004, Vol. 104, No. 5

TP R B ‘L

Sven Mangelinckx was born in Geraardsbergen, Belgium, in 1978. He
received his engineering diploma in chemistry in 2001 from Ghent
University, Ghent, Belgium, where he carried out research under the
guidance of Professor Norbert De Kimpe, studying new entries toward
f-amino acid derivatives. Subsequently, he enrolled in the Ph.D. program
at the Department of Organic Chemistry, Faculty of Agricultural and Applied
Biological Sciences, Ghent University. Currently, he is in the third year of
the program, and his main interests include synthesis and reactivity of
J-amino acids and strained azaheterocycles.

Nicola Giubellina was born in 1974 in Vercelli, Italy. He studied at the
University of Piemonte Orientale in Novara, Italy, where he received his
diploma in pharmaceutical chemistry in 1999. During the same year he
spent a few months at the University of Turin, under the guidance of
Professor Giovanni Appendino, continuing the development of new
biologically active phorboid derivatives started during his thesis. In 2000
he moved to Ghent University, Ghent, Belgium, where he enrolled in the
study of antileishmaniae saponins. He is currently active in the fourth
year of a Ph.D. program under the supervision of Professor Norbert De
Kimpe. His research interests include the synthesis of small- and medium-
sized azaheterocyclic systems using 3-halo-1-azaallylic anions as building
blocks.

1. Introduction

Since their first use in the early 1960s' 2 1-aza-
allylic anions have gained a predominant role in
organic synthesis due to their ability to form new
C—C bonds with a lack of side reaction products.* The
present review discloses relevant applications of the
chemistry of l-azaallylic anions leading to basic
heterocyclic systems such as aziridines, azetidines,
pyrrolidines, pyrroles, piperidines, pyridines, oxi-
ranes, oxolanes, ... and higher functionalized rings,
currently used in pharmaceutical chemistry and
agrochemistry. The literature has been reviewed up
to early 2003. 1-Azaallylic anions 2a—e generated
from imines l1a, hydrazones 1b,c, oximes 1d, and
oxime derivatives, e.g., oxime ethers le (R = alkyl),
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will be treated in detail in separate sections (Scheme
1). However, some l-azaallylic anions derived from
miscellaneous compounds will also be considered
(e.g., anions 3—5, Chart 1). First structural informa-
tion for l-azaallylic anions and their regio- and
stereochemical preferences will be given, followed by
an overview of the different methods available for the
synthesis of heterocycles of different ring sizes.
Deprotonation of imines, hydrazones, and oximes
with stoichiometric amounts of sterically hindered
strong bases, such as lithium diisopropylamide (LDA),

Scheme 1
N,Z base —N’Z
Rz\/U\R1 (j\r\ﬂ
R2
1a,Z=R 2a-e
1b, Z=NR,
:g é; gnR R1= alzkyl, aryl, carboxyl, sulfonyl, ..
1e,Z=0R R', R =H, alkyl, ..
Chart 1
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lithium 2,2,6,6-tetramethylpiperidide (LiTMP), or
Grignard reagents, is performed in solvents with low
dielectric constant (tetrahydrofuran, diethyl ether) to
give smoothly 1l-azaallylic anions. The synthetic
utility of these delocalized anions can easily be
understood. 1-Azaallylic anions react with electro-
philes (alkyl halides, carbonyl compounds, imines,
nitriles, epoxides, ...) almost exclusively at the fj-
carbon (C-alkylation), while N-alkylations have
scarcely been observed so far. In addition, mono-
alkylated products can easily be obtained, although
examples of dialkylated compounds are known, e.g.,
acetaldimine alkylations. There is no proton transfer
from, for example, diisopropylamine, formed after
deprotonation, to the generated anions. Finally, there
is almost no condensation of 1-azaallylic anions with
the starting imine, with itself, or with the end
product. Thus, 1-azaallylic anions are suitable re-
agents for condensation reactions in organic synthe-
sis, and in particular in heterocyclic synthesis due
to the ambident nature of the building block.

2. 1-Azaallylic Anions (Imine Anions)

2.1. Structural Data

Among the 1-azaallylic systems, anions derived
from imines (Schiff bases, azomethines) represent the
most extensively studied. It is remarkable to note
how the commonly used nomenclature of describing
the position of the N-substituent R* (Chart 2), at the
same side of the C—C s bond (syn) or at the opposite
side (anti), has generated some problems of inter-
pretation.5®

Chart 2
R1\N/Y Y\N,R1
SR T P
R? R?
6, syn 7, anti

Y = Li, MgX, K, Na, BR3’,
ZnX, Cu (1), Al(alk)y

1-Azaallylic anions are generated from the depro-
tonation of the corresponding imines via the use of
nonnucleophilic bases, such as lithium dialkylamides
(lithium diisopropylamide, lithium diethylamide,
LiTMP, ..), rarely alkylmagnesium halides (e.g.,
ethylmagnesium bromide), potassium amides (potas-
sium diisopropylamide), and sodium hydride (vide
infra). 1-Azaallylic anions can also be derived from
direct lithiation at 10 °C in THF in the presence of a
hydrogen acceptor (aromatic hydrocarbon, i.e., phenan-
threne).” Less common is the formation of 1-azaallylic
anions via Michael addition of a C-nucleophile toward
l-azadienes (vide infra). Another exception can in-
clude the use of a substoichiometric quantity of
lithium dialkylamides in the conversion of N-aziri-
dinylimines to alkenes. The base can then be regen-
erated after proton transfer to the alkenyllithium.®
The deprotonations are conveniently performed in
aprotic solvents, such as THF or Et,O, to give a
guantitative amount of 1l-azaallylic anions. Among
all the possible isomers, the one with a syn-C—N, (E)-
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C—C stereochemistry is the more stabilized, as
described by almost all authors (vide infra).

2.2. The Syn Effect

In the context of imine metalation, the “syn effect”
refers to the following assumptions: (1) a Kinetic
preference of imines to metalate the acidic methylene
adjacent to the N-alkyl substituent, (2) a thermody-
namic preference of the resulting lithioimines to
orient the N-alkyl moiety syn to the carbanionic
carbon, or (3) a kinetic preference of lithioimines to
react with electrophiles, so as to afford products with
the newly introduced substituent and the N-alkyl
moieties syn to each other.® As mentioned before,
metalated 1-azaallylic anions have a syn (Z)-C—N
stereochemistry preference. This configuration has
been described and confirmed by ab initio calcula-
tions,1°71% NMR studies,**2° X-ray analysis,?*?? and
experimental evidence.?®=2¢ The experimental evi-
dence was rationalized via ab initio computational
studies.’® Energy barriers of 4.7 and 6.2 kcal/mol
were estimated with a 4-31G basis set in favor of the
syn isomer, calculated for acetaldimine and N-methyl-
acetaldimine anions, respectively. At first, the syn
effect was related to homoaromaticity and a chelation
effect, although one can assume that such a large
preference for the syn isomer cannot be completely
explained by these two factors. It was concluded that
the syn preferences may be derived from o-orbital
effects and dipolar (electrostatic) stabilizations, to-
gether with electrostatic repulsion between the elec-
trons at C-3 and the lone pair electrons at nitrogen,
in the unfavored anti conformation. Studies on the
BC NMR shielding for a series of aldimine and
ketimine anions confirmed the syn geometry.!” Depro-
tonation of a series of aldimines, which are anti
configurated at the imino form, received an upfield
shift for C-4, the one attached to the nitrogen atom,
rationalized with the change from the anti to the syn
configuration (Chart 2; R = H; R! = CH,Ph; R? =H,
CHg). The latter is explained by a y-effect of steric
origin, when the R! group and the C-3 are situated
on the same side of the space. When ketimines were
lithiated, the shift at C-4 failed to attribute stereo-
chemical evidence. The calculation of the pK, values
of aldimines and ketimines in a THF solution re-
vealed that the pK, value for the deprotonation of
the a-carbon to the imino function should be lower
than the pK, of LDA (35.7), which can perform a
complete deprotonation of imines. A pK, value around
30 in DMSO for a-protons of N-benzylketimines
derived from acetone was estimated.!! It should be
mentioned that proton abstraction of imines by
lithium dialkylamides is extraordinarily slow, com-
pared to that of the corresponding keto analogues.
This is a clear advantage, considering that the
deprotonation of imines still proceeds smoothly with-
out competitive proton transfer. Further studies on
the deprotonation of a series of ketimines and aldi-
mines indicated that lithiation is favored on a scale
from primary to tertiary carbon atoms. Ab initio
calculation at the 4-31G level to evaluate the previous
experiments confirmed the scale reported.*' An ex-
ception to the syn configuration stability is repre-
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Chart 3
@ N °N
n (\@ ne
8 9
n=1, 2,

sented by endocyclic ketimines. Experimental and
theoretical results suggested that endocyclic ketimines
preferred to deprotonate exo, resulting in anti anions
8 (Chart 3). These experimental observations were
explained by the NCC angle strain in the syn endo
anions 9, measured as 120° or less, in contrast with
the exo angle, which is reliable to the ideal NCC =
133° for acyclic imine anions.1®1%17 It is worth noting
how well the 1-azaallyl moiety approaches the angles
for allyl anions (CCC = 132°) and propene (CCC =
125°).

2.3. C—C Stereochemistry

Metalation of imines gives preferentially the (E)-
C—C isomers under Kkinetic conditions.'>® The E/Z
isomerism can be affected by addition of hexa-
methylphosphor(V) triamide (HMPA) as cosolvent.'6
In the case of N-(propylidene)cyclohexylamine a 44:
56 E/Z mixture of 1-azaallylic anions is formed. This
mixture isomerizes thermodynamically to a mixture
where the E isomer is prevalent (E:Z = 82:18). The
influence of HMPA on the stereochemistry of aldi-
mine anions can be explained by the strong chelating
effect of this solvent, which can promote the inter-
conversion of different aggregates (vide infra) in free
anion pairs, the lithium ion pair isomerization being
estimated as only 10 kcal/mol. The activation barrier
for the C—C rotation on imine anions has been
established between 16.9 and 28.2 kcal/mol; consider-
ing that the C—N isomerization can be accomplished
with 19.1 and 16.4 kcal/mol from syn to anti and vice
versa, it becomes clear how 1-azaallylic anions have
been described with an amide character rather than
as carbanions.*> Analyzing a series of metalated
1l-azaallylic anions (lithium, aluminum, zinc, mag-
nesium), it was found that only lithium azaallylic and
trialkyl(azaallylic)aluminate anions have a relatively
high rotational barrier, while the other metalated
anions show a much lower energy barrier (about 14
kcal/mol), lowering the stereoselectivity of the anion
formation.'® These findings confirmed that lithium
1l-azaallylic anions are the reagents of choice in
deprotonation of imines.'®

2.4, Regioselectivity

Regioselectivity in unsymmetrical ketimines varies
with the nature of the N-substituent, the structure
of the base, and the experimental conditions. All
these variables can account for high selectivity on
primary versus secondary carbon atoms or vice
versa.?’?® Imines derived from methyl ketones and
cyclic ketones can undergo regioselective deprotona-
tion at —78 °C with LDA in THF to give the less
substituted 1-azaallylic anions, regardless of the
N-substituent and the C=N geometry.?” However,
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regioselective deprotonation of highly substituted
reagents requires a more accurate choice of the
N-substituent, the base, and the conditions for the
deprotonation.?” It was suggested that kinetic meta-
lation of alkylimines occurs anti to the N-alkyl
substituent, followed by a rapid equilibration and
alkylation of the syn-oriented carbanion to give the
syn product.?®?® The regioselectivity of the anti
deprotonation is lowered by a bulky N-substituent
(tert-butyl, phenyl, ...) or the use of the less hindered
LDEA (lithium diethylamide) instead of LDA.?® Ex-
ceptions to the regioselective deprotonation anti to
the nitrogen substituent were explained by 1,3-allylic
interactions between the R! group at nitrogen and
R? at the a-position of the ketimine, which destabilize
the transition state (see 10, Chart 4).

Chart 4

N Li. R
NN

¥

10

Difficulties in the regiochemical control of the
deprotonation of unsymmetrical imines (vide supra)
have encouraged the development of more efficient
alternative methods. One can include the ring open-
ing reaction of 2-methyleneaziridines with organo-
metallic reagents (Scheme 2). The ring opening of the

Scheme 2
R R.. .M .
N R'-M N RZ%-X R IN
JAN R‘\/§ _— R1\)\/R2
1 12 13

M = metal, X = leaving group

aziridines is highly regiospecific, when Grignard
reagents are used in tetrahydrofuran solutions with
cupper(l) iodide as catalyst.3® Although the latter
procedure is still not evaluated, it should be available
for heterocyclic chemistry. If R? is an alkyl halide
bearing a certain functionality (N, O, S, ..), the
alkylation would result in the formation of highly
functionalized derivatives, which could be further
elaborated to give the target heterocycles.

Another example of regioselective deprotonation of
imines is given by the use of 3-halo-1-azaallylic
anions 15 (X = ClI, Br, F).2! In particular, treating
a-chloroimines 14 (X = CI) with lithium bases at 0
°C (or —78 °C) in THF smoothly results in the regio-
specific deprotonation at the more acidic a-carbon
(Scheme 3).3233 The previously mentioned 3-halo-1-

Scheme 3
1 . 1
R waTHE, LT -R
-78°Cor0°C
RW)LRZ _— R%RZ
X X
14,X = C, Br, F 15

azaallylic anions represent attractive building blocks
in the generation of heterocycle systems (vide infra).
In a similar way, regioselective deprotonation of
o-fluoroimines could be achieved under more re-
stricted reaction conditions.3* In contrast, depro-
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tonations of a-bromoimines are more difficult to
handle, due to their instability.

2.5. Reactivity of 1-Azaallylic Anions

Experimentally observed stereochemistry in reac-
tions with 1-azaallylic anions can be accounted for
with a mechanism that involves a kinetically con-
trolled reaction featuring a dimer as the reactive
species. The same dimeric structure was proven upon
X-ray crystallography. MNDO and other computa-
tional methods have been used to address dimer
versus monomer intuitions, stereoselectivity, and all
the issues that could not be adequately explained by
spectroscopic and kinetic methods.61335-38 |t was
evidenced how modifications of the solvent and
sterical hindrance of the base and of the N-substitu-
ent changed the dimeric aggregate to an open dimer
or monomer structure. The different possible confor-
mations can match with the discordant stereoselec-
tivity observed in the experimental procedures. In
addition, colligative effects need to be invoked to
explain the stereochemistry of reactions of metalated
imines with electrophiles. In particular, 1-azaallylic
anions in solvents with low polarity (such as THF)
tend to give aggregates.!’> Some conclusions arise
from rate studies on the metalation of imines derived
from cyclohexanones performed with LDA in THF,
TMEDA (N,N,N',N'-tetramethylethylenediamine), and
DMEA (N,N-dimethylethylamine). N-Isopropylimines
appear to metalate via a mechanism involving de-
aggregation of the LDA dimer to give reactive mono-
mers without participation of additional donor sol-
vent (Scheme 4). N-Isopropylimine metalation or

Scheme 4
2

i-P L? 7 1 NI/R R1/N\R2
112 ;:P:;’N:L:iN‘;'i'_':,rr + R\@ ——_— %\}i\s

é (-Pr),N

16 17 18

S = solvent \
Li<, .R?

19

N,N-dimethylhydrazones provided no evidence that
the dimethylamino—lithium interaction facilitated
the metalation.®® Instead, open dimers of LDA are
suggested to be the critical reactive intermediates in
a mechanism shown to constitute a complex-induced
proximity effect (CIPE). The term “complex-induced
proximity effect” was introduced to describe those
instances in which reagent—substrate precomplex-
ation facilitates the subsequent reaction with a
proximate electrophilic moiety.*° Kinetic studies re-
vealed that N-isopropylimines 17 (Scheme 4; R! =
H, Me; R? = i-Pr) and N,N-dimethylhydrazones 17
(R = H, Me; R> = NMe;) appear to react via a
transient 52-7-complexed intermediate, 18, irrespec-
tive of the donor solvent (Scheme 4).

In contrast, for rate studies on imines bearing
pendent Me,;N moieties, a mechanism was suggested
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involving a rate-limiting solvent-free open dimer, 22,
exclusively in TMEDA/hexane (or DMEA/hexane)
mixtures (Scheme 5).2° Rate equations for metala-
tions in THF/hexane mixtures are qualitatively and
guantitatively indistinguishable from their N-isopro-
pyl counterpart.3®

Scheme 5
Me
S N)\/NMez P L P
#pr, ML Pr el og | PrNTNSp
1/2 I’-PI"N*Li’N‘I'-PI' i N,L|\NNIe2
| —
S e
R Me
20 21
S = solvent 22
Me\ /Me

Lilﬁl Me

N
23

Ab initio and semiempirical PM3 calculations
performed on lithioimines as a model system for
molecules in which lithium is #° bound to the aza-x-
allylic system, such as the growing poly(2-vinyl-
pyridine)chain end, give reasonable results in com-
parison with previous calculations and X-ray crystal
data.®® Lithioimines exhibit bonding in which the
lithium atom resides above the azaallylic orbital and
is bonded in an #® manner. In a weakly polar solvent,
the molecule exists as an equilibrium mixture of two
cyclic dimers of similar energy. It was confirmed that
changes in structure and bonding occur upon addition
of strongly coordinating solvents. A third open dimer,
similar to the asymmetric unit of lithiohydrazones
in the solid state, may occur as a minor species in
the presence of a strongly coordinating or chelating
solvent (i.e., HMPA). Steric hindrance also may affect
the structure and bonding of these compounds, and
in polar solvents hindered lithioimines may exist as
an equilibrium mixture of solvated monomers and
dimers. In conclusion, theoretical and experimental
analyses showed a variety of aggregation structures
that may account for the relatively low stereoselec-
tivity in alkylation reactions of imines.'337

Reactions in which 1-azaallylic anions, generated
from imines, are used for the synthesis of suitable
intermediates that are capable of forming a hetero-
cyclic ring are considered here. Because of the fact
that 1-azaallylic anions are ambident anions, capable
of reacting with (mostly) the carbanionic center and
the amide moiety, the introduction of a functionalized
unit via an electrophile in such 1l-azaallylic anions
offers the potential for ring closing reactions. How-
ever, various variants are possible. When a leaving
group is present in the starting imine, deprotonation
at the a- or ao'-position of the imine and subsequent
N-alkylation by substitution of the leaving group
result in the formation of N-heterocyclic compounds
with an exo- or endocyclic double bound (see reactions
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a and b in Scheme 6). The introduction of such a
leaving group in the imine can be accomplished via
1-azaallylic anions themselves. Biselectrophiles, bear-
ing two leaving groups in their structure, can react
with a 1-azaallylic anion, forming imines containing
a leaving group. Similar to reaction b deprotonation
results in N-alkylation and cyclization to the N-
heterocyclic compound (see reaction c). The imines
containing a leaving group in their structure can also
cyclize via direct substitution of the leaving group
by the nitrogen of the imino function, resulting in
iminium salts which react with nucleophiles toward
the N-heterocycles (see reaction d). Vice versa, the
addition of a nucleophile across the imino function,
followed by cyclization through the substitution of the
leaving group by the nitrogen anion, leads to the
same N-heterocyclic compounds as in reaction d (see
reaction e). Although in the latter two pathways, d
and e, the formation of a 1-azaallylic anion is not used
in the final cyclization step, the 1-azaallylic chemistry
is essential for the formation of the suitable inter-
mediate necessary to form the heterocycle. Therefore,
these types of reactions are also included in this
review. A reaction sequence which is closely related
to pathway e is the formation of the imine with a
leaving group present in the structure by reaction of
a l-azaallylic anion with a biselectrophile, as in
reaction e, but then followed by hydrolysis of the
imino function and reduction of the corresponding
keto function with hydride. Final cyclization by
substitution of the leaving group by the alcohol leads
then to the corresponding O-heterocycles (see reac-
tion f). In summary pathways a—f are examples
where the use of 1-azaallylic anions are essential to
form a heterocyclic structure by reaction of the
nucleophilic nitrogen of the imino group, or the
masked alcohol, with an electrophilic functionality
present in the imine.

Another possibility to form N-heterocyclic com-
pounds is the formation of a l-azaallylic anion of
imines which contains a leaving group in the chain
attached to the nitrogen of the imine. Reaction of the
carbanionic center with the electrophilic chain on the
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LG, LG' = leaving group
B: = base

nitrogen results in N-heterocyclic compounds (see
reaction g in Scheme 7). The 1-azaallylic anion could
potentially also react via N-alkylation to form N-
heterocycles (see reaction h).

Scheme 7

N
—>)Q (9)

LG = leaving group

"\l
)
B: \/l‘-i

B: = base
- /& (h)
=
H
B: i A

An important use of l-azaallylic anions is the
introduction of a nucleophilic function in the struc-
ture of the imine. The nucleophilic function can be
an amino group introduced via reaction of the 1-aza-
allylic anion with an electrophile containing a pro-
tected amino group or amino equivalent. Addition of
that amino group with the electrophilic imino func-
tion results in N-heterocyclic compounds (see reaction
i in Scheme 8). The nucleophile can also be an alcohol
function introduced via the 1-azaallylic anion by
reaction with an electrophile containing a protected
alcohol or alcohol equivalent. Further cyclization by
again addition across the imino function by the
generated alcohol results in O-heterocyclic com-
pounds (see reaction j). The introduced alcohol func-
tion could also react with the corresponding keto
function formed after hydrolysis of the imino group
(see reaction k), or with another electrophilic function
present in the imine, all leading to O-heterocycles
(see reactions | and m).

A strategy leading to heterocycles containing both
nitrogen and oxygen consists of first the introduction
of an alcohol function by addition of the 1-azaallylic
anion across a keto function, followed by reduction
of the imino group to the amine. The thus formed



1-Azaallylic Anions in Heterocyclic Chemistry
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"N"MG
/ PR
e .
J‘: NR O g
\/ \
D7\
LG o"
\ ey
NR (o]
JA e — 100 0
T . NR L5 g
o — I
B Le
Scheme 9
NR NR
) NR OH
A, — KR — —
B:j
LQ LG'
) ( )
RHN  OH RN O
— L L m
B: = base

LG, LG' = leaving group

amino alcohol can then react with a biselectrophile
to form the N,O-heterocyclic compound (see reaction
n in Scheme 9).

2.6. Synthesis of Three- and Four-Membered
Heterocyclic Compounds

2.6.1. Synthesis of Oxiranes

Oxiranes are accessible by condensation reactions
of 3-chloro-1-azaallylic anions and the analogous
heteroarylazaallylic anions (anions derived from
2-methyloxazolines, 2-methylpyridines, ...) (vide in-
fra).

o-Chloroketimines 24 were converted to 3-chloro-
1l-azaallylic anions by reaction with lithium diiso-
propylamide in tetrahydrofuran at 0 °C, and by
addition of ketones, such as acetone, 2-butanone, and
benzophenone, or aldehydes, namely, benzaldehyde,
the addition reactions gave adducts 25, which easily
underwent ring closure to generate 2-imidoyloxiranes
26 via a Darzens-type reaction (Scheme 10).4

The same Darzens reaction was observed starting
from o,a-dichloroketimines. When N-(2,2-dichloro-1-
phenylethylidene)isopropylamine (27) was reacted
with 2-ethylbutanal, a 1:1 mixture of cis- and trans-
2-chloro-2-imidoyloxiranes 28 was obtained (Scheme
11).4?

Oxiranylimines 29 can suffer base-induced dimer-
ization to give aziridine 31 as the sole diastereo-
isomer (Scheme 12).43

—_—
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2.6.2. Synthesis of Azetidines

A methodology for the preparation of g-(alkyl-
amino) ketones 37 can include the presence of an
azetidine as the reactive intermediate (Scheme 13).
For instance, during the synthesis of 3-(alkylamino)-
carbonyl 37 compounds, generated from N-alkylated
p-chloroimines 32 with alkoxide bases (sodium meth-
oxide, potassium tert-butoxide) in alcohols (methanol,
tert-butyl alcohol), an azetidine intermediate was
formed either in situ or upon acid workup. As a proof,
using p-chlorinated N-arylimines, 2-methoxy-1-
phenylazetidines 35 (R = Ph) could be isolated.**45

In this matter, N-benzyl-a-chloroaldimines do not
give rise to azetidines as they suffer base-induced 1,4-
dehydrochlorination to 2-aza-1,3-dienes.*64” More-
over, treating a-chloro- and o-bromoimines with
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Scheme 13
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R = t-Bu, i-Pr, (Ph)

N-bases (triethylamine, DABCO, DBU) in alcohols
led, via the corresponding 1-azaallylic anion enamine,
to l-alkoxy-l-aminocyclopropanes, a-alkoxyimines,
and rearranged a-aminoacetals in various ratios
depending on the reaction conditions.*®

In addition, refluxing of N-aryl-3-chloroimines 38
with potassium tert-butoxide in tert-butyl alcohol led
to the formation of 2-methyleneazetidines 40a—e in
82—95% yield. The synthesis was rationalized in the
formation of the 1-azaallylic anion upon deprotona-
tion at the o'-position of the imine and subsequent
ring closure to the strained heterocyclic compounds.*®
It is noteworthy that only N-aryl-2-methylene-
azetidines could be prepared and that aqueous work-
up destabilized the end products, partially being
converted in the corresponding 5-(arylamino) ketones
37 (vide supra). This methodology was useful for the
formation of bicyclic and spiro compounds (Scheme
14; R'-R? = (CHy); and R?—R3 = (CHy)s, respec-

Scheme 14
R* R*
N _— N
rRZ Il Rt -BUOH, A R? Ji- k*
3 12 h - 3 days 3 1
R R R
Cl Cl
38a-e 39a-e
R'=H
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R*=H, Me, CI

R'-R?= (CH,)3; R®=Me; R*=H

R%R®= (CHp)s; R'=R*=H "

N
z/‘:(
R ks A
R!
40a-e

tively). In the case of N-alkyl derivatives, under no
circumstances were 2-methyleneazetidines prepared
as these compounds are very sensitive to hydrolysis
during workup. Even nonaqueous workup did not
allow the synthesis of these strained compounds.*®
Reactions of s-haloimines lacking the o,a-disubsti-
tution failed to give azetidines (vide supra), disclosing
a limitation during this procedure.*®

A synthetic entry to l-alkyl-2-substituted azeti-
dines 44 has been developed via ring closure of
B-chloroimines with alkyllithiums.*® These -chloro-
imines can be synthesized via alkylation of lithium

Mangelinckx et al.

1l-azaallylic anions, derived from N-alkylisobutyr-
aldimines 41 (R = t-Bu, i-Pr) with chloroiodomethane
at 0 °C (Scheme 15).

Scheme 15
R 1) LDA, THF, R’
N 0°C.1h N
\H\H 2) CICH, C'Y\H
THF, 1t, 1 h
4 46% 42
1 -
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R“ = Me, Bu, Ph 50-85% | Et,0
0°C->-15°C
2 R R?

\
>EKN,R
N

Q'CI
43

44

An approach to 3,3-dichloroazetidines 48 started
from the synthesis of a,a-dichloro--hydroxyketimines
46 by lithiation of a,a-dichloroarylketimines 45 (Ar!
= Ph, 4-CICgH,) and reaction with aromatic alde-
hydes (Ar? = Ph, 4-MeCgH,) via aldol-type condensa-
tion. After mesylation of the g-hydroxyimines with
mesyl chloride in pyridine, the cis-azetidines 48 were
generated either via a nucleophile-induced one-step
cyclization or in a two-step sequence consisting of a
reduction with sodium cyanoborohydride followed by
a ring closure under basic conditions (Scheme 16).4?
Exclusively cis-2,4-diaryl-3,3-dichloroazetidines 48
were observed.

Scheme 16
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U5 ]
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cl’ ¢ MeOH, A,
- 0,
48d-f (Nu=CN) (Nu = OMe) 47a-c (77-90%)
(54-84%)
48g-i (Nu = OMe)
(66-91%) 1) NaCNBHj, | 2) K;CO3,
MeOH DMSO,
R=iPr 85-90 °C,
Ar' = Ph, 4-CICgH,
Ar? = Ph, 4-MeCgH, R
U
H, N H
Ar1/38\Ar2
cl’ ¢l

48a-c (60-78%)

The observed stereoselectivity was described via an
Evans-type model, where the nucleophile forming the
new bond and the larger aryl substituent R, are
situated most remote from each other (Scheme 17).

1-Azaallylic anions can be a useful tool in the
synthesis of 4,4-disubstituted -lactams 53, via re-
giospecific electrophile- and silver-induced ring ex-
pansion of 2,2-disubstituted 1-methoxycyclopropyl-
amines 50 (Scheme 18). The synthesis of 1-methoxy-
cyclopropylamines started from (1) the deprotonation
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of the corresponding a-chloroketimine 49, (2) reaction
of the regiospecifically formed 1-azaallylic anion with
alkyl halide, and (3) Favorskii-type cyclopropanation
together with the addition of methoxide across the
imino function of intermediate cyclopropylidenamine.
N-Chlorination of the carbinolamine 50 and silver
tetrafluoroborate-induced ring expansion produced
4,4-disubstituted g-lactams 53, which can be reduced
to the corresponding azetidines 54 via lithium alu-
minum hydride in diethyl ether under reflux for 7—16
h_50

2.7. Synthesis of Five- and Six-Membered
Heterocyclic Compounds

2.7.1. Synthesis of Pyrrolidines and Pyrrolines

5-Methylenepyrrolidin-2-ones 61 and 62 were syn-
thesized on the basis of the reaction of dielectrophilic
imines 55 and 56 with lithium ester enolates 57
(Scheme 19).51:52 Hereby an ester function was intro-
duced at the -position of the imine, after which the
excess of the lithium ester enolate 57 acted as a base
to deprotonate the intermediate imino ester 58 at the
o'-position. Final cyclization of the 1-azaallylic anion
59 via nitrogen by addition to the ester yielded
4-functionalized 5-methylenepyrrolidin-2-ones 61 and
62. In the case of the a-diimine 56 the reaction seems
to proceed via the g-lactam 63 as intermediate. The
absence of protons in the o-position of the ester seems
to be essential, as otherwise enolization of the ester
prevented cyclization to the related y-lactam when
the excess of enolate was used.5%52

A method for yielding (poly)pyrrolinones consists
of the intramolecular acylation of metalated imines,
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synthesized from a-amino esters.53~% Whereas heat-
ing of the imine 64 did not give the prenylated
pyrrolinone 65, the more reactive metalloimine de-
rivatives 71, prepared by treatment of the imines 70
with potassium hexamethyldisilazide (KHMDS), could
be cyclized to the prenylated pyrrolinones 72—74 and
dimethoxyethylated pyrrolinones 76 (Scheme 20). In
addition to a-amino ester derivatives, also a-amino-
lactones 77 have been used as starting material,
leading to hydroxyalkylated pyrrolinones 80 (Scheme
21).5758 In the latter case, if other amide bases were
used such as LDA, LiTMP, and LIHMDS, the unsat-
urated lactam 81 was found as a major side product
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(ca. 40%), as a result of the addition of the metallo-
imine nitrogen to the methoxycarbonyl group.

Similar reactions toward pyrrolinones have been
described via deprotonation of the corresponding
iminium salts of a-amino esters.5°

The principal rice flavor component, 2-acetyl-1-
pyrroline (85), was prepared by a-deprotonation with
LDA and a-alkylation of a-diimine 82 with the
stabase-protected w-bromoethylamine 83, resulting
in the functionalized intermediate imine 84 (Scheme
22). This intermediate underwent cleavage of the

Scheme 22
)1. 1) LDA, THF, 0°C, 6 h /L
N 2) Me; Si
B iMe; N
NS R
83 Me,Si e
N 2 N
C- 84
821|/ THF, 0°C—>n, 151 ‘[/

3) K,CO3, MeOH, A, 3 h
4) (COOH),.H,0

ether, H,O

85 43% Cg6 4%
A .
N . \
EtO OEt B0 Ot
87 88 64%

N-—silyl bonds, upon which it cyclized to 85 and minor
amounts (4%) of the structural isomer 86 by trans-
imination.®° This methodology, starting from the a,a-
diethoxyketimine 87, also led to the more stable
diethyl acetal 88 of 2-acetyl-1-pyrroline. Diverse
other five-membered and six-membered cyclic imines,
including several alkaloids such as myosmine (93),
anabaseine (94), and apoferrorosamine (95), were
also synthesized via this strategy (Scheme 23).61

Scheme 23
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The six-membered cyclic imines 96—98, namely,
2,3,4,5-tetrahydropyridines, which are accessible from
the cyclization of imines 89, after deprotonation into
l-azaallyl anions, with ethylenetetramethyldisilyl-
protected 3-bromopropylamine 90, are a,a-dichlori-
nated to cyclic dichloroketimines 99—101 (Scheme

Mangelinckx et al.
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NaOMe, MeOH
/,\O NCS N or K,COs, THF D
| — |l |
R n,3-15h o i, 15h RN
or or
At0min © © A 3-15h
96 R = Aryl 99 (93-94%) 102 (76-95%)
97 R = Alkyl 100 (81-87%)
98 R = C(=0)Aryl 101 (76-86%)
B H
NaOMe )\/)
or K2C03 R
cl (
99-101 103 104 102

24).52 A high degree of regioselectivity is achieved in
the reaction of the aliphatic tetrahydropyridines 97
toward 6-alkyl-5,5-dichloro-2,3,4,5-tetrahydropyridines
100.%2 Treatment of the o,a-dichloroimines 99—101
with sodium methoxide in methanol resulted in 1,2-
and further 1,4-dehydrochlorination, via an interme-
diate 1-aza-1,3-diene, 103, providing the pyridines
102. This same method of a,a-dihalogenation and
subsequent dehydrohalogenation has also been used
in the synthesis of 3-halopyrroles from the corre-
sponding 1-pyrrolines.®?

This strategy to form pyridines from 2,3,4,5-tetra-
hydropyridines was used to prepare symmetric ter-
pyridines 109.%4 Cyclization of the bisimine 105 with
the ethylenetetramethyldisilyl-protected 3-bromo-
propylamines 90 and 106 provided the tetrahydro-
pyridines 107, via a-alkylation, N-deprotection, and
transimination (Scheme 25). Subsequent tetrachlo-

Scheme 25
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M Me\
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4) (COzH),, H0

cl.cl N ¢l
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109 (75-94%)
rination with N-chlorosuccinimide and further con-
version by the action of sodium methoxide in metha-
nol yielded the terpyridines 109.

The reaction of 3-halo-1-azaallylic anions, regio-
specifically generated from a-halogenated ketimines
110, with w-iodoazides 111 led to w-azido-o-halo-
ketimines 112 (Scheme 26).5> Treatment of these
imines 112 with tin(11) chloride in methanol afforded
halogenated 1-pyrrolines 113 (n = 1) and 2,3,4,5-
tetrahydropyridines 113 (n = 2). Further transfor-
mation under basic conditions led to 2,3-disubstituted
pyrroles 114 and pyridines 115 and 116. In the case
of a,o-dichloroketimines 113 (R! = CI), the second
chloro atom can be kept in pyrroles as 3-chloro-
pyrroles 114 (R = CI), while in the case of pyridines
the second chloro atom is used in the second dehy-
drochlorination step to provide 2-substituted pyri-
dines 115.
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The reaction of N-(3-chloro-3-methyl-2-butylidene)-
amines 117 with 2 equiv of lithium diisopropylamide
in tetrahydrofuran at 0 °C afforded unexpectedly 2-
(N-alkylimino)-3,3-dimethyl-1-isopropyl-5-(2-methyl-
propylidene)pyrrolidines 118 (Scheme 27).56 This
reaction was explained as starting with a base-
induced Favorskii-type ring contraction, affording
cyclopropylidenamines 121 (N-analogues of cyclo-
propanones), followed by a “dimerization” process
involving addition of zwitterion 120 across the imino
bond of the cyclopropylidenamine 121 and subse-
guent opening of the resulting aminal anion 122 to
the most stable carbanion 123. The ring-closed
isomeric species 124, i.e., cyclopropylideniminium
ions in equilibrium with 123, suffered nucleophilic
addition, affording spiro intermediate 125. The next
step involved an “abnormal” ring opening, forming
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the least stable carbanionic species 126, which is
protonated and converted into the functionalized
amidines 118.%6

The corresponding oxygen compound, i.e., 3-chloro-
3-methyl-2-butanone, reacted under similar condi-
tions to give 2,2-dimethyl-5-[N-(isopropyl)amino]-6-
(2,2-dimethyl-1-hydroxycyclopropyl)-4-hexen-3-one as
the principal reaction product, resulting from addi-
tion of two molecules of the Favorskii-derived cyclo-
propanone with N-(2-propylidene)isopropylamine, i.e.,
the oxidation product of LDA.67:68

2.7.2. Synthesis of Pyrroles

Besides the above-mentioned synthesis of the
2,3-disubstituted pyrroles 114 via halogenated 1-pyr-
rolines 113, some other more direct methods for the
synthesis of pyrroles are known making use of
1-azaallylic anions. One of the first reports on the
synthesis of a heterocyclic compound from a 1-aza-
allylic anion is the formation of pyrroles 130 and 134
from the reaction of lithioazaenolate 127 with a-
halogenated ketones 128 and 129 and 131—-133 in
ether at —78 °C (Scheme 28).5° The mechanism is

Scheme 28
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134 (31-46%)

explained as an Sy2 reaction of the metalated imine
with the halomethyl group, followed by cyclization
via the enamine form and elimination of water from
intermediate ii.

Lithiated isopropylidenecyclohexylamine 135 re-
acted in a different way, with initial nucleophilic
addition of the anion across the carbonyl group,
followed by substitution of the chloro substituent in
iii and aromatization by dehydration (Scheme 29).6%70
The use of lithiated propylidenecyclohexylamine 137
illustrates both mechanisms by the formation of a
mixture of both types of 1,2,4- and 1,3,4-trisubsti-
tuted pyrroles 138 and 139.

a-Bromoaldimines 140 reacted with 2 equiv of
isopropylmagnesium chloride in ether at 10 °C to
afford 1,2,4-trisubstituted pyrroles 142,772 while the
isomeric 1,3,4-trisubstituted pyrroles 141 were ob-
tained by reaction with lithium in ether at —70 °C
(Scheme 30).7* In both cases, the main products were
contaminated by the respective isomer 141 or 142.
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The synthesis of these pyrroles 141 and 142 can be
explained by an ionic mechanism that leads, after
formation of a carbanion and C- or N-alkylation, to
intermediates 143 and 145, which can further cyclize
to the corresponding pyrroles 141 and 142. However,
particularly in the case of the symmetric pyrroles
141, a radical mechanism could be a valuable alter-
native. This would include a dimerization of imines
140 via an electron-transfer process to give the
reduced adducts 144, which cyclize to pyrroles 141.
Similar diimines 149 and 150 have been synthesized,
probably through this radical mechanism, via capto-
dative intermediates, starting from imines 147 and
148, after treatment with lithium and lithium diiso-
propylamide, respectively (Scheme 31).7%73 It was also
demonstrated that a-bromo- as well as a-chloro-
aldimines gave 1,3,4-trisubstituted pyrroles, exclu-
sively, via diimines 144 by reaction with sodium in
liquid ammonia.”

Michael addition of 1l-azaallyl anions 152 with
2-(N-methylanilino)acrylonitriles 153, followed by
protonation or alkylation and heating in a polar
solvent such as acetonitrile, furnished the pyrroles
156 (Scheme 32).74 By this method pentasubstituted
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Scheme 31
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pyrroles could be synthesized, with good control of
the regiochemistry of the substituents. When unsym-
metrical imines were used, however, problems arose
from nonselective deprotonation at higher tempera-
tures, leading to a mixture of regioisomeric pyrroles.™

Deprotonation of the mixture of S-enamino- and
B-iminophosphane oxides 157 and 158 with methyl-
lithium and alkylation with propargyl bromide (159)
gave the o,a-difunctionalized imines 160.7”° Due to
the presence of the anion-stabilizing phosphane oxide
moiety in the starting imine 158, the deprotonation
occurred with complete regioselectivity at the inter-
nal carbon. The a-propargyl-g-iminophosphane ox-
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ides 160 were cyclized to the phosphinylated pyrroles
161 via a palladium-catalyzed heterocyclization reac-
tion (Scheme 33).

2.7.3. Synthesis of Tetrahydrofurans

Several methodologies have been described toward
the synthesis of oxygen-containing five-membered
heterocycles via 1l-azaallylic anions. In the first
pathway, the anion of imines 162 and 165 attacked
the epoxides 163 and 166, resulting in an O-anion
which reacted via a nucleophilic addition across the
imino function (Scheme 34). After aqueous workup
or acid hydrolysis this led to the corresponding
aminals 164 or hemiacetals 167.76

Scheme 34
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R\)J\H 2) R3 R N/CHs
H

\W ,THF,-20°C->rt R4 O

R? R
162R1HCH CoH 164 (73-879
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R2= CH C3H2 s 166R3 RY= H: R3RA = (CHy); 167 ( )
> V2 5= H, CHa, CoHs, CeH
C4Hg, CgH13 YT 2s et
3)H;0*

Regiospecific deprotonation of a-chloroketimines
168 with lithium diisopropylamide, followed by alkyl-
ation with 3-bromopropyl trimethylsilyl ether (170),
afforded the OJ-trimethylsilyloxy-a-chloroketimines
171 (Scheme 35).7"78 Reaction of the a-chloroketimines
171 with potassium tert-butoxide furnished mostly
the 2-functionalized tetrahydrofurans 172, next to a
substantial amount of 1-(alkylamino)-6-methyl-2-
oxabicyclo[4.1.0]heptanes 173, the latter being the
trapping products of the Favorskii intermediates, i.e.,
cyclopropylidenamines (nitrogen analogues of cyclo-
propanones). The furans 172 resulted from depro-
tection of the trimethylsilyl ether and subsequent
intramolecular nucleophilic substitution. When the
o-trimethylsilyloxy-a-chloroketimines 171 were re-
acted with methanol in the presence of bases, 2-alkoxy-
3-aminotetrahydropyrans were formed, as well as
tetrahydrofurans 172 (vide infra, Scheme 66).7®

Scheme 35
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Scheme 36
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The y-trimethylsilyloxy-a-chloroketimines 175 cy-
clized with alcohols to afford cis-2-alkoxy-3-amino-
tetrahydrofurans 177 in a stereospecific way after
treatment with base (Scheme 36).7° The mechanism
was explained in terms of two possible routes involv-
ing either a trans-2-amino-3-chlorotetrahydrofuran,
179, or intermediate 2-alkoxyaziridines 180 and
azirinium ions 181 (Scheme 37). Both routes lead to
a bicyclic aziridinium ion, 182, which opens up to the
final tetrahydrofurans 176 via a hydrogen-bond-
guided stereospecific attack of the alcohol to the
transient oxonium ion 183.

Scheme 37
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Deprotonation of N-(2,2-dichloro-1-phenylethyl-
idene)isopropylamine (184) with lithium diisopropyl-
amide produced the 3,3-dichloro-1-azaallylic anion
185, which reacted with 2-bromoethyl trimethylsilyl
ether (174), resulting in the o,a-dichloroimine 186,
the acidic hydrolysis of which gave 3,3-dichloro-2-
hydroxy-2-phenyloxolane 187 (Scheme 38).80

Using the same methodology, the synthesis of the
marine natural product laurencione (194) was ac-
complished.®! Regiospecific deprotonation of the oo

Scheme 38
NPr-iCI LDA l\_lkFir-lclIi" Br \1/7:OS|Me3
Ph THF, 0°C, 20 min PN THF, 0 °C -> 1t
184 185
NPr-i 0
. 1.5N HCl
o oSiMe; 20 HO
c’ al CHxClz, 1t, 3 h o o
186 (79%) 187 (86%)



2366 Chemical Reviews, 2004, Vol. 104, No. 5

dichloroketimine 188, prepared from 1,1-dichloro-
acetone and isopropylamine in the presence of tita-
nium(1V) chloride, resulted in the 3,3-dichloro-1-
azaallylic anion 189 (Scheme 39). Further alkylation

Scheme 39
NP | oa NPri Lit B 0siMe,
Cl I L_Cl
THF, -78 °C, 20 min THF,-78 °C->rt,20 h
188 189
NPr-i o] (e}
2N HCI
)S(\/OSW'ES )S(VOH + HO?Q
c ¢l Ath o ¢l
(74%)
190 (95%) 191 14 : 86 192
0.5 N NaOMe
MeOH, rt, 4 h
(o] (@] [¢]
D R i U
50% aq. acetone
o) o) t,3h o
194 laurencione (42%) 195 193 (57%)

87 : 13

with 174 and acidic hydrolysis generated 2,2-dichloro-
5-hydroxypentan-2-one (191) as an equilibrium mix-
ture with its cyclic form 192. The reaction of this
mixture of compounds 191 and 192 with sodium
methoxide in methanol afforded 2-methoxy-2-methyl-
dihydrofuran-3(2H)-one (193), i.e., laurencione meth-
yl ether, as a result of base-induced intramolecular
nucleophilic substitution affording an intermediate
o-chloroepoxide which rearranged into 193 via a
transient pseudocarbenium ion. 193 was converted
into 194 by reaction with p-TsOH in aqueous ace-
tone.??

2.7.4. Synthesis of Piperidines and Piperidinones

Reaction of d-chloroimines 199, prepared by base-
induced a-alkylation of imines 196 with o,y-dihalo-
propanes 198,82 with nucleophiles such as complex
metal hydrides, potassium cyanide, alcohols, and
alkoxides furnished piperidines 200, 2-cyano-
piperidines 201, and 2-alkoxypiperidines 202, respec-
tively (Scheme 40).8* The presence of a leaving group
in the carbon chain made the imines 199 synthetic
blocks for the construction of N-heterocycles. The

Scheme 40
R R
N oA Lt N B "
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4
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R® R R
Nu = H; CN; OR® R?
RS = Me, i-Pr R®
o 200 Nu = H (62-92%)

201 Nu = CN (87-95%)

199 (42-92%
( %) 202 Nu = OR® (82-95%)
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nucleophile added across the carbon—nitrogen double
bond followed by ring closure of the intermediate
adduct.

Using the previous w-haloimine chemistry, the
synthesis of stenusine (209), the spreading agent of
the staphynilid beetle Stenus comma, was accom-
plished.® First, alkylation of N-tert-butylaldimine
203 via its 1-azaallylic anion with 1-bromo-2-methyl-
butane (204), followed by separation from some
dialkylated product, and second alkylation with
1-bromo-3-chloropropane (198) resulted in the cor-
responding o-chloroaldimine 206 (Scheme 41). After

Scheme 41
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4
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Cl A 1h Cl
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NS (
LiAIH,4 N
H
ether, A, 3 h
Cl
208 (95%) 209 (80%)

hydrolysis and conversion to the corresponding N-
ethylaldimine 208, cyclization to 209 was accom-
plished with lithium aluminum hydride, giving a 1:1
mixture of two diastereoisomers. In the same way the
1-tert-butyl analogue of stenusine was also synthe-
sized.® An enantioselective synthesis of various
stenusine enantiomers was performed via SAMP-
hydrazone chemistry (vide infra).

The preparation of d6-chloroimines can also be
accomplished from a,8-unsaturated imines.8 Reac-
tion of conjugated l-azaenolates 212 derived from
N-(2-buten-1-ylidene)alkylamines 210 and 211 with
198 yielded the f3,y-unsaturated imines 213 (Scheme
42). Reductive cyclization gave 1-alkyl-3-vinyl-
piperidines 214, which were also accessible via the
o-aminonitrile 216. The conjugated enimines 215
were prepared by basic treatment of the j3,y-unsatu-
rated imines 213 or the o-aminonitrile 216, and
converted into 3-ethylidenepiperidines 217 and 5-(1-
cyanoethyl)-1,2,3,4-tetrahydropyridines 218, the lat-
ter being formed by a Michael addition of cyanide and
subsequent ring closure (MIRC reaction). As such
this methodology is very suitable for the synthesis
of a whole variety of piperidine derivatives.

An important method to synthesize azaheterocycles
starting from imines concerns electrophile-induced
cyclization reactions. Olefinic primary or secondary
amines do not cyclize readily, while N-protected
olefinic primary amines do. Imines can be used as a
protective group for the amino function in the elec-
trophile-induced cyclization of substrates 219 with
electrophilic reagents such as phenylselenenyl bro-
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Scheme 42
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mide, bromine, or N-bromosuccinimide (Scheme
43).87—92

The intermediate iminium salts 221 and/or 222
react with nucleophiles (H™, RO~, CN"), resulting in
different types of azaheterocycles such as pyrrolidines
and piperidines, depending on the reaction conditions
used in the electrophile-induced cyclization step. The
starting alkenylimines 219 are prepared via alkyl-
ation of the corresponding 1-azaallylic anion, gener-
ated from the imine after deprotonation with LDA,
with the corresponding allyl halide. For instance, the
alkylation of N-(isobutylidene)amines 223 with allyl
bromide after deprotonation with LDA at 0 °C
afforded the required 4-alkenylimines 224 (Scheme
44). Reaction of imines 224 with N-bromosuccinimide
in an alcoholic solvent gave rise to the formation of
the iminium salts 227, which reacted with a range
of benzyl alcoholates 228 in the corresponding alcohol
to give the 2,5-dialkoxypiperidines 229.% The use of
other nucleophiles such as lithium aluminum hy-
dride, sodium cyanide, sodium ethylthiolate, and
sodium methoxide gave rise to other 2-functionalized
5-alkoxypiperidines 231.

Lithiation of the (3-oxazolin-4-yl)methyl sulfoxide
232 using n-BuLi and addition of a suitable Michael
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Scheme 44
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acceptor, 233, to the lithium azaenolate (Hua's reac-
tion) afforded the chiral 4-substituted 5,6-dehydro-
piperidin-2-one 234 (Scheme 45). Removal of the
chiral auxiliary and reduction of the enamine func-
tion with Raney nickel, deprotection of the N,O-acetal
moiety, and final oxidation afforded L-(2S,4S)-4-
methyl-6-oxopipecolic acid (236).93%4

Scheme 45
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Generalization of the Hua methodology in the
synthesis of 4-substituted 5-(p-tolylsulfinyl)-5,6-de-
hydropiperidin-2-ones 238 was accomplished by the
addition of azaenolates derived from different a-
sulfinylketimines 237 to (E)-a,f-unsaturated esters
233 (Scheme 46).%4
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Scheme 46
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2.7.5. Synthesis of Tetrahydropyridines and Pyridines

Evans developed a methodology for the synthesis
of cyclic enamines based on the reaction of diverse
imine anions with dielectrophiles.®® Deprotonation of
the imines 239 and reaction with a,w-dihaloalkanes
240, followed by heating, resulted in the cyclic
enamines 241 (Scheme 47). In the case of the N-

Scheme 47
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methylimine 242, derived from 2-methylcyclohex-
anone, no regioselectivity was observed in the first
alkylation. In the case of the tetrahydropyridine
derivatives, only 1 equiv of base was needed, whereas
for the pyrrolines 246 2 equiv of base was necessary.
This is due to the relatively slow intermolecular
alkylation step. The cyclic enamines 241 could be
brominated to yield the a-brominated iminium salts
249, which underwent ring contraction under the
action of sodium methoxide in methanol, affording
the a-aminoacetals 250 and 251 (Scheme 48).%

0-Chloroketimines, carrying no substituent at the
o-position, such as N-(1-phenyl-5-chloro-1-pentyl-
idene)isopropylamine (252), were converted into
1,2,3,4-tetrahydropyridines 254 by treatment with
potassium tert-butoxide in tert-butanol under reflux
(Scheme 49).44

Using the same methodology, the synthesis of 1,5-
disubstituted 1,2,3,4-tetrahydropyridines is also pos-
sible.” This involves alkylation of aldimines 255—
257 with 1-bromo-3-chloropropane 198, followed by
cyclization upon treatment with sodium isopropoxide
in 2-propanol, a base which avoids side reactions such
as nucleophilic substitution and 1,2-dehydrochlori-
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Scheme 48
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nation (Scheme 50). Due to the competing reactivity
of the benzylic methylene function, N-benzylimines
cannot be conveniently and selectively alkylated for
this purpose. Adjusting the pathway by performing
the alkylation with N-(1-propylidene)-tert-butylamine
(255), hydrolysis to the d-chloroaldehyde 264 and
imination with benzylamine yielded the appropriate
derivative 265, which could be further cyclized with
sodium isopropoxide in 2-propanol.

Treatment of these o-chloroimines 267 with N-
chlorosuccinimide in carbon tetrachloride resulted in
o-halogenation. Further reaction with potassium
carbonate in methanol under reflux led to 1,2-dialkyl-
2-(1,1-dimethoxymethyl)pyrrolidines 269 (Scheme
51).%¢ This rearrangement can be explained by addi-
tion of methanol across the imino function, which led
to piperidine 272 via intramolecular substitution of
the w-chloro atom. This 3-chloro-2-methoxypiperidine
272 rearranged by displacement of the chloro atom
by the nitrogen lone pair with formation of the
bicyclic piperidinium salt 273, which suffered ring
opening by reaction with methanol to give the ring
contraction product 269.



1-Azaallylic Anions in Heterocyclic Chemistry

Scheme 51
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Contrary to e-chloroaldimines, ¢-chloroaldimines
and a-unsubstituted J-chloroaldimines, which upon
treatment with LDA give carbon alkylation, forming
the corresponding cyclopentane-, cyclohexane-, and
cyclobutanecarboxaldehydes after hydrolysis, the
introduction of an extra o-methyl substituent in the
o-chloroaldimines 276 and 277 led after deprotona-
tion with LDA to a mixture of cyclobutanecarboxaldi-
mines 279 and the cyclic enamines 280 (Scheme
52).99

Scheme 52
RZ R2
N’ 1) LDA, THF, 0 °C, 30 min N’
R1\)]\
H  2)c™"pr

TG
H
198 al
275R'=H, R?= t-Bu

~ h 278 (67-90%)
276 R'= Me, R?= t-Bu
277 R"'=Me, R?= i-Pr

LDA
THF,0°C,2.5h THF, t,16 h

279 (55%)

280 (27-32%)

Introduction of the 3-chloropropyl functionality in
the a-diimine 281 and base-induced cyclization yielded
6-propionyl-1-isopropyl-1,2,3,4-tetrahydropyridine
(284) upon acidic hydrolysis (Scheme 53).1%

Cyclization of the earlier mentioned ¢-chloro-
aldimines 213 was also possible by reaction with
bases, affording the corresponding cyclic enamines
285 (Scheme 54).86 The one-pot alkylation of enimines
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210 and 211 with 198 and ring closure with LDA led
to 5-ethenyl-1,2,3,4-tetrahydropyridines 285, which
can also be obtained by treatment of the J-chloro-
aldimines 213 with LDA or potassium tert-butoxide.
The aminodienes 285 proved to be suitable dienes for
Diels—Alder reactions with N-phenylmaleimide, fur-
nishing octahydro-1H-pyrrolo[3,4-h]quinoline-1,3-
diones.8®

Alkylpyridines 288 were prepared by the reaction
of the lithiated a,3-unsaturated aldimines 286 with
nitriles 287 (Scheme 55).1%! The pyridine was formed

Scheme 55
R 1) LDA R
MNt—Bu Et,0, -78°C, 1 h N©R
26 D0 T s 2an

R=H,Me, L~ (R = i-Pr, Et, Ph, 4-CHy-Ph) 288 (22:63%)

R R

Lo 22 8

IJA:"‘A\NFBU RONSNeBu|  [RTNeBuL

L 280 290 l 201

R

R =

288

by addition of the lithiated aldimine 286 to the nitrile
287, followed by intramolecular cyclization of the
resulting diimine 290, as in the synthesis of pyrroles
142 (vide supra),”* and elimination of the tert-
butylamino group.

The earlier mentioned strategy for the synthesis
of 85 (vide supra) also led to the Maillard flavor
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compounds 6-acetyl- and 6-propionyl-1,2,3,4-tetra-
hydropyridine 295, which occur in tautomeric equi-
librium with a-keto imines 296 and 297 (Scheme
56).%° In this case, stabase-protected w-bromopropyl-
amine 294 was used as alkylating agent.

Scheme 56
1) LDA, THF,0°C,6 h
2) Me,
/L Br/\/\'\‘rSI
N 294 MeySi NH
R0 0 Pz R
THF,0°C->1t,15h 295
N 3) K,CO3, MeOH, A, 3 h o]
4) (COOH),.H,0
ether, H,O
292 R = Me
293 R = Et
N
QYR
o]

296 (R = Me) (65%)
297 (R = Et) (67%)

An application of this stabase-mediated alkylation
and cyclization process is the preparation of the
spirocyclic alkaloid (&+)-sibirine (301).1%? a-Depro-
tonation of imine 298 with excess LDA and subse-
quent alkylation with 1-(3-bromopropyl)-2,2,5,5-tetra-
methyl-1-aza-2,5-disilacyclopentane (294) afforded
the aldimine 299 (Scheme 57). In this case a large
excess of LDA was necessary because an unexpected
additional acetal ring opening occurred (Scheme 58).
Whereas acetal functions are normally stable under

Scheme 57
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1)LDA THF,0°C,7h
Me, J\
O/ \O N Br/\/\l\ll’S'
ij)\H 204 MesSi H
THF,0°C->1t, 15 h
298 N
Me,Si” “SiMe,
/

299

1) K,CO3, MeOH, A, 3 h
2) (COOH),.H,0

ether, H,O OH

\_\

OH CHs o N
\\\\—N -—
301 (+)-sibirine 300 (57%)
Scheme 58
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>
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basic conditions, the acetal moiety proved here to be
reactive under the conditions forming the 1-azaallylic
anion. After the initial deprotonation of the imine 298
and formation of the intermediate 303, further
deprotonation occurred at the y-position, and a-alkyl-
ation by the stabase electrophile 294 furnished the
aldimine 299. Deprotection of the amine moiety by
methanolysis afforded the cyclic imine 300 after
spontaneous cyclization. Via several functional group
transformations compound 300 was converted
stereoselectively to (+)-sibirine 301.102

Via the same Cs;-stabase protocol the tetrahydro-
pyridine alkaloid polonicumtoxin C (310) was syn-
thesized in a one-pot procedure.’®® Deprotonation of
N-isopropylideneisopropylamine (306) with LDA and
treatment with N,N-diprotected y-bromopropylamine
294 gave the intermediate d-aminated ketimine 307
(Scheme 59). Further deprotonation of the o'-methyl

Scheme 59
J\ 1) LDA, THF, -78 °C, 30 mi ﬂk
N ) min| N Me,
)J\ 2) Me, )J\/\/\N,Si
Br” " NS Moos.
306 294 MeZSIi\) 307 Vo2°!
1,6 h
1) LDA, THF
78 °C 30 min
AN 308
HCI (2 N) N Me,
N then O ° A N’Si
workup 309
OH

310 (polonicumtoxin C) (38%)

group with LDA and alkylation with the (E)-allyl
bromide 308 afforded the intermediate functionalized
ketimine 309, which, after hydrolytic removal of the
three protecting groups in one step, transiminated
to 310.1%8

An alternative synthesis of the Maillard flavor
compound 6-acetyl-1,2,3,4-tetrahydropyridine 295 is
accomplished through alkylation of the o,c-dialkoxy-
imines 311 with 1,3-dihalopropanes 198, affording
the 6-haloimines 312 (Scheme 60). Selective hydroly-
sis of the imino function of compound 312 cleanly led
to a-keto acetal 313, which was azidated to give azide
314. Final intramolecular aza-Wittig reaction, giving
the acetal 315, and acid hydrolysis yielded the bread
flavor component 295, in tautomeric equilibrium with
its imino isomer 296.1%4

Reaction of the N-silyl-1-azaallyl anion 316 with
electron-poor alkoxyalkenes 317 (R! and/or R? are
electron-withdrawing groups) afforded the corre-
sponding 4-methylpyridines 319 and 320, 4-amino-
pyridines 321—323, and 4-pyridones 324 and 325
(Scheme 61).1% This reaction can be explained by an
initial attack of the nitrogen atom of the 1-azaallyl
anion 316 to the electrophilic 3-positioned carbon
atom of the alkoxyalkene 317 to give the intermedi-
ate N-adducts 318 after desilylation and dealkoxyl-
ation. Further cyclization by reaction of the enamine
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Scheme 60
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PR~ N
319 R = Me, R' = CO,Me, R? = COMe, Y = CH, (91%)
320 R =Me, R'= R?= COMe, Y = CH, (90%)

321 R=Et, R'= CO,Et, R?= CN, Y = NH (68%)
322R=Me,R'= H RZ=CN, Y = NH (trace)
323R=Et R'=R?=CN, Y = NH (0%)

nucleophilic carbon with the keto function and cyano
group, respectively, gave the corresponding 4-methyl-
pyridines 319 and 320 and 4-aminopyridines 321—
323. Cyclization of the N-adduct intermediates 318
via reaction with the ester function resulted in the
synthesis of the corresponding 4-pyridones 324 and
325. However, the reactions to give the derivatives
322 and 323 failed as only the corresponding N-
adduct intermediates 318 were formed.

The N-silyl-1-azaallyl anion 326 also reacted with
trifluoroacetylketene diethyl ketal (327a) and (E)-
1,1,1-trifluoro-4-phenylbut-3-en-2-one (327b) to af-
ford the corresponding 2-(trifluoromethyl)pyridine
derivatives 328 and not the regioisomeric 4-(tri-
fluoromethyl)pyridines (Scheme 62).1% Apparently in
these cases the 1-azaallylic anion 326 added via 1,2-
addition of the nitrogen to the active carbonyl of the
electrophile 327, followed by ring closure via in-
tramolecular Michael addition. This regiochemistry
was proven by study of experimental NMR data with
data from the literature and also from the synthe-
sized 4-(trifluoromethyl)pyridine 330, formed by re-
action of 326 and 4,4,4-trifluoro-1-phenylbutane-1,3-
dione (329).1% Reaction of the N-silyl-1-azaallyl anion
326 and 1,3-diphenyl-2-propen-1-one also afforded
analogous 2,3,4,6-tetrasubstituted pyridines.'%’
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Scheme 62
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Alkylation of phosphane oxides 331/332 (vide
supra) with ethyl bromopropionate after treatment
with methyllithium afforded the a,o-difunctionalized
imines 333 (Scheme 63).7> These imines were cyclo-
condensed with methyllithium under the loss of
ethanol, to give the 5-phosphinylated 3,4-dihydro-
pyridin-2-ones 335. Further oxidation of the 3,4-
dihydropyridin-2-one 335 was possible with ceri-
um(lV) ammonium nitrate in acetonitrile, giving
2-pyridone 336. The use of other biselectrophiles,
such as isocyanate, isothiocyanates, ethyl chloro-
formate, and diethyl azodicarboxylate, for the alkyl-
ation of functionalized phosphane oxides or en-
aminophosphonates has led to diverse types of het-
erocyclic compounds, i.e., 4-aminoquinolines,198-110
pyrimidine-2,4-diones,'*! and imidazol-2-ones.1?

The a,5-unsaturated imines 340, prepared in a one-
pot procedure by subsequent treatment of diethyl
lithiomethylphosphonate (337) with nitriles 338,
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followed by addition of carbonyl compounds 339, were
reacted with anions of aryl-substituted acetonitriles
341 and sodium enolates of methyl aryl ketones 342,
yielding the corresponding 2,3,4,6-tetrasubstituted
and 2,4,6-trisubstituted pyridines 343 and 344
(Scheme 64).113 The mechanism of the reaction was

Scheme 64
1) n-BuLi, THF R2
-78 °C, 45 min
(EtO),P(O)CH, -
337 2)R'CN 338 ;
78 °C to -5 °C, 45 min R
3) R?CHO, -5 °C to rt, 30 min
by e R | e
oy N
R2 : aryl, heteroaryl N 341 78°Cto rt
R = aryl 12 h
or
b) R4 [O]
ONa
M2
AN R3
|
RN R

343 a) R® = aryl, R* = NH, (61-72%)
344 b) R® = H, R* = aryl (63-67%)

explained as an initial attack of the o,3-unsaturated
imine 340 by the CH-nucleophiles 341 and 342,
giving the intermediate 1-azaallylic anions 345
and 348, in equilibrium with stabilized anions
346 and 349 (Scheme 65). The cyclization of the
1l-azaallylic anions 345 and 348 resulted in the
formation of the intermediate tetrahydropyridines
347 and 350, followed by oxidation into pyridines 343
and 344.

2.7.6. Synthesis of Tetrahydropyrans

Reaction of the o-trimethylsilyloxy-a-chloroketimines
171 (vide supra) with methanol under reflux in the
presence of bases such as sodium methoxide or
potassium carbonate gave cis-3-(N-alkylamino)-2,3-
dimethyl-2-methoxytetrahydropyran derivatives 351,
as well as tetrahydrofurans 172 (Scheme 66).”® This
conversion into 2,3-disubstituted tetrahydropyrans
351 bears similarity with the formation of cis-2-
alkoxy-3-aminotetrahydrofurans 177 from y-trimethyl-
silyloxy-a-chloroketimines 175, where no competitive
intramolecular nucleophilic substitution occurred
because of ring strain (vide supra).”® Again the
mechanism was explained via two equally plausible

Scheme 65

-(Rs RN
CN
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4
R SNH YR
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342
| / R
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pathways. The first mechanistic route consists of an
oxygen desilylation and addition of the alcohol func-
tion across the imino bond to give tetrahydropyranyl
ethers 354, whereas the second proposal starts with
the attack of methanol (or methoxide) across
the imino bond with subsequent ring closure to o-
alkoxyaziridines 355 (Scheme 67). Both mechan-
isms lead to the same bicyclic aziridine 357, which
suffers ring opening to the oxonium ion 358, which
undergoes a stereospecific attack of the alcohol to
provide cis-3-alkylamino-2-methoxytetrahydropyrans
351.78

Scheme 66
R NHR o ;
K,CO3, MeOH, A NHR el
a or NaOMe, MeOH ©Q + + (\/(
A 0" “oMe
171 OSiMe; 172 (18-85%) 173 (0-2%) 351 (14-80%)
Scheme 67
Se
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OR2 (O 2N
357
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355 NHR'
“““ MeOH NHR'
lllll O/
0" “oMe +

2.8. Synthesis of Higher Membered Heterocyclic
Compounds

2.8.1. Synthesis of Azepines, Oxazocines, and
Oxazonines

In analogy with the reaction of d-chloroaldimines
199 for the synthesis of piperidines 200—202 (vide
supra, Scheme 40), the formation of azepine deriva-

2
R R3 T 3
= R™| 0]
| Sy T | —, 343
1
NH, R H NH
346 347
R R
~ R (]
| N e | ol T 344
(e] 1
NH, R N R? -H,0
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tives from e-chloroaldimines is also described.''* The
e-chloroaldimine 361 is prepared by alkylation of
aldimine 359 with 1-bromo-4-chlorobutane 360, and
cyclized by reaction with nucleophiles such as sodium
borohydride and potassium cyanide (Scheme 68).

Scheme 68

362 (36%) E ;”\H E ;CN @\
+J< + +

HN

\i/\/OMe

363 (26%)
+

HN

T

364 (22%)

This resulted in the corresponding azepine deriva-
tives 362 and 367 in only moderate yield due to side
reactions, including nucleophilic substitution and
intramolecular carbon alkylation, and also incom-
plete reactions. It seems that such azepine deriva-
tives from e-haloimines are rather difficult to access,
even when cesium carbonate is used as the base.
The electron transfer from sodium to 2-imino-1,2-
diphenylethanone 368 resulted in the dianion 369,
which was reacted with a biselectrophile to yield five-,
eight-, and nine-membered heterocycles each con-
taining one oxygen and one nitrogen atom (Scheme
69).115 Treatment of the dianion with carbon disulfide

Scheme 69
Na*-
NR NR
Ph)Kfo Na/Et,0 on )\(o' Na* | Br(CHy):Br 370
-2NaBr
368 Ph Ph \
R = CH(Ph)CHs, n-Pr 369

X
n-Bu, Ph, 4-CH3-CgH, RHN
P CICHIC! Ph ~F°
372 (n=4)
373 (n=5) Ph

Ccs; CICOpEt
-2NaCl 371 (45-48%)

-NaC
-Na,$ NaOEt

R R R

Ph._N Ph._N Ph._N
I >=s I =0 I D

pri’” © pr’ © pr’ ©

376 (33-55%) 374 R = Ph, 4-CHy-CgH,
n =4, (33-35%)

375R = Ph, 4-CHy-CgHs
n =5, (28-31%)

377 (32-50%)

or ethyl chloroformate gave the corresponding 4-
oxazoline-2-thione 377 and 4-oxazolin-2-one 376.
Addition of 1,4-dichlorobutane (372) to the dianions
369 resulted in 2,3,4-triaryl-5,6,7,8-tetrahydro-4H-
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1,4-oxazocines 374, while 1,5-dichloropentane (373)
gave 2,3,4-triaryl-4,5,6,7,8,9-hexahydro-1,4-oxazonines
375. When the dianions 369 from imino ketones
368 were similarly treated with 1,3-dibromopropane
(370), the expected 1,4-oxazepines were not obtained
and 2-anilino-1,2-diphenyl-4-penten-1-ones 371 were
formed.1%®

2.8.2. Synthesis of Macrocyclic Compounds

The reaction of the conjugated N-cyclohexyl-1-
azaallylic anion 378 with aldehyde 379 gave alkyl-
ation at the y-carbon (Scheme 70). After several
functional group manipulations the hydroxy acid 382
was formed, which was lactonized to 383 with
2-bromo-N-methylpyridinium iodide followed by oxi-
dation with pyridinium dichromate.!6

Scheme 70
1) HMPA AcO 1) EtMgl
H THF, 0°C THF, -20 °C
.
| 2) Ac,0, Hy0" 2) Ac,0, DMAP
OHC 3) HCI, H,0
Lt | 2;953 oTBS
¢-CeHqN 380 (53%)
378
1) 2-bromo-N-methyl-
AcO 1ypoc, pMF HO pyridinium iodide
2) KOH, MeOH 2) PDC
AcO HO HO
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o
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o
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2.9. Synthesis of Bicyclic and Polycyclic
Compounds

2.9.1. Synthesis of Bicyclic and Polycyclic Compounds
with an Annelated N-Containing Five-Membered Ring

Deprotonation of carbocyclic enamines 245 and
reaction with 1-bromo-2-chloroethane (247) resulted
in the tricyclic enamines 246 (vide supra, Scheme
47).% Deprotonation of 2-methyl-3-(methylthio)in-
dolenines 386 with LDA and reaction with the
appropriately substituted two-carbon unit resulted
in the synthesis of the pyrrolo[1,2-a]indoles 392
(Scheme 71).117 After the alkylation with an alkyl
iodoacetate, reduction with mercaptoacetic acid, fol-
lowed by cyclization and reduction of the amide 391,
gave rise to pyrrolo[1,2-a]Jindoles 392. The latter
could also be obtained by reduction of the ester 389
to the alcohol 393 and base-catalyzed cyclization after
tosylation.

Reaction of 2-(pentafluorophenyl)propanal (394)
with allylamine (395) followed by cyclization of the
equilibrium mixture of imine 396 and enamine 397
using lithium diisopropylamide, and further depro-
tection of the N-allylindole nitrogen with rhodium(I11)
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Scheme 71
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chloride, gave 3-methyl-4,5,6,7-tetrafluoroindole (399)
(Scheme 72).118

The synthesis of indolizidine 403 (d-coniceine)
could be achieved by regioselective deprotonation of
6-methyl-2,3,4,5-tetrahydropyridine (400) at —78 °C
and subsequent reaction with 174 (Scheme 73).11°
Reaction at higher temperature resulted in increas-
ing N-alkylation. Further deprotection of the alcohol
and reduction of the double bond of the piperideine
401 with sodium borohydride and Mitsunobu cycliza-
tion furnished 403.

Using the same strategy as in the synthesis of 85,
a-alkylation of imines 404 and 405 with N,N-disilyl-
protected w-bromoamines 83 and 90, deprotection,
and transimination gave the hexahydro-2H-indoles
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Scheme 74
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406a,b and octahydroquinolines 406¢,d, which proved
to be very sensitive to oxygen, giving the o-hydroxyl-
ated imines 407a,b (Scheme 74).12° These bicyclic
imines 406a—d could be further converted into
indolines, tetrahydroindoles, quinolines, and tetra-
hydroquinolines. Treatment of bicyclic ketimines
406a and 406b with excess N-chlorosuccinimide in
CCl, at room temperature afforded 3a,7,7-trichloro-
3,3a,4,5,6,7-hexahydro-2H-indoles 408a and 408b.
These trichlorinated bicyclic imines 408a and 408b
were converted into indolines 409a and 409b and
tetrahydroindoles 410a and 410b by reaction with
base. Reaction of 3a,7,7-trichloro-3,3a,4,5,6,7-hexa-
hydro-2H-indoles 408a with excess sodium methox-
ide in methanol gave rise to either aromatization of
the azaheterocyclic moiety or aromatization of the
six-membered carbocyclic part. Under these condi-
tions 7-chloroindolines 409a and 409b and 7,7-
dimethoxy-4,5,6,7-tetrahydroindoles 410a and 410b
were formed, the latter being converted to 7-oxo-
4,5,6,7-tetrahydroindoles 411a and 411b after flash
chromatography. 7-Oxo-4,5,6,7-tetrahydroindole (411a)
was converted into 4,5,6,7-tetrahydroindole (415)
with lithium aluminum hydride in tetrahydro-
furan. Indoline 409a was oxidized either with
oxygen in methanol in the presence of salcomine
or with palladium on carbon (10%). Oxidation of
409b also occurred with formation of the dehalo-
genated 5-methylindole 413.7%° In a similar way the
2,3,4,4a,5,6,7,8-octahydroquinolines 406c and 406d
afforded, after trichlorination, reaction with excess
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potassium carbonate in dimethyl sulfoxide at 90 °C,
and oxidation with palladium on carbon in toluene,
the 8-chloroquinolines 420a and 420b and the de-
chlorinated quinoline 418 upon oxidation under re-
flux in o-xylene (Scheme 75).

Scheme 75
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A short synthesis of N-bridgehead pyrroles 425—
427 was accomplished by addition of the 1-azaallyl
anion derived from cyclic imines 400 and 421 and
422 to nitriles, followed by regioselective trapping of
the resulting diazapentadienyl anion with prop-2-
ynyl bromide (423) and cycloamination (Scheme
76).121 In this way indolizidines 426, azaazulenes 427,
and pyrrolizidines 425 were synthesized in good
yield.

Scheme 76
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X=H, Y =NH, (61%, n =3, R = Ph)
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When ethylmagnesium bromide was treated with
imine 428, formed from cyclohexanone and allyl-
amine, in benzene under reflux, 2-allylcyclohexanone
(429) and 3,3a,4,5,6,7-hexahydro-3-methyl-2H-indole
(430) were obtained (Scheme 77).122 The former

Scheme 77
N/m ) EtMgBr
benzene
A 17 h
2)aq. HCI (6 N)
428 429 (50%) 430 (30%)
Pd/C
200 cC°

HN‘T’\\

431

product resulted from Claisen-type rearrangement
after o-deprotonation of the imine 428 with ethyl-
magnesium bromide, and was isolated in 50% vyield.
430 was isolated as a side product (30% yield), and
the structure was further proven by aromatization
to scatole (431).122

The bicyclic amidine 433 was obtained by alkyl-
ation of the dianion from imidazoline 432 with 247
as biselectrophile (Scheme 78).12% Alkylation via
alkylative ring opening of THF mediated by 9-BBN
triflate led to the introduction of a quaternary ben-
zylic center.

Scheme 78
M MeO
R oMe OMe
1) s-BuLi, THF
PhIN\ _-25->0°C, 25 min LN H
Ph H 2) Cl/\/Br 247 Ph
0-5°C,16 h
432 433 (81%)
1) s-BuLi, THF
-78°C
2) 9-BBN-OTf
-78 °C, 3 min
3) NaOH, H,0,
MeO

SeSA

434 (88%, d.e. 14%)

Using the same alkylation method, the synthesis
of (—)-mesembrine (439) was accomplished.*?* Here
the imidazoline 435 was sequentially stereoselec-
tively alkylated with 4-bromo-1-butene (436) and the
triflate derivative 437 (Scheme 79). After hydrolysis
of the imidazoline 438 to the corresponding aldehyde,
conversion of the terminal olefin to the methyl
ketone, and intramolecular aldol reaction, 439 was
formed by cleavage of the amino protecting group and
subsequent cyclization.

Regioselective cyclization of the dilithiated 2-
methylbenzimidazole 441 with the 1,2-dielectrophilic
diimidoyl dichlorides 442 gave the l-arylimino-1H-
pyrrolo[1,2-a]benzimidazol-2-amines 443 and 444
(Scheme 80).%% Similar benzimidazole- and pyridone-
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Scheme 79
MeO, MeO,
1) n-BuLi, THF, -25 °C
MeO 2) g TN 436 MeO
-5--10°C,10h

N7 NH 3) n-BuLi, THF, -25 °C, 15 min MeN™ N7 NH
4) Me

M PhO,S )
TIO” >"""S0,Ph 437 N
-78°C, 12 h

435 OMe / 438 (66%, d.e.> 95%)

OMe/

N 0
mé H
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Scheme 80

n-BuLi N, Lit
@: \— THF.0°C >_
440 an |_|

Ar—N Cl

442 Cl N—Ar
THF, 0 °C

CL

A\

N

;j\H,Ar
Ar’N

443 Ar = 4-CH3CgH, (35%)
444 Ar = Ph (28%)

derived radialene-shaped pyrrole derivatives 445—
448 and 452 could be obtained by first reaction with
nitriles and subsequent cyclization with oxalic acid
bis(imidoyl)chlorides 442 (Scheme 81).1%6

Scheme 81

n-BulLi N LIt

@: \_ THF.0C >_
440 441 '-'
)R-C=N_|2)Ar—N ¢
THF, 0 °C
C' oA
AN

445R = Ph, Ar = 4- CH3CBH4 (@1%)

446 R = 4-CH3CgHj, Ar = 4- CH305H4 (40%)
447 R = Ph, Ar = Ph (33%)

448 R = £-Bu, Ar = 4-CHyCgHy (40%)

Ar—N Cl
&y Cl
== N\ 442 N—Ar 7 N\
N THF, 0 °C Y
Li 4490 AN o)
N\Ar
1)Ph—C=N | 2)Ar—N 450 Ar = 4-CH3CgHj, (37%)
451 Ar = Ph (19%)
cl _
442N Ar
Ph
HoN 7 N\
N
N o)
Ar  N—pp

452 Ar = 4-CH3CgH, (30%)

Mangelinckx et al.

2.9.2. Synthesis of Bicyclic and Polycyclic Compounds
with an Annelated N-Containing Six-Membered Ring

Similar to the reaction of Evans where the cyclic
imines 241, 243, and 244 were formed by alkylation
of imine 239 and 242 with 1-chloro-3-iodopropane
(240) and cyclization under heating (vide supra,
Scheme 47),% the alkylation of imine 453 with 240
and further ring closure yielded the tricyclic enamine
454 (Scheme 82).127

Scheme 82
Eb 1) base
Nig 2)c Y N

453 240
454

Lithiation of the chiral sulfinylketimine 455 and
annulation with 1,3-diiodopropane (456) gave the
p-enaminosulfoxide 457, which could be further
reduced with sodium borohydride to a mixture of
sulfoxides 458 and 459 (Scheme 83). Butyrylation,
dehydrosulfinylation, and oxidation yielded elaeo-
kanines A 460 and 461.1%8

Scheme 83
Q& 1)LDA 05 NaBH,
(D s — Sl e
N Tol 2) |~ NS
455 456
457 (61%)
HOS H Q
S $-1o 1)LDA n-PCHO :
N e E— N
2)A \
L e 3)PCC 460 (-)-elaeokanine A (61-62%)
o le]

H $ 1) LDA, n-PrCHO
~Tol
N 2)A
459  3)PCC

(81%; 4:4:1:1)

H
%)\/\

461(+)-elaeokanine A (58-63%)

The conjugate addition of the same chiral o-
sulfinylketimine anions, derived from 455, to o8-
unsaturated esters 462 and ring closure led to in-
dolizidinones 463 with moderate to excellent stereo-
selectivity (Scheme 84).12° The enamine function of
the latter could be reduced with sodium cyanoboro-
hydride and further desulfurized with Raney nickel.
This methodology was applied to the synthesis of
several yohimbanoids.*3® When using the o’-oxygen-
ated a-sulfinylketimines 464 and 470 for the

Scheme 84

463 (28-81%)

R', R?= (CHy)s, (CHp)s
R3 H, Me
= Me, Et, i-Pr



1-Azaallylic Anions in Heterocyclic Chemistry

conjugate addition with c-amidoacrylic ester 465, the
aminoindolizidines (—)-slaframine (468) and (—)-6-
epislaframine (469) were synthesized (Scheme 85).13!

Scheme 85
OSi-t-BuMe; OSi-t-BuMe; OSi-t-BuMe,
N “Tol 2) NHBoc NS Tl N ST Tl
464
CO,Me Q7 :
465 466 NHBoc 467 NHBoc
‘ (55%; 3:2) l
l +OAc ~OAc
H H
N N
468T ,ile 469T NH,
OSi-t BuMe2 OSi-t-BuMe, OSi-t-BuMe;,
N \ 2 O
O\/\ 1)nBuL| \SQ . \S:
~Tol 2) NHBoc NS Tol Tol
CO,Me O° :
465 471 NHBoc 472 NHBoc

(654.7%; 1:2)

The methodology developed by Evans for the bis-
alkylation of imines to introduce a piperidine ring
(vide supra) was successfully applied for the synthe-
sis of indolizidines.'®? Bisalkylation of 1-pyrroline 473
with 3-chloro-2-(chloromethyl)-1-propene (474) and
reduction of the resulting iminium ion with sodium
borohydride gave the indolizidine 475 (Scheme 86).

Scheme 86
OBOM 1) n-Buli H OBOM

474 —Cl

473 3) NaBH, 475 (85%)

Analogously, the reduction of the intermediate
iminium salts 478, formed by alkylation of 1-pyr-
rolines 421 and 476 or 400 with 1,3- or 1,4-dihalo-
alkanes 477, resulted in the synthesis of indolizidines
479a—d, quinolizidines 479f—h, and some higher
homologues, such as 1-azabicyclo[5.4.0]Jundecane (479i)
(Scheme 87).133

The synthesis of isoquinolines 482 could be achieved
by the intramolecular reaction of the 1-azaallylic
anion generated from (2-bromobenzyl)ketimines 480
and 481 (Scheme 88).13* Cyclization of the corre-
sponding N-(2-chlorophenyl)imine 483 to 2-phenyl-
indole 484 needed irradiation however.3*

Treatment of the alcohol 485, after conversion to
the corresponding triflate, with the metalloenamine
486, derived from N-cyclohexylacetaldimine and LDA,
followed by hydrolysis under mild acidic conditions
gave the aldehyde 487 (Scheme 89). This aldehyde
was condensed with (aminomethyl)tri-n-butyl-
stannane to give the (2-azaallyl)stannane 488. The
(2-azaallyl)stannane 488 participated in intra-
molecular cycloadditions with the alkene and was
further transformed, yielding the Amaryllidaceae
alkaloids (—)-amabiline (489) and (—)-augustamine
(490).1%
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Scheme 87
R
1) LDA, THF
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488 (100%)

mé
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2.9.3. Synthesis of O-Containing Bicyclic and Polycyclic
Compounds

Treatment of oxetane 492 with the bromomagne-
sium salt of imine 491 derived from cyclohexanone,
followed by acetic acid hydrolysis, gave the hemi-
acetal 493 in 80% vyield (Scheme 90). When the
lithium salt of imine 491 was used, the yield dropped
to 38%.%%6 The reactions of the bromomagnesium and
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Scheme 90
1) EtMgBr, THF
A 2h OH
O//N\O or n-BuLi, 0 °C (IOJ
2 3
492 493 (80%) (EtMgBr)
25°C,19h (38%) (n-BuLi)
3)HOAc, it, 2 h

lithium salts of imine 491 with propylene oxide
however produced the corresponding open-chain keto
alcohols.

Highly functionalized bicyclic ethers 500 and 501
are accessible by the annulation of 1,4- and 1,5-keto
aldehydes 497 and 498 with the conjugated bis-
(trimethylsilyl) enol ether 499, derived from methyl
acetoacetate (Scheme 91).2%” The keto aldehydes can

Scheme 91
NGt o}
L DLDA O%\L{ PdCl,, O,
2) W "N benzoquinone
494 Br 496

Me,

o TMSO OTMS
H MOMG ( lo)
=COMe 499 ¥
cat. Lewis acid COMe

497 n=1(54%) CH,Cl,, -78 °C 500 n =1 (75%)
498 n = 2 (46%) 501 n =2 (63%)

be prepared by alkylation of cyclohexylimine 494
with allyl bromide (495) or 4-bromo-1-butene (436),
followed by Wacker oxidation, utilizing oxygen in
the presence of palladium(ll) chloride and benzo-
quinone.

Condensation of (-hydroxy ester 503 with the
lithium anion of N-tert-butylbutyraldimine (502)
afforded the keto imine 504 (Scheme 92). Acid treat-
ment resulted in cyclization and concomitant epimer-
ization to the Cbz-protected pinnamine 505.138

Scheme 92
rBu
x N H
N~ BY 1) LDA, THF, 0 °C }\; oH
/\)J\H 2) HQ /nm X
502 . o]
MeOzC“" 504 (73%)
503 TFA, THF
H,0, it

505 (91%)

Alkylation of the magnesium bromide salt of
ketimine 506 with the tosylate 507 in THF afforded,
after acid hydrolysis, the keto olefin 508 (Scheme
93).1%% The latter is the key intermediate in the
synthesis of o-multistriatin (510), a component of the
aggregation pheromone of the European elm bark
beetle, Scolytus multistriatus. Epoxidation of 4,6-
dimethyl-7-octen-3-one (508) with m-chloroperoxy-
benzoic acid, followed by intramolecular acetalization

Mangelinckx et al.

Scheme 93

O\ 1) EtMgBr, THF
N A,8h

NP = W
2 V
506 ) _>J °©
TsO 507 508 (71%)
5°C-rt,45h; mCPBA
A, 1h benzene
3) aqg. HCI (10%) 10 C rt
A, 25h
SnCI4 M‘/\
benzene
t,20 h
510 ( 3% from 508)
o- R! R®
B: ya 34:1:7:58 .
R? R
O
(0]

R" R? R® R*
510« H CH; H CH;3
B CH3 H CH; H

Y H CH3 CH3 H

8 CH; H H CH;y

with SnCl,, gave acetals 510 in good yield, with 34%
of the biologically active 1a isomer 510.13°

2.9.4. Synthesis of N,O-Containing Bicyclic and Polycyclic
Compounds

Instead of leading to the expected substitution
reaction, the addition of N-(2-bromoethyl)phthalimide
(513) to the 1-azaallylic carbanion 512 resulted in
the formation of tricyclic heterocycles 515 (Scheme
94).140 These 9b-functionalized 2,3-dihydro-[9bH]-

Scheme 94
0
N/\/BI'
N'R Lit N'R 513
LDA, THF, 0 °C 2 0
\HJ\H FMPA \%\H - _
511 512 THF, it
o o)
oy ~
. .
N, N,
H R H R
514 515 (60-70%)

oxazolo[2,3-a]isoindoline-5-ones 515 were formed by
addition of the anion 512 across the imide carbonyl
function and further ring closure. The phthalimide
function proved to be an inappropriate N-protecting
group for the synthesis of masked w-aminoaldimines
from the substitution reaction of the 1-azaallylic
carbanions 512 with 513.

Exocyclic metalation of imines 421 and 400 with
LDA, followed by aldolization with benzaldehyde and
reduction with DIBALH, gave the amino alcohols 516
and 517 as one diastereomer (Scheme 95). These
amino alcohols 516 and 517 could be further trans-
formed to the oxazines 518 by reaction with 4-nitro-
benzaldehyde.'! Similarly, reaction of the dianion of
2-methylbenzimidazole 441 with benzophenone and
subsequent treatment with dielectrophilic carboxylic
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H H,
~ LDA THF, 20°C th
«N 2)PhCHO, -78 °C NH OH
3)DIBALH, 78°C >l go 4 700

42101
400 n =2 NaF. HO 517 n = 2 (72%)

Scheme 95

4-NO,CgH,CHO

A, CeHe
H Ha
H_J~ph
N/)-o
W CoHy-4-NO,

518

acid dichlorides resulted in formation of medium-
sized lactones.142143

3. Hydrazone Anions

During the past few decades 1l-azaallylic anions
derived from hydrazones have been extensively stud-
ied by NMR,#47147 X-ray,148-150 and theoretical cal-
culations,®1152 disclosing their ability to act as
synthetic equivalents of enolate ions. They proved to
have a greater efficiency of anion formation, lack of
side reaction products, stability for hydrolysis or
oxygenation in the absence of O,, CO,, and H,0, and
higher reactivity toward electrophiles such as ha-
lides, 2H-azirines, and carbonyl compounds (vide
infra). Thus, hydrazone anions represent appealing
reagents for asymmetric synthesis. In addition, when
a chiral auxiliary is located at the nitrogen substit-
uent(s), the procedures are amenable for enantio-
selective syntheses. A lot of examples are known in
the literature; in particular anions derived from
SAMP- and RAMP-hydrazones 519 and 521 have
been extensively studied and recently covered by a
review (Scheme 96).4153.154

Scheme 96
MeO™
, . 9
Nl N? ase _ N’N
2
R \/I\R1 OMe %\R1
R2
SAMP-(S)-519 520
0 Meob
B
NI,N / ase _N,N
2 .
R \)\R1 OMe %\R1
R2
RAMP-(R)-521 522

3.1. Structural Data

Deprotonation of keto hydrazones was reported to
proceed with equimolar amounts of sodium hydride,
sodium or potassium amides (NaNH,, KNH;) in
liquid ammonia, lithium or potassium dialkylamides
(LDA, LiNEt,, KDA), and n-BuLi or t-BuLi in THF
(or Et,0).28144 Although it is univocally reported that
the less substituted syn-C—N anion 525 is the more
stabilized (Scheme 97), it is still not clear how it is
formed. First evidence on the regioselectivity of the
deprotonation anti to the nitrogen lone pair'#* did not
match further confirmations with N,N-dimethyl-
hydrazones derived from acetone, suggesting that
steric effects, as well as electronic factors, could be
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Scheme 97
R! R R!
| | |
r2-Ney LDA re-Ney -t Lisp-Nege
Rs\)\ THF RS\/& Rs\A
523 524 525
E{-
R! R!
| |
RNy -— NNR2
RaJ\ RB\)H
E E
527 ifE>>R3 526

involved in the regioselectivity of these reactions.
1-Azaallylic anions 525 upon treatment with elec-
trophiles (alkyl halides, carbonyl compounds, ...)
produce the regioselective (Z)-C—N hydrazone 526
that reequilibrates to the more stabilized E products
527 (according to the steric hindrance of the electro-
philes used).144.147.152.155

The use of N,N-dimethylhydrazone 528 derived
from 4-tert-butylcyclohexanone led to selective axially
monoalkylated products at the a-carbon atom 145148156
(Scheme 98), a clear advantage as compared to

Scheme 98
MezN NMez MezN
R-X
tBu

analogous enolates, which exhibit mediocre selectiv-
ity toward axial alkylation.'>"~1%° Moreover, an electro-
negative substituent (SR, OR, ...) at C-2 drove the
deprotonation toward the more substituted carbon
atom, without affecting the axial alkylation prefer-
ence.’® When an ester group was present at the
o-position of the hydrazone moiety, not only was the
methine deprotonated but the alkylation resulted in
low axial selectivity. Further studies showed how the
substituent(s) on the cyclohexanone imine could
influence the stereochemistry, the axial position still
remaining more favored.148149

X-ray and theoretical studies on hydrazone lithio-
anions were done to try to explain the often >98%
axial selectivity. Earlier hypotheses reported chela-
tion'47.156 and orbital symmetry to explain the strong
preference for the substituent on the imine nitrogen
atom to orient Z to the carbanionic carbon.160.161
These suggestions were revitalized a few years later,
giving a significant contribution of the syn stabiliza-
tion to the lithium chelation effect.!*® Theoretical
evidence described the syn-C—N isomer as the fa-
vored one up to 4.5 kcal/mol.1° The thermodynamic
preference for the syn isomer arises from electron-
repulsion consideration of the free electron pair of
the sp? nitrogen and the anion at C-3.1%1%2 |t was
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Scheme 99
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discovered that the syn orientation arises from
stereoelectronic preferences and coordination face
selectivity. Although first evidence led to the con-
clusions that aggregation effects drive the stereo-
selectivity, further experimental analysis demon-
strated that the stereoselectivity of hydrazone alkyl-
ation does not derive from an anion aggregation effect
but rather from stereoselective alkylation of bis-
solvated monomeric lithium derivatives.'5!

3.2. Reactivity of Hydrazone Anions

1-Azaallylic anions generated from hydrazones
underwent a series of reactions, similarly to anions
derived from imines, to generate N- and O-hetero-
cycles. In addition, N-monosubstituted hydrazones
were treated with 2 equiv of bases, affording bidental
nucleophiles that were trapped with w,w'-dielectro-
philes (see reaction a in Scheme 99) or carbonyl com-
pounds (see reactions b and c) to give diazahetero-
cycles.

) RN. R!
RN \ -
]

TR IS

Mangelinckx et al.

Lg, LG' = leaving group

Y z
RN, H;0" 1
N \OH 3

R1 N

N elaboratlon

)\f C)

"N" = protected amino group
or amino equivalent

"O" elaboration

20

= protected alcohol group
or alcohol equivalent

LG, LG' = leaving group
B: = base

ey

In one case doubly deprotonated N,N-unsubstituted
hydrazone anions reacted at nitrogen by addition at
the nitrile moiety of acetonitrile and subsequently
ring closed to triazaheterocyclic compounds in the
presence of a base. Similar to imine anions, N,N-
disubstituted hydrazone anions reacted with func-
tionalized electrophiles bearing a nucleophilic moiety
(see reactions d and e in Scheme 100). The latter
included an amino function or amino equivalent, i.e.,
azides, easily reduced to amines (see reaction d).
After hydrolysis, N-heterocycles were generated upon
condensation of the amine toward the keto function-
ality. Moreover, a protected alcohol function or
alcohol equivalent was introduced via deprotonation
of N,N-disubstituted hydrazones and reaction with
electrophiles functionalized with a protected alcohol
function or alcohol equivalent. Further cyclization by
addition across the hydrolyzed hydrazone function by
the alcohol resulted in O-heterocycles (see reaction
e).
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N,N-Disubstituted hydrazone reacted with bis-
electrophiles, affording functionalized hydrazones.
Intramolecular substitution was then achieved in the
presence of a base (see reaction f in Scheme 101).
Instead, N-heterocycles were formed when function-
alized hydrazones were reduced at the hydrazone
moiety to the amine and further cyclized (see reaction

9).

3.3. Synthesis of Five- and Six-Membered
Heterocyclic Compounds

3.3.1. Synthesis of Siladiazacyclopentenes and
Triazolines

The 1-azaallylic dianion, generated from hydrazone
531 with 2 equiv of butyllithium at —78 °C, was
trapped with difluorodialkylsilanes 532 to synthesize
siladiazacyclopentenes 533 (Scheme 102).163-165

Scheme 102
1
% 1) BuLi R
NP —— RZ—,S'—>\
R —
)J\ 2) S ) Ph N‘N/
531 FER 533

532

Lithium 1-azaallylic anion of the N,N-unsubsti-
tuted hydrazone of acetone 534 added across aceto-
nitrile in the presence of tert-butyl chloride to yield
an amidrazone, which was then cyclized to triazoline
535 (Scheme 103).166

Scheme 103
1) MeLi, -78 °C
2) FeClz, MeCN,
N VHz t-BuCl, Et,0

M 3)neot @),
Pb(OAC).,
534 K,CO,

N
NxN\é

3.3.2. Synthesis of Pyrroles, Pyrrolines, and Pyrrol-2-ones

Numerous condensation and alkylation—ring clo-
sure reactions of acetone hydrazones leading to
heterocycles have been reported. Alkylation of the
1l-azaallylic anions of hydrazone 536 with S-iodo-
azides 537 followed by hydrolysis and treatment with
triphenylphosphine afforded 1-pyrrolines 538 (Scheme
104).167

Scheme 104
1) BuLi, THF
+NMe, N
N 2)™s | 537
P 5 el P
R
3) hydrolysis
536 (41-56%) 538a-c
R = Me, c-Pr 4) PhsP, Et,0
R'=H, n-Bu (84-93%)

o-Phosphorylated hydrazones were regioselectively
deprotonated at the functionalized o-position and
alkylated with activated halides 540, bearing an
alkoxycarbonyl moiety. Moreover, treating the result-
ing phosphinylhydrazones 542 with LDA, followed
by aqueous workup, gave 1-aminopyrrol-2-ones 541
in 84—89% yield. Likewise, 1-aminopyrrol-2-ones 541
were synthesized in one pot from hydrazones 539,
performing the deprotonation with 2 equiv of LDA
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Scheme 105
R 1) 2 equiv. LDA, RlL R
N, THF, -78 °C N
N R e, N o
2) BI’CHchZEt
78°Cont 40 \
539 P(O)Ph (65%) Phy(O)P" g4
1) LDA, THF, 1) n-BuLi, R', R? = Me
-78 °C or Cul (0.5 equiv.), R'=R?= SAMP, RAMP
2) Br-CH;CORE| -B5%°HCCO Bt
-78°Ctort ) BCHC0EL (84-89%) | -OEt
R f
\ R 1 2
N<_2 | 0 R\, .R
N R LDA, o N =~ /) N
THF |RT N OEt N Co
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542 (44-79%) 543 544

in the presence of ethyl bromoacetate, resulting in
65% vyield (Scheme 105). Attempts to extend the
methodology to the analogous phosphonates were
unsuccessful, as only the starting reagents were
recovered.68

Furthermore, hydrazone anions, as well as oxime
dianions, were evaluated for the synthesis of 2H-
pyrroles and isoxazolines (vide infra) when reacted
with 2H-azirines. N,N-Dimethylhydrazone anions
545 added across 2H-azirines 546 with the forma-
tion of 2H-pyrroles 550, including aziridine adducts
547 and 548, and allylamines 549 as intermediates
(Scheme 106).16°
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Beam and co-workers have extensively investigated
the synthesis of pyrazole derivatives. Their major
challenge included reactions of dilithiated hydrazone
and oxime anions with esters and related electro-
philes, and their ring closure to pyrazole and isox-
azole derivatives via Claisen-type condensation—
cyclization reactions.’%17! In this matter, one-pot
acylation reactions of N-phenylhydrazone dianions
552 and subsequent acid-catalyzed ring closure fur-
nished pyrazoles 554 (Scheme 107, route a).t72-175
Following the same condensation—cyclization proc-
ess, starting from N-unsubstituted hydrazone, 1H-
pyrazoles were synthesized.’®

In the same way, condensation of l-azaallylic
anions 552 with aldehydes and subsequent treatment
with acid gave 2-pyrazolines 555 (Scheme 107, route
b).177

The previous reported strategy was further applied
for the preparation of 2-phenyl-4-(1H-pyrazol-5-yl)-
quinolines 559 (Scheme 108).178 The same synthetic
procedure could not be extended to dilithiated oximes
and alkoxycarbonylhydrazone anions, because only
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Scheme 107
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C-acylation occurred without subsequent cyclization
to the isoxazole analogues.t®

When the electrophile is represented by ethyl
4-methyl-5-imidazolecarboxylate 561, imidazolyl-
pyrazoles 562 were produced (Scheme 109).17° In
analogy, imidazolylisoxazoles were synthesized from
dilithiated oximes (vide infra).

Scheme 109
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560, Ar = Ph, 4-MeC¢H, 562 a-b (20-53%)

Hydrazones, bearing an alkoxycarbonyl moiety at
the terminal nitrogen, can be doubly deprotonated
and then monoacylated at carbon with a variety of
carbonyl compounds, including esters, acyl chlorides,
and amides, to give N-alkoxycarbonylpyrazoles 568
(Scheme 110, route a).18%18% Alternatively, 1-azaallylic
563 anions react with o-halo ketones 564, such as
1-chloro-2-propanone, 3-chloro-2-butanone, and 1,3-
dichloro-2-propanone, giving N-alkoxycarbonyl-2-
pyrazoline derivatives 566 (Scheme 110, route b).181182

In a similar way, dilithiated N-alkoxycarbonyl-
hydrazones 563 reacted with methyl benzoates 569
and methyl salicylates 571 to afford pyrazoles 570a—v
and benzopyranopyrazoles 572a—t, respectively
(Scheme 111).175183.184

Moreover, as described for N-phenylhydrazones,
dilithiated N-benzoylhydrazones 573, metalated in
the presence of an excess of LDA, were condensed
with methyl benzoates. The resulting benzoylated
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intermediates 574 were cyclized in acid medium to
N-benzoylpyrazoles 575 (Scheme 112).17°
N-Benzoylhydrazone and N-phenylhydrazone de-
rivatives 576 are suitable for the synthesis of 5-phen-
acylpyrazoles 577 via a condensation with lithiated
ethyl benzoyl acetate (Scheme 113).17°
Deprotonation of N-phenyl-a-phosphinylhydrazone
578 with 2 equiv of lithium base gave a Horner—

Scheme 113
_Lit QU
N 1) Ph—C=C—COOEt CH,COPh

)"f\ R THF, 0°C /<:<

_ X N~
AT NG 2) 3N HCI, A A’ N R
576 577 (18-88%)
R = Ph, COPh

Ar = Ph, 4-MeCgHy, 4-MeOCgHj, 4-BrCgH,



1-Azaallylic Anions in Heterocyclic Chemistry

Wadsworth—Emmons-type reaction upon addition of
benzaldehyde (579) and benzophenone (582). Fur-
thermore, pyrazole 581 was produced by intra-
molecular Michael addition induced by heating at 100
°C in toluene (Scheme 114).18> Addition of 582 to the
lithiated hydrazone afforded dihydropyrazole 583,
while the corresponding 1-azadiene intermediate was
not isolated.®

Scheme 114
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2 @ | THF
)L )

Ph” "Ph 582

In a similar way, anions derived from o-phosphor-
ylated N,N-dimethylhydrazone 584 were trapped
with isocyanates 585 (X = O) and hydrolyzed to
obtain phosphine oxides 586, in equilibrium with its
enamine form 587. Such a mixture was cyclized to
pyrazoles 590 (X = O), in the presence of phosphorus
oxychloride and triethylamine (Scheme 115). Acid-
induced amino cleavage with 2 N hydrochloric acid
led to the corresponding pyrazolin-5-ones 591 in 89%
yield.

Scheme 115
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591

When isothiocyanates 585 (X = S) were used
instead, pyrazolylphosphine sulfides 590 (X = S) were
isolated, disclosing the tendency of a spontaneous
oxygen—sulfur exchange (Scheme 115).186

Pyrazoles 590 (X = O) were also obtained in a one-
pot reaction upon stirring for 2 h at —78 °C, involving
the addition of isocyanate to the lithiated N,N-
dimethylated a-phosphinylhydrazone and phos-
phorus oxychloride at —78 °C.
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In two cases, in situ generated 1-azaallylic anions
underwent internal rearrangement to N-arylpyr-
azoles 596 and 1H-pyrrol-2-ones 600, respectively
(Schemes 116 and 117).187.188 Thus, one-pot reaction

Scheme 116
— 1 —
ArHN., R
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of arylhydrazones 592 and the carbanion of diethyl
(ethylthiomethyl)phosphonate (593) included the for-
mation of azaenolate intermediate 594 that suffered
rearrangement to 3,4-disubstituted pyrazoles 595
(Scheme 116).18 Moreover, condensation of a-cyano
ester 598 with conjugated azoalkenes 597 in the
presence of a catalytic amount of sodium methoxide
led to adduct 599, which was smoothly cyclized to
1-amino-3-cyano-1H-pyrrol-2(3H)-ones 600 by sodium
hydride addition (Scheme 117).187

The enantioselective total synthesis of the two
major stereoisomers of natural stenusine, the spread-
ing agent of the beetle S. comma, has been developed
from the SAMP and the RAMP derivatives (S)-601
and (R)-605, respectively.*®® The key step involved
the alkylation of the 1-azaallylic anions derived from
the SAMP/RAMP-hydrazones with (S)-1-bromo-2-
methylbutane (602). By several steps, including
cleavage of the N—N bond by lithium in ammonia at
—33 °C, Boc protection of the amine, O-mesylation,
and finally deprotection—ring closure, the appropri-
ate stenusine enantiomer was obtained (Schemes 118
and 119). The same synthetic strategy was applied
for the SAMP- and the RAMP-hydrazones 601 and
605, affording (+)-(S,S)- and (—)-(S,R)-stenusine (604
and 606) with >99% ee and 11.3% and 8.2% overall
yields, respectively.18°

The SAMP/RAMP synthetic strategy was applied
for the synthesis of 2-substituted piperidin-3-ols 610.
This skeleton is represented in numerous natural and
unnatural bioactive compounds, such as x-opioid
receptor agonists, GABA receptor binders, and the
antimalarial (+)-febrifugine. Treating the SAMP/
RAMP-hydrazone 607 with LDA in THF at —78 °C
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resulted in the corresponding lithiated hydrazone
that was trapped with iodoacetal 608. Addition of
different lithiated nucleophiles to the intermediate
609 gave an unstable hydrazine which, upon subse-
quent removal of the chiral auxiliary by BH3; THF
in refluxing THF, acid-catalyzed silyl ether cleavage,
and reduction of the resulting endocyclic imine, led
to 2-substituted piperidin-3-ols 610 in 13—29% over-
all yield (Scheme 120).1%

Scheme 120
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Moreover, the lithiated SAMP-hydrazone of 611
underwent diastereo- and enantioselective nucleo-
philic Michael addition across methyl crotonate (612).
The resulting adduct was enolized with LDA in THF
and reacted with organometallic compounds, e.g.,
alkyllithiums with or without added cerium(lIl)
chloride, to give ester 613. Subsequent hydrogenoly-
sis and spontaneous cyclization during hydrogenoly-
sis over Raney nickel resulted in 4,5,6-trisubstituted
piperidin-2-ones 614 in more then 99% ee (Scheme
121).191

The use of magnesium monoperoxyphthalate hexa-
hydrate (MMPP) led to the reduction of the SAMP-
hydrazone 615 to d-alkoxycarbonylnitrile derivative
616, generated as previously reported through 612.
Then, reduction with Raney nickel in methanol
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afforded cis-4,5-dimethylated piperidine-2-ones 617
(Scheme 122).192

An efficient synthesis of chiral 1,4-dihydropyridines
621 via an asymmetric Hantzsch-type reaction of
metalated chiral alkylacetoacetate hydrazones was
disclosed (Scheme 123).1%3

Scheme 123
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Phosphinylhydrazones 539 led to 5-phosphinylated
1-amino-3,4-dihydropyridin-2-ones 622 in 88% yield
via an alkylation—deprotonation—ring closure se-
guence, as previously described for pyrrol-2-ones 541.
When performed in a one-pot reaction, dihydropyri-
dine 622 was obtained in 67% yield (Scheme 124).168

N,N-Dimethylhydrazones 623 were regioselectively
deprotonated by LDA in THF at —20 °C, and subse-
qguently alkylated at —78 °C with 2-(2-bromoethyl)-
1,3-dioxolane (624) in HMPA. The resulting hydra-
zone acetal derivatives 625 were then ring closed
with acetic acid to give pyridines 626 in moderate to
good yields (Scheme 125).1%4
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Scheme 124
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An interesting application of the latter proce-
dure concerned the synthesis of 1-aza-9-hydroxy-
5,6,11,12-tetrahydrochrysene (631).1% Tetrahydro-
chrysenes represent a class of donor—acceptor sub-
stances used as fluorescent ligands for estrogen
receptors. The tetracyclic heterocompound 631 was
prepared via lithiation of hydrazone 627, followed by
substitution with the dimethyl acetal of 3-bromo-
propanal 628, acid treatment, and cleavage of the
methyl ether with boron(I11) bromide (Scheme 126).19
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A straightforward enantioselective synthesis of (R)-
2,3-dihydro-2,5-dimethyl-2-isopropylfuran (638) is
described through hydrolysis of the hydrazone moiety
of alcohol (R)-635, by copper(ll) chloride and subse-
quent ring closure. Hydrazone 635 was easily acces-
sible via alkylation of the N,N-dimethylhydrazone of
acetone 634 with (S)-1-(tosyloxy)-2,3-dimethyl-2-
butanol (633) (Scheme 127).2% The isopropyldihydro-
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furan 638 in the presence of water at room temper-
ature exists in equilibrium with its chain-opened
form 636 and the tetrahydrofurans 637 and 639.
Dihydrofuran 638 is the sex-specific pheromone of
females of the beetle Hylecoetus dermestoides L.
The latter alkylation—cyclization protocol was ap-
plied for the enantioselective synthesis of 3,4-disub-
stituted 2-acetoxybutyrolactones.’®” Aldol adducts
were generated upon reaction of 1-azaallylic anions
of SAEP [(S)-1-amino-2-(1-ethyl-1-methoxypropyl)-
pyrrolidine] hydrazone 640 and aldehydes in 82—94%
yield and 78% to >98% de, followed by lactonization
with KO-t-Bu in THF at —30 °C (Scheme 128).

Scheme 128
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_ eon L/
Acd  H tam a0 R
643 644

R'=Ph, s-Bu, i-Pr,
CeH13, 4-MeOCgH,

Further, alkylation with methyl iodide or benzyl
bromide afforded 3,4-disubstituted hydrazonelactones
in 51-66% yield and 97—98% de. After cleavage of
the hydrazone moiety by ozonolysis, the unstable
o-keto lactones were immediately acetylated to
butenolides 642. The butenolides 643 were obtained
from ozonolysis and acylation of SAEP-hydrazones
641. Hydrogenation of 642 and 643 with palladium
over carbon (or CaCOs3) in ethanol afforded 2,4- and
2,3,4-substituted butyrolactones 644 in 57—87% yields
and ee > 89%.%7

The useful methodology for the generation of the
1l-azaallylic anion derived form a-hydrazono esters
was applied to pyruvic acid dimethylhydrazone (645).
Two equivalents of methyllithium was needed to
generate the strongly ambident anion 646, which
condensed with a series of aldehydes and ketones to
form y,y-disubstituted 2-hydroxybutenolides 648 upon
acid workup (Scheme 129).1%

Scheme 129
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The same synthetic strategy could be extended to
N-sulfonylhydrazones derived from acetone. Treat-
ment of N-sulfonylhydrazone 649 with 2 equiv of
n-butyllithium at —70 °C gave the dianion 650,
which, under Shapiro conditions, led to the formation
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of trianion 651.2°° Increasing the temperature to 3
°C resulted in vinyl carbanion v. The latter was
trapped with carbon dioxide to give carboxylate vi,
and quenched with trifluoroacetic acid to cyclize to
o-methylene-y-lactones 652 in 40—73% yield (Scheme
130).2°° When the carbonyl electrophile was repre-

Scheme 130
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sented by [2.2.1]hept-2-en-5-one, the spirocyclic lac-
tone 653 was obtained in 61% yield. Upon flash
vacuum pyrolysis at 550 °C, a retro-Diels—Alder
reaction was induced to afford 3,5-dimethylenel-
actone 654 in 83% yield (Scheme 131).2%%

Scheme 131
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1-Azaallylic anions were applied in the synthesis
of (—)-malyngolide and (+)-epi-malyngolide, two natu-
rally occurring compounds of the marine algae
Lynbya majuscula, which display antibiotic activ-
ity.?02 The key step in the synthesis of (-)-(S,R)-
malyngolide was the [3,3]sigmatropic rearrangement
of allyloxycarbonylcyclopentanone RAMP-hydrazone
(R)-655 after treatment with an excess of lithium
tetramethylpiperidide (Scheme 132). Further elabo-
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ration in five steps led to the natural product 658
with 96% ee and 10% overall yield.?%3

The synthesis of the analogous (+)-(S,S)-epi-
malyngolide (661) started from a bis-a,a’-dialkylation
reaction of the RAMP-hydrazone 659, derived from
2-ethoxycarbonylcyclopentanone. Upon oxidative cleav-
age of the chiral auxiliary with ozone in pentane at
—78 °C, and Baeyer—Villiger oxidation, (+)-(S,S)-epi-
malyngolide was formed in six steps and 23% overall
yield (Scheme 133).203
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3.4. Synthesis of Bicyclic and Spiro Heterocyclic
Compounds

Besides the numerous syntheses for the generation
of regular heterocyclic systems (pyrroles, pyrazoles,
piperidines, ...), anions derived from hydrazones
represent useful building blocks for the construction
of natural and unnatural biologically active com-
pounds, such as unsaturated macrolides,?** the
in,out-tricyclo[7.4.1.0]tetradecan-14-one (the base ring
of ingenol),?%® (+)-paspalicine and (+)-paspalinine,?°®
pectenotoxin-4,2%7 epothilone E,?°8 ferensimycin B,?%°
(+)-frontalin, the aggregation pheromone of Dendroc-
tonus beetles,?? (£)-pumiliotoxin C,2* 2,3,4-tri-
substituted y-lactones,?'? ionophore A-23187,2%3 the
antibiotic X-206,2* and the oxazole side chain of
leucascandrolide A.?'®> The syntheses of such
compounds arose from the Corey—Enders protocol,*>®
or included it as a key-step reaction, followed by
multistep sequences to match the required hetero-
cycles.

3.4.1. Synthesis of Cyclopenta|c]pyridin-7-ones,
Tetrahydroquinolines, and Qumomes

An elegant one-pot synthesis of 3-methyl-1-propyl-
5,6-dihydro-7H-cyclopenta[c]pyridin-7-one (666) was
discovered via 1,4-addition of the cuprate 662, de-
rived from the anion of acetone N,N-dimethylhydra-
zone, to cyclopentenone (664) at —78 °C in THF,
followed by acylation of the resulting enolate with
butyryl cyanide 663 and subsequent acid-catalyzed
cyclization, induced by refluxing the hydrazone ad-
duct 665 in acetic acid for 4 h (Scheme 134).2'6 In a
similar way, hydrazone anions derived from 2-
methylcyclohexanone, acetone, ... in combination with
o,f-unsaturated systems, including 2-cyclopentenone,
2-cyclohexenone, 5,5-dimethyl-2-cyclohexenone, and
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Scheme 134

Mezl\'j, /gCN
o) THF
€ B 8
N 864
662 \\< NMe,

carboxynitriles, were utilized in the synthesis of
pyridine derivatives in low to good overall yield (14—
82%).2%6 The latter procedures are the precursor of
the multicomponent reactions (MCRs) of the new
generation.?!’

The dimethylhydrazone deprotonation—alkylation
sequence was shown to be a valuable tool in the
synthesis of tetrahydroquinoline 669 derived from
(+)-camphor, whereas thermolysis of camphoroxime
O-allyl ether or condensation—ring closure of (+)-3-
(3-oxobutyl)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-
one with hydroxylamine failed, giving poor yields or
retroreaction, respectively. In this matter, camphor
N,N-dimethylhydrazone (667) was deprotonated with
butyllithium at —78 °C in THF and alkylated with
624, as previously described by the same authors in
the synthesis of pyridine derivatives (Scheme 125).
Moreover, refluxing the resulting acetal 668 in acetic
acid or in carbitol afforded tetrahydroquinoline 669
in 80% yield (Scheme 135).218

666 (65%)
665, X = NNMe,

Scheme 135

I O glacial N
/ NMe n -BuLi HOAc B
2) O HCI (cat (cat.) Z

O 624 668 (66%) 80%
-78 °C,
THF

Quinolines 672 were prepared via addition of
N-alkoxycarbonyl and N-benzoylhydrazone dianions
670, starting with two molar equivalents of LDA, to
isatoic anhydrides 671 followed by acid hydrolysis in
9—70% yields (Scheme 136).2%°

Scheme 136
ZN Lt \Q\)‘\ 3
i r ij
it 671
R1)J\’, Li R’ N/
2 2) HCI-H,0
670 | Y HoHH, 672
9-70%
Z = COOMe R', R? = (CHp)s, (CHo)s

CoPh (CHz)p, R®=Cl
R' = 4-CICgH,, 4-MeCgH,
R?=H, Me; R®=H, CI

3.4.2. Synthesis of Bicyclic Compounds with an
Annelated N-Containing Six-Membered Ring

The 5,8-disubstituted indolizidine 167B (684) (R?
= H), which presents structural similarities to the
cardiotonic pumiliotoxins, has been synthesized via
direct lithiation of N,N-dimethylhydrazone 673
and subsequent regioselective alkylation with allyl
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bromide. Conversion of the hydrazone 675 (X =
NNMey) to the corresponding oxime 676 (X = NOH)
and reduction with sodium cyanoborohydride gave
rise to an unstable N-alkenylhydroxylamine. Upon
condensation with 4-acetoxybutanal the sole (Z2)-
nitrone was formed, which underwent intramolecular
dipolar cycloaddition to isoxazolidine 677 in refluxing
toluene. Alkaline hydrolysis of the acetate, mesyl-
ation followed by spontaneous cyclization, and reduc-
tive N—O bond cleavage (Zn/HOAc) gave the 5,8-
disubstituted indolizidine 679. Further, oxidation
with Jones reagent, acylation, and decarboxylation
via the seleno ester yielded indolizidine 684 (R? =
H; Scheme 137).220.221 The same strategy applied to

Scheme 137
.NMe, 1) n-BuLi, THF 7
/\)J\ — &
2) g 674
673 THF, -78 *Cto rt
675, Z = NNMe,
91% a( 676, Z = NOH
1) NaCNBH3, MeOH,
-10°C
2) 4-acetoxybutanal, | 40%
CH,Clp, O °C
3) PhMe, A
1) MsCl, TEA
/\% CH2C|2 2
2) Zn, AcOH o—
on H20. 60°C 0 OR
0
. E 680, R? = CH,OH 95% 677 R < A
681, R? = COH s R1=AC
2 (C 678, R; = H

o( 982, R? = cocCl
fc 683, R = COSePh
684, R =H

a = NH,OH HCI, NaOAc, EtOH, rt (97%]); b = K,CO3 (cat.), MeOH, rt
(84%); ¢ = Jones reagent, acetone, rt (67%); d = (COCI),, DMF
(cat.), CH,Cly, it; e = PhSeH, py, THF, PhH, rt (78%, two steps);

f = n-BuzSnH, AIBN (cat.), PhH, A (62%)

oximes led to indolizidines 235B and 235B', respec-
tively. The latter heterocycles are important phar-
maceuticals, with partial agonist activity for the
nicotinic acetylcholine receptor.???

The enantioselective synthesis of 5,8-disubstituted
indolizidines (—)-2091 and (—)-223J (692a,b), isolated
from the skins of dendrobatid and metelline frogs,
started from the asymmetric alkylation of pentanal
RAMP-hydrazone to give acetal 686 in 81% yield and
90% de. Addition of a-functionalized organocerium
reagent across the carbon—nitrogen double bound
furnished hydrazine 687 in an asymmetric manner.
The latter was converted to N-benzyloxycarbonyl-
pyrrolidine 688 via a multistep sequence, involving
cleavage of the N—N bond, desilylation, and further
manipulation to afford the cyclized pyrrolidines 688
in 71% yield. Thus, hydrogenolysis followed by acid
hydrolysis in the presence of potassium cyanide
(Husson’s protocol) led to the azabicycle 689. The
latter could be easily converted to the enantiomer 691
and to the corresponding epimers at C-5 (692), via
two different strategies. One included treatment with
Grignard reagents to give directly compounds 692.
On the other hand, a deprotonation—alkylation step
followed by reduction with sodium borohydride
smoothly afforded alkaloid indolizidines 691 in high
de and ee (Scheme 138).223
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Scheme 138
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3.4.3. Synthesis of Bicyclic Compounds with an
Annelated O-Containing Five- and Six-Membered Ring

The N,N-dimethylhydrazone derived from acetone
634, upon lithiation and reaction with iodoacetal 693,
although reversly indicated by the authors, afforded
the enantiomerically pure (—)-[1(R),3(R),5(S)]-1,3-
dimethyl-2,9-dioxabicyclo[3.3.1]nonane (694).2%* The
latter is the host-specific substance of the beetle
Trypodendron lineatum Oliver, isolated from the
extracts of the bark of trees infected by this beetle
(Scheme 139).224

Scheme 139
1) n-BuLi, THF

Moo , o0 sgé/ O\PO
)'\Jl\ )|/\/\/\( o) @(

3) amberlist 15,
634 CHCl; 694
(69%)

The one-pot synthesis of insect spiroacetal phero-
mones 697 started from the o,a’-bisalkylation process
of lithiated acetone dimethylhydrazone. Cleavage and
spirocyclization were executed in acid medium to
afford the desired 1,6-dioxaspiro[4.4]nonane deriva-
tives 697 (Scheme 140).2%° In a similar way, 1,6-
dioxaspiro[4.5]decanes, 1,6-dioxaspiro[4.6]undecane,
1,7-dioxaspiro[5.5]undecanes, and 1,7-dioxaspiro[5.6]-
dodecane were synthesized.??

Following the same synthetic strategy described by
Enders and co-workers, the synthesis of (+)-7-methyl-
1,6-dioxaspiro[4.5]decane (699) was performed, the
natural product being isolated from the pentane
extracts of the rectal glandular secretions of three
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Scheme 140
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2
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R®= Li, SiMes, CHMe)OEt R'” O 07 “R?
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Scheme 141
1) n-BuLi, THF
M62N~N 2) jlt\s9a \ﬁ \4‘3
s34 1)n BuLl THF g‘\ g‘\
A 695
3) HCl 699 (96%) 700 (4%)

57%

unrelated species of Bactrocera. The use of chiral
iodide 698 in the synthesis resulted in the formation
of (5R,7R)-699 (Scheme 141).226:227

Due to the presence of a spiroketal fragment in the
structure of altohyrtin A, a marine-derived macro-
cyclic lactone with cancer growth inhibitor activity,
a synthetic strategy to form this dispiroacetal moiety
has been developed. The pattern started from the
addition of the lithiated hydrazone 634 to the silyl-
ated aldehyde 701, in the presence of cerium(lll)
chloride as transmetalation agent. Cleavage of the
hydrazone functionality afforded the S-hydroxyketone
702 in two steps in 80% yield. Treatment of 702 with
LDA in THF at —78 °C, followed by reaction with
aldehyde 701, resulted in aldol reaction. Deprotection
of the crude aldol with tetrabutylammonium fluoride
(TBAF) gave an intermediate dihydroxylated acetal
that was immediately converted to the diketone 703

Scheme 142
Me,N. 1) n-BuLi, THF
J‘\ 2) CeCly TBDPSO OH O
S)TBDPSO o] 701
634
4) m-CPBA, THF
-78°C )LDA, THF | 3) TBAF, THF
80% TBDPSO then aq. HF
4) Dess-Martin
Periodinane,
CH,Cl,
1) LDA , THF,
HMPA, -78 °C
2) TIPSCI, hexane
-78°Ctort
TIPSO 3) L selectnde THF 703 wa
0
704 86%
TBAF, H,0,
THF, -78 °C
1) MeLi, CeCl3,
THF, -78 °C,
2) Ac,0, DMAP,
Pyridine
705 (95%) 706 (84%)



1-Azaallylic Anions in Heterocyclic Chemistry

(Scheme 142). Formation of monosilylated enol ether,
reduction of the ketone with L-selectride, silyl cleav-
age with TBAF-H,0, addition of methyllithium across
the carbonyl function (CeCl; directed), and, finally,
acetylation of the hydroxyl moiety formed the desired
model compound 706.2%8

Bisalkylation of the anion of acetone dimethyl-
hydrazone with epoxides resulted in the o,o'-bisfunc-
tionalized hydrazone in a two-step reaction. The
hydrolysis was effected upon treatment with Amber-
lite IR-120 (plus) ion-exchange resin, and subsequent
ring closure gave 2-(2-hydroxyethyl)-7-methyl-1,6-
dioxaspiro[4.4]nonane (exogonol), which was con-
verted via pyridinium chlorochromate and silver(I1)
oxide oxidations to the corresponding exonoic acid, a
constituent of the resin of the Brazilian tree Ipomea
operculata.??

3.5. Synthesis of Higher Membered Heterocycles
3.5.1. Synthesis of Cyclic Ethers

The SAMP strategy was successfully applied to the
synthesis of the eight-membered cyclic ether 712, the
marine natural product laurencin, isolated from red
algae of Laurencia species. Lithiated SAMP-hydra-
zone of cycloheptanone was alkylated with ethyl
iodide at —95 °C in THF, followed by ozonolysis and
Baeyer—Villiger oxidation to give lactone 709. Upon
Tebbe methylenation, the ene intermediate 710
reacted with diisoamylborane, affording the cis-
alcohol 711 as the sole diastereomer, after oxidation
with hydrogen peroxide. Furthermore, oxidation with
PCC in CH,CI; and treatment with pentylmagnesium
bromide at 0 °C gave 712 together with the alcohol
713 (Scheme 143). To increase the amount of the
target compound, the diastereomeric mixture of the
alcohols 712 and 713 was oxidized and selectively
reduced with L-selectride to afford exclusively lau-
rencin.2%°

Scheme 143
N 1) LDA, THF,
N’ -78°C
OMe _—
2) Etl, THF,
-95°C
87%
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2) H,0,, 2) NaOH
NaOH,
711 (44%) 710 709 (70%)
1) PCC, 3A sieves,
CH,Cly, 1t (77%)
2) CsHq1MgBr,
0°C, Et,0
H
@C5H11 * @Cs"‘ﬂ
0 0
A OH s OH

712 (31%) 713 (21%)

Chemical Reviews, 2004, Vol. 104, No. 5 2389
4. Oxime Anions

4.1. Structural Data

As well as the other 1-azaallylic anions, anions and
dianions derived from oximes have shown syn prefer-
ences upon deprotonation with strong bases. In
particular the regiochemical outcome of reactions
using dilithium oxime dianions is explained via the
chelating effect, exerted by lithium on the oxygen
atom.?3! Studies on oxime anions bearing as counter-
ion different metals (cerium, lithium, magnesium, ...)
demonstrated that the stability of such anions is
strongly dependent upon the counterion (Ce > Li =
Mg) and the temperature, explained in the formation
of metal alkoxides. Thus, metals which complex with
oxygen, such as lithium or magnesium, cause an
increase of oxime anion decomposition. As a result,
cerium, which coordinates less with the oxygen or the
nitrogen atom, gave the more stabilized anions.?*?
The same work brought experimental evidence on the
pK, of some oximes. As expected, the values are
higher than those of the corresponding imines.2%?

4.2. Reactivity of 1-Azaallylic Anions Derived
from Oximes

Similar to the anions derived from imines, 1-aza-
allylic anions derived from oximes are used for the
introduction of a nucleophilic function in the struc-
ture of the oxime. The introduced nucleophilic func-
tion can be a protected amino group or amino
equivalent which can add across the imino function
or the corresponding carbonyl function after hydroly-
sis, resulting in N-heterocyclic compounds (see reac-
tions a and b in Scheme 144).

Scheme 144

H

"N"-elaboration]

_OH 0 )
I,\ll\ 2equwABA)N|\> . "N"m N:O

B: = base +
LG = leaving group Hs0 J
"N" = protected amino group o

or amino equivalent

"N"-elaborationJ

The 1,4-dianions derived from oximes can undergo
C- and O-alkylation with dielectrophilic compounds,
resulting in heterocycles containing both nitrogen
and oxygen (see reaction ¢ in Scheme 145).

Alkylation of the oxime dianion with a dielectro-
philic reagent also leads to intermediates which can
form N-heterocycles through transformation of the
oxime function to the corresponding nucleophilic
enamine and further ring closure (see reaction d in
Scheme 146). The oxime function can also be reduced
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Scheme 145
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to the corresponding amino group and then ring close
(see reaction e).

Heterocyclic N-oxides are formed when the oxime
1,4-dianions are N- and C-alkylated with dielectro-
philic compounds (see reaction f in Scheme 147).

Scheme 147

, 0 Oo.
)\ 2 equiv. B@ALG‘ . N)A

B: = base
LG, LG' = leaving group

4.3. Synthesis of Three-Membered Heterocyclic
Compounds

4.3.1. Synthesis of 2H-Azirines

The Neber-type rearrangement?33234 was investi-
gated through the synthesis of 2H-azirines?* via the
deprotonation of O-activated oximes. The Neber
reaction consists of the treatment of oxime p-toluene-
sulfonates 714 (later extended also to trimethyl-
hydrazonium halides) with bases and their re-
arrangement to a-amino ketones via 2H-azirines 716.
The generation of the azirines 716 was explained
either via an intramolecular nucleophilic displace-
ment (route a, Scheme 148) or through the electro-
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Scheme 148
N _
2N
3)q/R2
a R
, I N
N B T N Rr?
2 R
RJ\(R : - SO
R’ b N: 716
714 \ R3 R? /
R1

717
Z = 0S0,CgHg-4-CHy, N'Ry X'

cyclization of vinylnitrene 717 induced by the basic
conditions (route b), and it is favored by the presence
of electron-withdrawing groups at the a-position to
N-functionalized imines (vide infra).3
Isobutyrophenone trimethylhydrazonium iodide in
the presence of sodium isopropoxide in 2-propanol
gave 2,2-dimethyl-3-phenylazirine with less than 1
equiv of base at room temperature in 85% yield.?3”
When heating and an excess of base were applied,
2,2-dimethyl-3-phenyl-3-isopropylaziridine was ob-
tained.?®” Application of the Neber rearrangement
gave access to 3-amino-2H-azirines 716 (R! = H; R?
= ArNHCO or ArSO;; R® = NH,; Scheme 148) when
amidoxime O-tosylates 714 (R* = H; R? = ArNHCO
or ArSO,; R3 = NH,; Z = 0802C6H4-4-CH3) were
treated with sodium methoxide in methanol in 74—
88%.2% In a similar way, the Neber rearrangement
of benzisoxazoles 718 resulted in azirines 719 in 60—
91% yield (Scheme 149).239.240 Recently, the Neber-

Scheme 149
CHRCO,Me  NaH (or KOt-Bu)
Y 30 min <
d OH N COzMe
(60-91%)
718 719

type cyclization of a-chloroacetophenone O-methyl-
oxime 720 with LDA in THF provided 2-chloroazirine
721 (Scheme 150).2*' Finally, 2-(1H-1,2,3-benzo-

Scheme 150
OMe
N~ LDA N ¢
Ph)]\/ cl THF Ph/g/
720 721

triazol-1-yl)-1-ethanoneoximes were converted to
2-(benzotriazol-1-yl)-2H-azirines with tosyl chloride
and aqueous KOH in a 3:1 mixture of diethyl ether
and chloroform at 0 °C, in the presence of a catalytic
amount of tetra-n-butylammonium hydrogen sul-
fate.24?

The first enantioselective synthesis of 2H-azirines
via the Neber rearrangement started from amid-
oxime O-mesylate 722 with sodium methoxide in
ethanol to afford 3-amino-2H-azirine 723 in good
yield and ee (Scheme 151).24® Later, O-tosylated
oximes of j3-keto esters were converted into optically
active azirine esters using chiral bases such as
cinchona alkaloids (quinidine, dihydroquinidine).?**
In a similar way, phosphorylated alkyl- and aryl-
substituted azirines have been obtained from f-
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Scheme 151
Me0,SO0.
VN 0 cogEt O COEt
NaOMe N
HoN N”Ph oo !
2 H EtOH HoN N
722 723

ketoxime diphenylphosphine oxides?*®* and -
ketoxime diethylphosphonates?®® (in 94—96% vyield
and 24—82% ee, and 85—95% yield and 2—24% ee,
respectively), using quinine, quinidine, hydroquini-
dine, and (—)-sparteine as bases. The latter strategies
were extended to solid-phase synthesis using polymer-
supported amines derived from diethylamine, mor-
pholine, and (S)-(+)- and (R)-(—)-2-(methoxymethyl)-
pyrrolidine 247248

4.4. Synthesis of Four-Membered Heterocyclic
Compounds

4.4.1. Synthesis of Azetidines

Readily available acetophenone oximes 724 af-
forded ring closure to 2-hydroxylamino 1,2,4-trisub-
stituted azetidines 725 in 55—82%, upon treatment
with 2 equiv of butyllithium in THF at 0 °C, followed
by addition of benzylidenanilines (Scheme 152).24° No
evidence about the stereochemical outcome was
reported. The mechanism involved the formation of
the l-azaallylic dianions, followed by nucleophilic
addition of the carbanion to the imines, and ring
closure. The intermediate adducts could not be
isolated.?#?

Scheme 152

1) n-BuLi, THF,
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Ar = Ph, 4-MeOCgH,
R= CHy, Ph

4.5. Synthesis of Five- and Six-Membered
Heterocyclic Compounds

4.5.1. Synthesis of Isoxazoles, Isoxazolinones, and
Isoxazolines

Several oximes, such as para-substituted aceto-
phenone oximes 726 and deoxybenzoin oxime 730,
were converted to their dilithio salts 727 and 731
with two molar equivalents of n-butyllithium (Scheme
153). Aroylation of the dianions 727 and 731 with
methyl benzoate or methyl para-substituted benzo-
ates 728 followed by acid cyclization yielded the
corresponding 3,5-diarylisoxazoles 729 and 3,4,5-
triarylisoxazoles 732, respectively.?5%170 When di-
lithiooximes were condensed with ethyl benzoyl
acetate and methyl salicylate, the correspond-
ing 5-phenylacylisoxazoles and 5-hydroxyphenyl-
isoxazoles were prepared.'’* Similar reaction of
the oxime dianion derived from 726 with nitriles also
led to isoxazole 729 (Scheme 154).17% Instead of
esterst’®251-254 gnd nitriles, also amides and amide
derivatives could be used for the synthesis of isox-
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Scheme 153
1Y
X X
. 128 [
n-Buli - _THF, 0°C, 15 min
NOH THF, NO"
726 0°C.30min %7 2)H'. A, 1h
X =H, Cl, OCH,
Y =H, Cl, OCH,

729 (51-66%)

Y.
rom
728

Ph ) Ph._~ o
\[’\]l;:"h n-Bulli \Lg_\Ph THF, 0 °C, 15 min
THF,
730 0°C, 30 min 731 2)H,A1h
Y =H, CI, OCH,

732 (72-80%)

Scheme 154

1) n-BuLi

NOH 2) CgHsCN
726

729 (73%)

Scheme 155
NOH - 1)DMF

THF 0°C,1h
mBuli BulLi then rt overnlght ()i"i\
O
2) aq. HySO04, 4, 1 h =

735 (87%)
viii

azoles 735.2552% The acylation of dilithiocyclo-
hexanone oxime 733 with excess N,N-dimethyl-
formamide, followed by acid cyclization, gave the
desired isoxazole 735 in 87% yield (Scheme 155).2%5
C(a),0-Dilithiooximes were also reacted with diesters
to give the corresponding bisisoxazoles upon acid
cyclization.?”

The olefination reaction of -functionalized phos-
phine oxides 736 by treatment with 2 equiv of
methyllithium, followed by addition of aromatic al-
dehydes 737, led to o,f-unsaturated oximes 738,
which cyclized in toluene via intramolecular Michael
addition, giving isoxazoles 739 (Scheme 156).258

The use of carbon dioxide as electrophile for the
reaction with 1,4-dimetalated oximes derived from
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Scheme 156
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2) ArCHO 737
736 12 h -3 days 738
Ar = 4-CH30CgHy,
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739 (26-30%)
726 afforded the corresponding 2-isoxazolin-5-ones
740,%%° while aldehydes and ketones yielded isoxazo-
lines such as 741 (Scheme 157).25° 5-Aminoalkylated

isoxazolines were formed by reaction of the dianions
of oximes with 2H-azirines.1%°

Scheme 157
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4.5.2. Synthesis of Pyridines

Another elegant way for the generation of phenyl-
substituted pyridines started from oximes 726, which
were masked as N-(phosphinyl)imines 742. After
treatment of 742 with potassium tert-butoxide in
benzene at room temperature, N-phosphinyl-1-aza-
allylic anions were formed, which were added across
o,f-unsaturated carbonyl compounds 743, affording
phenyl-substituted pyridines 744 via Michael addi-
tion, followed by intramolecular aza-Horner—Wittig
reaction (Scheme 158). The reaction also produced
ketones 745 and 1,5-diones 746 as side products.?5!

Scheme 158
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4.6. Synthesis of Bicyclic and Polycyclic
Compounds

4.6.1. Synthesis of Quinolines, Ring-Fused Pyridines, and
Indolizidines

Oxime dianions 747 underwent condensation—
cyclization reactions with 2-aminobenzophenones 752
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and methyl anthranilate 748 or 5-chloroisatoic an-
hydride (749) to yield substituted quinolines 753 and
751, respectively.?62263 |n the case of 6-chloro-4-
hydroxy-2-phenylquinoline (751) the reaction was
performed in two steps, involving the condensation
of oxime 747 with 749, followed by treatment with
diluted acid, giving the resulting hydrochloride which
was refluxed in methanol in the presence of 1 equiv
of sodium methoxide (Scheme 159).2*° The overall
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yield of the two-step procedure was lower than that
of the corresponding one-pot synthesis of n-benzoyl-
hydrazone of 4-methylacetophenone and 5-chloro-
isatoic anhydride (Scheme 136), i.e., 21% vs 28%
overall yield, respectively.?'®

In a similar way, cyclopentanone and cyclohex-
anone oxime dianions 754 were condensed with
2-aminobenzophenone (752) to give the corresponding
lithiated intermediates that were then neutralized,
hydrolyzed, and cyclized to quinoline derivatives 755
(Scheme 160).21°

Scheme 160
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Ring-fused pyridine N-oxides 759 were prepared
after treatment of 6-methyl-2-phenyl-4H-1,3-oxazin-
4-one (757) with oxime dianions 756 derived from
cyclopentanone oxime and cyclohexanone oxime,
whereas reaction of the dianions 756 of cyclo-
heptanone oxime and cyclododecanone oxime with
oxazin-4-one 757 afforded the corresponding isox-
azoles 758 (Scheme 161).264

Scheme 161
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Lithiation of the O-(tetrahydropyranyl)oxime 760
followed by alkylation with the propargyl iodide 761
afforded the thermally labile oxime 762, which was
reduced with lithium aluminum hydride to give the
key aminoalkyne 763 (Scheme 162).2%> This amino-
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alkyne 763 was subjected to an imidotitanium [2+2]
cycloaddition, giving rise to the 1-pyrroline 764.
Further transformation led to (+)-monomorine (765).
Similar aminoalkynes underwent imidotitanium
alkyne [2+2] cycloaddition—azatitanetine acylation
in the presence of acyl cyanides, leading to function-
alized pyrrolidine derivatives.2%

5. Miscellaneous (Oxazolines, 2-Methylpyridines,
2-Methylquinolines, 2-Methylbenzothiazolines)

Recently some 2-(haloalkyl)heterocycles, which can
give rise to related 1-azaallylic anions (vide supra),
have been disclosed as suitable reagents for Darzens-
type reactions with carbonyl compounds and imines
for the synthesis of oxiranes?7-27 and aziridines,?*~273
with nitrones to give alkenylheterocycles?’#275 (not
related to this review), and with electron-poor alkenyl
heterocycles to synthesize highly heterosubstituted
cyclopropane derivatives (not related to this re-
view).276277 |n the absence of an electrophile some of
these activated heterocycles can undergo dimeriza-
tion or trimerization according to the structure of the
anions.?’6-278 However, some classes of heterocycles
such as 2-oxazolines bearing a substituent at the
2-position, containing at least one hydrogen atom at
o, have been used to generate 1l-azaallylic anions,
useful for the synthesis of heterocycles. Accordingly,
these 2-oxazolines are covered in this review as well.
To a very minor extent, such anions derived from
pyridines, quinolines, and benzothiazoles will be
mentioned here.

5.1. 2-Methyloxazoline Anions

5.1.1. Synthesis of Aziridines

The synthesis of aziridines 768 resulted from the
treatment of 2-chloromethyl-4,4-dimethyl-2-oxazoline
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(766a) and 2-(1-chloroethyl)-4,4-dimethyl-2-oxazoline
(766b) with LDA in THF at —78 °C, followed by
addition of the imines 767 (Scheme 163).272273 The
Scheme 163
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mechanism proceeds according to a Darzens-type
reaction. The use of aromatic imines 767 led to the
trans diastereomer as the major or the unique isomer
(i.e., 768; de = 100%; R = Me; R! = H; R?=Ph; R® =
CH_Ph).

5.1.2. Synthesis of Oxiranes

Addition of LDA in THF to a solution of 2-chloro-
methyloxazoline 769 and aldehydes 770 resulted in
chlorohydrins 771. The latter were treated with
NaOH in i-PrOH to produce the corresponding oxi-
ranes 772 in a 1:1 mixture of cis/trans isomers
(Scheme 164).267.268.273
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When a chiral substituent is present in the oxazo-
line ring, the latter procedure is suitable for the
formation of optically active oxiranes.?”® For instance,
lithiated 1-chloromethyl-2-oxazolines 773a,b fur-
nished diastereomeric mixtures of chlorohydrins 775
and 776 upon reaction with benzophenone. These
mixtures could be separated and ring closed to the
corresponding chiral oxiranes 777 and 778 by treat-
ment with NaOH in i-PrOH (Scheme 165).?%° In a
similar way, a THF solution of oxazoline 773c and
ketones 779 (benzophenone, 4,4'-dichlorobenzo-
phenone, cyclohexanone, cyclododecanone, 2-ada-
mantanone) was added to LDA in THF at —98 °C,
giving inseparable mixtures of chlorohydrins that
were converted to mixtures of diastereomeric ep-
oxides 780 (Scheme 166).26°

5.1.3. Synthesis of y-Butyrolactones

Lithiated oxazolines, generated from oxazolines
781 with LDA in THF at —78 °C in the presence of
TMEDA, were reacted with epoxides 782, resulting
in the hydroxypropyloxazolines 783. Hydrolysis of the
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Scheme 165
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latter produced a variety of y-butyrolactones func-
tionalized at the a-, -, or y-position in high overall
yields (Scheme 167).28° Poor yields or no ring-opened
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products were observed when 1,2-disubstituted ep-
oxides were used, with the exception of cyclohexene
and cyclopentene oxides (Scheme 168). The hydroly-
sis steps were carried out in three different proce-
dures, namely, refluxing in 3 N hydrochloric acid, by
long heating in a solution of concentrated sulfuric
acid in 95% ethanol, or reflux of toluenesulfonic acid
in a benzene—water mixture for 18 h.?8° The reactions
of the oxazoline anions 785 with cyclohexene oxides
786 (n = 1) afforded lactone 787. The y-hydroxy acid
788 appeared as the major compound when cyclo-

Scheme 168
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pentene oxide 786 (n = 0) was used as electrophile
(Scheme 168).

5.1.4. Synthesis of Spiro Heterocyclic Compounds

An elegant synthesis of spirocyclic isoxazolidines
started from the lithiation of 2,4,4-trimethyl-4,5-
dihydro-1,3-oxazoles 781 with nitrone derivatives 789
(Scheme 169). Most of the spiro compounds were not
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isolated, as they were converted to 2-(E)-alkenyl-4,5-
dihydro-1,3-oxazoles 792 upon longer reaction times
(18 h), with the elimination of tert-butylhydroxyl-
amine. The spiro heterocycle 791 (R = H; R = Ph)
and the hydroxylamine derivatives 790 (R = H; R?
= Ph) occurred as an equilibrium mixture in solution
in deuterated chloroform.28!

As previously described, lithiated 2-(1-chloroethyl)-
4,4-dimethyl-4,5-dihydro-1,3-oxazole 793 reacted with
nitrone 789, furnishing the spirocyclic compounds
794 and 795, together with the oxazolinyloxazetidine
796 in different relative amounts according to the
reaction times (Scheme 170). Quenching the reaction
upon 5 s afforded compounds 794, 795, and 796 in a
74:6:20 ratio, while quenching after 1 h of reaction
gave 85% 796 and <5% compounds 794 and 795.281
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5.2. Heteroarylchloromethyl Anions

Lithiation of chloromethylheteroaryl compounds,
such as 2-chloromethylpyridine, 2-chloromethyl-
quinoline, and 2-chloromethylbenzothiazole, with
LDA in THF at —78 °C affords heteroarylchloro-
methyl anions 797, which subsequently react with
imines 798 to lead to heteroarylaziridines 800 in a
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stereoselective way via Darzens-type reaction (Scheme
171).2"* When aldimines 798 were used (Scheme 171;
R = Ph, SO;Ph; R; = Ph; R, = H) the trans-isomer
was the only one observed.?’!
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5.3. 2-Methylpyridine Anions

Although there is a great similarity of 2-methyl-
pyridine (2-picolyl) anions to 1-azaallylic anions, as
recently shown via computational studies,®” only
some leading references will be highlighted further
and no discussion with complete coverage will be
provided for the use of this type of building block.

5.3.1. Synthesis of Aziridines

2-(Trimethylsilylmethyl)pyridine (801) underwent
deprotonation with LDA to generate the correspond-
ing 1-azaallylic anion, which reacted with oxime
ethers 803 to afford the adducts 804, which gave the
corresponding trans-2-aryl-3-(2-pyridyl)aziridines 805.
High yields of aziridines were recorded only when a
THF solution of anion 802 was added to a THF
solution of compounds 803 between —80 and —90 °C
(Scheme 172).282
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5.3.2. Synthesis of Pyridines

N-Trimethylsilyl-1-azaallylic anions 808, easily
formed from the corresponding aromatic nitriles 807
and the a-silyl carbanion derived from 3-methyl-2-
(trimethylsilylmethyl)pyridine (806), are ambident
nucleophiles, readily available for the synthesis of
N-heterocyclic compounds.?83-285106 |n this matter,
N-trimethylsilyl-1-azaallylic anions 808 were con-
verted to heavily functionalized pyridine derivatives
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Scheme 173
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810 via Michael addition—ring closure with tri-
fluoroacetylketene diethyl acetal 809 (Scheme 173).1%6

5.3.3. Synthesis of Quinolizinium Salts

Condensation of 2-picolyllithium (811) with ac-
rolein (812) gave rise to the pyridinyl alcohol 813,
which spontaneously cyclized to 1,2,3,4-tetrahydro-
quinolizinium bromide 814 upon bromination with
bromine in carbon tetrachloride (Scheme 174).2% The
resulting tetrahydroquinolizinium salt 814 afforded
the dehydration product 3-bromo-3,4-dihydroquino-
lizinium bromide (816) in acetic anhydride with acid
catalysis, and 3-bromooctahydro-2H-quinolizin-2-ol

Scheme 174
CHO
X _ 7/ S OH
| L = 812 | P
N 34% N
811 813
70% l Br,, CCly
N X Ac,0, HSO4
cat
A CCE
816
H,, EtOH,
J Adams cat.,
rt, 1 atm
L
N
Br
815
Scheme 175
Os _R!
MeS. R2
| S Mes 817
= Li >
N THF, -20 °C
to-15°C
811
1
| X R
/_L\‘I = R2
BFa sSMe

820 (73-86%)

R' =R? = (CHy)s, (CHp)s
R" = Ph, 4-MeCgHj, 4-MeOCgH,,
B-naphthyl, 2-furanyl, 2-thiophenyl; R?=H



2396 Chemical Reviews, 2004, Vol. 104, No. 5

(815) upon hydrogenation with Adams catalyst in
ethanol.28¢

In a similar way, when 811 was reacted with 5,3-
dimethylthio a,f-unsaturated ketones 817, adducts
818 were cyclized to quinolizinium tetrafluoroborate
820 in the presence of boron(111) fluoride etherate in
refluxing benzene in 73—86% overall yields (Scheme
175).287

Analogously tetracyclic derivatives 822 were gen-
erated from anion 811 and enones 821 (Scheme
176).287

Scheme 176
R
AN
»w
N
811
822, n=1, 2 (78-85%)
X=CH,, O, S
R =H, Me, MeO

6. Acknowledgments

We are indebted to the IWT, the FWO, and Ghent
University (GOA) for financial support of this re-
search.

7. References

(1) Stork, G.; Dowd, S. R. 3. Am. Chem. Soc. 1963, 85, 2178.
(2) Wittig, G.; Fommeld, H. D.; Suchanek, P. Angew. Chem. 1963,
75, 978.
(3) Wwittig, G.; Reiff, H. Angew. Chem., Int. Ed. Engl. 1968, 7, 7.
(4) For preceding reviews on l-azaallylic anions, see: Hickmott, P.
W. Tetrahedron 1982, 38, 3363. Whitesell, J. K.; Whitesell, M.
A. Synthesis 1983, 517. Semmelhack, M. F. In Comprehensive
Organic Synthesis; Heathcock, C. H., Ed.; Pergamon Press:
Oxford, 1991; Vol. 2, p 475. Caro, C. F.; Lappert, M. F.; Merle,
P. G. Coord. Chem. Rev. 2001, 219—221, 605. Job, A.; Janeck,
C. F.; Bettray, W.; Peters, R.; Enders, D. Tetrahedron 2002, 58,
2253.
(5) Glaser, R.; Streitwieser, A. J. Am. Chem. Soc. 1989, 111, 8799.
(6) Romesberg, F. E.; Collum, D. 3. Am. Chem. Soc. 1995, 117, 2166.
(7) Mistryukov, E. A.; Korshevetz, I. K. Synthesis 1984, 947.
(8) Kirmse, W. Eur. J. Org. Chem. 1998, 201.
(9) Fraser, R. R. In Comprehensive Carbanion Chemistry; Buncel,
E., Durst, T., Eds.; Elsevier: New York, 1980.
(10) Houk, K. N.; Strozier, R. W.; Rondan, N. G.; Fraser, R. R;;
Chuaqui-Offermanns, N. J. Am. Chem. Soc. 1980, 102, 1426.
(11) Fraser, R. R.; Bresse, M.; Chuaqui-Offermanns, N.; Houk, K.
N.; Rondan, N. G. Can. J. Chem. 1983, 61, 2729.
(12) Glaser, R.; Streitwieser, A. J. Org. Chem. 1991, 56, 6612.
(13) Pratt, L. M.; Khan, 1. M. J. Mol. Struct..: THEOCHEM 1996,
367, 33.
(14) Knorr, R.; Weiss, A.; Ldw, P.; Rapple, E. Chem. Ber. 1980, 113,
2462.
(15) Knorr, R.; Léw, P. J. Am. Chem. Soc. 1980, 102, 3241.
(16) Lee, J.Y.; Lynch, T.J.; Mao, D. T.; Bergbreiter, D. E.; Newcomb,
M. J. Am. Chem. Soc. 1981, 103, 6215.
(17) Fraser, R. R.; Chuaqui-Offermanns, N. Can. J. Chem. 1981, 59,
3007.
(18) Fraser, R. R.; Chuaqui-Offermanns, N.; Houk, K. N.; Rondan,
N. G. J. Organomet. Chem. 1981, 206, 131.
(19) Lalonde, J. J.; Bergbreiter, D. E.; Newcomb, M. J. Org. Chem.
1986, 51, 1369.
(20) Kallman, N.; Collum, D. B. 3. Am. Chem. Soc. 1987, 109, 7466.
(21) Dietrich, H.; Mahdi, W.; Knorr, R. 3. Am. Chem. Soc. 1986, 108,
2462,
(22) Knorr, R.; Dietrich, H.; Mahdi, W. Chem. Ber. 1991, 124, 2057.
(23) Bank, S. 3. Am. Chem. Soc. 1965, 87, 3245.
(24) Hoffmann, R.; Olofson, R. A. J. Am. Chem. Soc. 1976, 98, 4674.
(25) von Ragué Schleyer, P.; Dill, J. D.; Pople, J. A.; Hehre, W. J.
Tetrahedron 1977, 33, 2497.
(26) Evans, D. A.; Andrews, G. C.; Buckwalter, B. J. Am. Chem. Soc.
1974, 96, 5560.
(27) Smith, J. K.; Bergbreiter, D. E.; Newcomb, M. 3. Am. Chem. Soc.
1983, 105, 4396.
(28) Ludwig, J. W.; Bergbreiter, D. E.; Newcomb, M. J. Org. Chem.
1980, 45, 4666.

Mangelinckx et al.

(29) Bergbreiter, D. E.; Newcomb, M. Asymmetric Synthesis; Aca-
demic Press: New York, 1983; Vol. 2, p 243.

(30) Hayer, J. F.; Shipman, M.; Twin, H. J. Chem. Soc., Chem.
Commun. 2000, 1791.

(31) For extensive reviews on a-halogenated imines, see: De Kimpe,
N.; Schamp, N. Org. Prep. Proced. Int. 1979, 11, 115. De Kimpe,
N.; Verhé, R. In The chemistry of functional groups; Patai, S.,
Rappoport, Z., Eds.; Wiley & Sons: New York, 1983; Suppl. D,
p 549. De Kimpe, N.; Verhé, R.; De Buyck, L.; Schamp, N. Org.
Prep. Proced. Int. 1980, 12, 49. Giubellina, N.; Aelterman, W.;
De Kimpe, N. Pure Appl. Chem. 2003, 75, 1433.

(32) De Kimpe, N.; Sulmon, P.; Schamp, N. Angew. Chem., Int. Ed.
Engl. 1985, 10, 881. De Kimpe, N.; Sulmon, P.; Schamp, N.
Angew. Chem. 1985, 97, 878.

(33) Aelterman, W.; Abbaspour Tehrani, K.; Coppens, W.;
Huybrechts, T.; De Kimpe, N.; Tourwé, D.; Declercq, J.-P. Eur.
J. Org. Chem. 1999, 239.

(34) Welch, J. T.; Seper, K. W. J. Org. Chem. 1988, 53, 2991.

(35) von Ragué Schleyer, P.; Hacker, R.; Dietrich, H.; Mahdi, W. J.
Chem. Soc., Chem. Commun. 1985, 662.

(36) Wolf, G.; Wurthwein, E. U. Chem. Ber. 1991, 124, 889.

(37) Pratt, L. M.; Hogen-Esch, T. E.; Khan, I. M. Tetrahedron 1995,
51, 5955.

(38) Glaser, R.; Hadad, C. M.; Kenneth, B. W.; Streitwieser, A. J.
Org. Chem. 1991, 56, 6625.

(39) Bernstein, M. P.; Collum, D. B. J. Am. Chem. Soc. 1993, 115,
8008.

(40) Beak, P.; Meyers, A. I. Acc. Chem. Res. 1986, 19, 356.

(41) Sulmon, P.; De Kimpe, N.; Schamp, N. J. Org. Chem. 1988, 53,
4457.

(42) Aelterman, W.; De Kimpe, N. J. Org. Chem. 1998, 63, 6.

(43) Alickmann, D.; Fréhlich, R.; Warthwein, E.-U. Org. Lett. 2001,

3, 1527.

(44) Sulmon, P.; De Kimpe, N.; Schamp, N. Tetrahedron 1989, 45,
2937.

(45) Sulmon, P.; De Kimpe, N.; Schamp, N. J. Org. Chem. 1988, 53,
4462,

(46) De Kimpe, N.; Yao, Z.-P.; Boeykens, M.; Nagy, M. Tetrahedron
Lett. 1990, 31, 2771.

(47) De Kimpe, N.; Boeykens, M.; Nagy, M.; Van der Schueren, D.
J. Org. Chem. 1992, 57, 5761.

(48) De Kimpe, N.; Verhé, R.; De Buyck, L.; Sulmon, P.; Schamp, N.
Tetrahedron Lett. 1983, 24, 2885.

(49) De Kimpe, N.; Stevens, C. Synthesis 1993, 91.

(50) De Kimpe, N.; Abbaspour Tehrani, K.; Fonck, G. J. Org. Chem.
1996, 61, 6500.

(51) Alcaide, B.; Gomez, A.; Plumet, J.; Rodriguez-Lopez, J. Tetra-
hedron 1989, 45, 2751.

(52) Alcaide, B.; Lopez Mardomingo, C.; Pérez-Ossorio, R.; Plumet,
J.; Sanchez, M. M. Tetrahedron Lett. 1985, 26, 4403.

(53) Smith, A. B., I1l; Guzman, M. C.; Sprengeler, P. A.; Keenan, T.
P.; Holcomb, R. C.; Wood, J. L.; Carroll, P. J.; Hirschmann R. J.
Am. Chem. Soc. 1994, 116, 9947.

(54) Smith, A. B., Ill; Holcomb, R. C.; Guzman, M. C.; Keenan, T.
P.; Sprengeler, P. A.; Hirschmann R. Tetrahedron Lett. 1993,
34, 63.

(55) Smith, A. B, I1l; Wang, W.; Sprengeler, P. A.; Hirschmann, R.
J. Am. Chem. Soc. 2000, 122, 11037.

(56) Smith, A. B., Ill; Benowitz, A. B.; Favor, D. A.; Sprengeler, P.
A.; Hirschmann, R. Tetrahedron Lett. 1997, 38, 3809.

(57) Smith, A. B., IlI; Liu, H.; Okumura, H.; Favor, D. A.; Hirsch-
mann, R. Org. Lett. 2000, 2, 2037.

(58) Smith, A. B., IlI; Liu, H.; Hirschmann, R. Org. Lett. 2000, 2,
2041.

(59) For some leading references, see: (a) Kakehi, A,; Ito, S.; Yotsuya,
T. Chem. Pharm. Bull. 1986, 34, 2435. (b) Kakehi, A.; Ito, S;
Nakanishi, K.; Watanabe, K.; Kitagawa, M. Bull. Chem. Soc.
Jpn. 1980, 53, 1115.

(60) De Kimpe, N.; Keppens, M. J. Agric. Food Chem. 1996, 44, 1515.

(61) De Kimpe, N.; Keppens, M.; Stevens, C. Tetrahedron Lett. 1993,
34, 4693.

(62) De Kimpe, N.; Keppens, M.; Fonck, G. Chem. Commun. 1996,
635.

(63) De Kimpe, N.; Abbaspour Tehrani, K.; Stevens, C.; De Cooman,
P. Tetrahedron 1997, 53, 3693.

(64) Adrian, J. C., Jr.; Hassib, L.; De Kimpe, N.; Keppens, M.
Tetrahedron 1998, 54, 2365.

(65) Aelterman, W.; De Kimpe, N.; Tyvorskii, V.; Kulinkovich, O. J.
Org. Chem. 2001, 66, 53.

(66) De Kimpe, N.; Palamareva, M.; Sulmon, P.; Verhe, R.; De Buyck,
L.; Schamp, N.; Declercq, J. P.; Tinant, B.; Van Meerssche, M.
Tetrahedron 1986, 42, 71.

(67) De Kimpe, N.; Palamareva, M.; Schamp, N. J. Org. Chem. 1985,
50, 2993.

(68) Declercq, J. P.; De Kimpe, N.; Palamareva, M.; Schamp, N. Bull.
Soc. Chim. Belg. 1985, 94, 301.

(69) Wittig, G.; Rdéderer, R.; Fischer, S. Tetrahedron Lett. 1973, 3517.

(70) Schmitz, E.; Habisch, D. Chem. Ber. 1962, 95, 680.



1-Azaallylic Anions in Heterocyclic Chemistry

(1)

(72
(73)

—

(74
(75)

=

(76
(77)

=

(78)
(79)
(80)
(81)
(82

(83)
84)

(85)
(86)
87
(88)
(89)

(90)
(91)

(92)
(93

=

(94)

(95)
(96)
97
(
(

-

98)
99)

(100)
(101)

(102)
(103
(104)
(105)
(1086)

=

(107)
(108)
(109)
(110)
(111)
(112)
(113

(114)
(115)

=

(116)
(117)

(118)
(119)

(120)
(121)

(122)

(123)
(124)

(125)

Duhamel, P.; Duhamel, L.; Valnot, J.-Y. Tetrahedron Lett. 1973,
1339.

Duhamel, L.; Valnot, J.-Y. Tetrahedron Lett. 1974, 3167.

De Kimpe, N.; Yao, Z.; Schamp, N. Tetrahedron Lett. 1986, 27,
1707.

Ahlbrecht, H.; von Daacke, A. Synthesis 1984, 610.

Palacios, F.; Aparicio, D.; Garcia, J.; Vicario, J.; Ezpeleta, J. M.
Eur. J. Org. Chem. 2001, 3357.

Le Borgne, J. F. J. Organomet. Chem. 1976, 122, 139.

De Kimpe, N.; Stanoeva, E.; Schamp, N. Tetrahedron Lett. 1988,
29, 589.

Aelterman, W.; Giubellina, N.; Stanoeva, E.; De Geyter, K.; De
Kimpe, N. Tetrahedron Lett. 2004, 45, 441.

De Kimpe, N.; Aelterman, W.; De Geyter, K.; Declercq, J. P. J.
Org. Chem. 1997, 62, 5138.

De Kimpe, N.; Coppens, W.; Welch, J.; De Corte, B. Synthesis
1990, 675.

De Kimpe, N.; Georgieva, A.; Boeykens, M.; Kozekov, I.; Aelter-
man, W. Synthesis 1996, 1131.

De Kimpe, N.; Georgieva, A.; Boeykens, M.; Lazar, L. J. Org.
Chem. 1995, 60, 5262.

Sulmon, P.; De Kimpe, N.; Schamp, N. Synthesis 1989, 8.
Sulmon, P.; De Kimpe, N.; Schamp, N. Tetrahedron 1989, 45,
3907.

Stevens, C.; De Kimpe, N. J. Org. Chem. 1993, 58, 132.
Aelterman, W.; De Kimpe, N. Tetrahedron 1998, 54, 2563.

De Kimpe, N.; Boelens, M. J. Chem. Soc., Chem. Commun. 1993,
916.

De Kimpe, N.; Boelens, M.; Piqueur, J.; Baele, J. Tetrahedron
Lett. 1994, 35, 1925.

De Kimpe, N.; Boelens, M.; Contreras, J. Tetrahedron Lett. 1996,
37, 3171.

De Kimpe, N.; De Smaele, D. J. Heterocycl. Chem. 2000, 37, 607.
Stevens, C. V.; Peristeropoulou, M.; De Kimpe N. Tetrahedron
2001, 57, 7865.

Rosas Alonso, E.; Abbaspour Tehrani, K.; Boelens, M.; Knight,
D. W.; Yu, V.; De Kimpe, N. Tetrahedron Lett. 2001, 42, 3921.
Acherki, H.; Alvarez-lbarra, C.; Barrasa, A.; de Dios, A. Tetra-
hedron Lett. 1999, 40, 5763.

Acherki, H.; Alvarez-lbarra, C.; de Dios, A.; Gutiérrez, M.;
Quiroga, M. L. Tetrahedron: Asymmetry 2001, 12, 3173.
Evans, D. A. J. Am. Chem. Soc. 1970, 92, 7593.

Duhamel, L.; Poirier, J. M. Tetrahedron Lett. 1976, 2437.
Stevens, C.; De Kimpe, N. Synlett 1991, 351.

De Kimpe, N.; Stevens, C.; Virag, M. Tetrahedron 1996, 52, 3303.
Stevens, C.; De Kimpe, N.; Katritzky, A. R. Tetrahedron Lett.
1994, 35, 3763.

De Kimpe, N.; D'Hondt, L.; Stanoeva, E. Tetrahedron Lett. 1991,
32, 3879.

Takabe, K.; Fujiwara, H.; Katagiri, T.; Tanaka, J. Tetrahedron
Lett. 1975, 4375.

Keppens, M.; De Kimpe, N. Synlett 1994, 285.

Nguyen Van, T.; De Kimpe, N. Tetrahedron 2000, 56, 7969.
De Kimpe, N.; Stevens, C. Tetrahedron 1995, 51, 2387.
Konakahara, T.; Sugama, N.; Sato, K. Heterocycles 1992, 33, 157.
Konakahara, T.; Hojahmat, M.; Tamura, S. J. Chem. Soc., Perkin
Trans. 1 1999, 2803.

Konakahara, T.; Hojahmat, M.; Sujimoto, K. Heterocycles 1997,
45, 271.

Palacios, F.; Aparicio, D.; Garcia, J. Tetrahedron 1997, 53, 2931.
Palacios, F.; Aparicio, D.; Garcia, J. Tetrahedron 1998, 54, 1647.
Palacios, F.; Ochoa de Retana, A. M.; Oyarzabal, J. Tetrahedron
1999, 55, 5947.

Palacios, F.; Aparicio, D.; Ochoa de Retana, A. M.; de los Santos,
J. M.; Garcia, J.; Oyarzabal, J. Tetrahedron 1999, 55, 3105.
Palacios, F.; Ochoa de Retana, A. M.; Oyarzabal, J.; Ezpeleta,
J. M. Tetrahedron 1998, 54, 2281.

Kiselyov, A. S. Tetrahedron Lett. 1995, 36, 9297.

De Kimpe, N.; Stevens, C. Bull. Soc. Chim. Belg. 1992, 101, 569.
Mehrotra, K. N.; Singh, I. S.; Roy, J. Bull. Chem. Soc. Jpn. 1985,
58, 2399.

Vedejs, E.; Dent, W. H.; Gapinski, D. M.; McClure, C. K. 3. Am.
Chem. Soc. 1987, 109, 5437.

Vice, S. F.; Friesen, R. W.; Dmitrienko, G. I. Tetrahedron Lett.
1985, 26, 165.

Ojima, I.; Kato, K.; Nakahashi, K. J. Org. Chem. 1989, 54, 4511.
De Kimpe, N.; Stanoeva, E. Georgieva, A.; Keppens, M.; Kulink-
ovich, O. Org. Prep. Proced. Int. 1995, 27, 674.

De Kimpe, N.; Keppens, M. Tetrahedron 1996, 52, 3705.
Barluenga, J.; Tomas, M.; Kouznetsov, V.; Rubio, E. J. Chem.
Soc., Chem. Commun. 1992, 1419.

Bercot, P.; Horeau, A. C. R. Acad. Sci., Ser. C: Sci. Chim. 1971,
272, 1509.

Dalko, P. I.; Langlois, Y. J. Org. Chem. 1998, 63, 8107.
Dalko, P. I.; Brun, V.; Langlois, Y. Tetrahedron Lett. 1998, 39,
8979.

Langer, P.; Wuckelt, J.; Déring, M.; Schreiner, P. R.; Gorls, H.
Eur. J. Org. Chem. 2001, 2245.

(126)

127)
(128)

(129)

(130)

(131)
(132)
(133)
(134)
(135)
(136)
(137
(138)
(139)
(140)
(141)
(142)
(143)
(144)
(145)
(146)
(147)

(148)

(149)
(150)

(151)
(152)

(153)
(154)
(155)
(156)
(157)
(158)
(159)
(160)
(161)
(162)

(163)

(164)
(165)
(166)
(167)
(168)
(169)
(170)
a71)
172)
173)

(174)

Chemical Reviews, 2004, Vol. 104, No. 5 2397

Langer, P.; Doring, M.; Schreiner, P. R.; Gorls, H. Chem.—Eur.
J. 2001, 7, 2617.

Leffingwell, J. C. 3. Chem. Soc., Chem. Commun. 1973, 299.
Hua, D. H.; Narasimha Bharathi, S.; Robinson, P. D.; Tsujimoto,
A. J. Org. Chem. 1990, 55, 2128.

Hua, D. H.; Narasimha Bharathi, S.; Panangadan, J. A. K.;
Tsujimoto, A. J. Org. Chem. 1991, 56, 6998.

Hua, D. H.; Narasimha Bharathi, S.; Takusagawa, F.; Tsujimoto,
A.; Panangadan, J. A. K.; Hung, M.-H.; Bravo, A. A.; Erpelding,
A. M. J. Org. Chem. 1989, 54, 5659.

Hua, D. H.; Park, J. G.; Katsuhira, T.; Narasimha Bharathi, S.
J. Org. Chem. 1993, 58, 2144.

Pearson, W. H.; Bergmeier, S. C.; Williams, J. P. J. Org. Chem.
1992, 57, 3977.

Abbaspour Tehrani, K.; D'hooghe, M.; De Kimpe, N. Tetrahedron
2003, 59, 3099.

Kessar, S. V.; Singh, P.; Dutt, M. Indian J. Chem., Sect. B 1989,
28, 365; Chem. Abstr. 1990, 112, 35649.

Pearson, W. H.; Lovering, F. E. 3. Am. Chem. Soc. 1995, 117,
12336.

Hudrlik, P. F.; Wan, C.-N. J. Org. Chem. 1975, 40, 2963.
Molander, G. A.; Cameron, K. O. J. Org. Chem. 1993, 58, 5931.
Kigoshi, H.; Hayashi, N.; Uemara, D. Tetrahedron Lett. 2001,
42, 7469.

Pearce, G. T.; Gore, W. E; Silverstein, R. M. J. Org. Chem. 1976,
41, 2797.

De Kimpe, N.; Yao, Z.; De Buyck, L.; Verhe, R.; Schamp, N. Bull.
Soc. Chim. Belg. 1986, 95, 197.

Tirel, P. J.; Vaultier, M.; Carrié, R. Tetrahedron Lett. 1989, 30,
1947.

Langer, P.; Déring, M.; Seyferth, D. Synlett 1999, 135.
Langer, P.; Déring, M.; Gorls, H. Eur. J. Org. Chem. 2001, 1511.
Jung, M. E.; Shaw, T. J. Tetrahedron Lett. 1977, 38, 3305.
Corey, E. J.; Enders, D. Chem. Ber. 1978, 111, 1337.
Ahlbrecht, H.; Dlber, E. O.; Enders, D.; Eichenauer; H.; Weuster,
P. Tetrahedron Lett. 1978, 19, 3691.

Davenport, K. G.; Eichenauer, H.; Enders, D.; Newcomb, M.;
Bergbreiter, D. E. 3. Am. Chem. Soc. 1979, 101, 5654.
Collum, D. B.; Kahne, D.; Gut, S. A.; DePue, R. T.; Mohamadi,
F.; Wanat, R. A.; Clardy, J.; Van Duyne, G. J. Am. Chem. Soc.
1984, 106, 4865.

Wanat, R. A.; Collum, D. B.; Van Duyne, G.; Clardy, J.; DePue,
R. T. 3. Am. Chem. Soc. 1986, 108, 3415.

Enders, D.; Bachstadter, G. Angew. Chem., Int. Ed. Engl. 1988,
27, 1522.

Wanat, R. A.; Collum, D. B. J. Am. Chem. Soc. 1985, 107, 2078.
Galiano-Roth, A. S.; Collum, D. B. 3. Am. Chem. Soc. 1989, 111,
6772.

Enders, D.; Eichenauer, H. Angew. Chem., Int. Ed. Engl. 1976,
15, 1522.

Enders, D.; Eichenauer, H. Tetrahedron Lett. 1977, 2, 191.
Corey, E. J.; Enders, D. Tetrahedron Lett. 1976, 1, 3.

Corey, E. J.; Knapp, S. Tetrahedron Lett. 1976, 51, 4687.
Kuwajima, I.; Nakamura, E.; Shimazu, M. J. Am. Chem. Soc.
1982, 104, 1025.

Kuehne, M. E. J. Org. Chem. 1970, 35, 171.

Kuwajima, I.; Nakamura, E. J. Am. Chem. Soc. 1975, 97, 1000.
Fraser, R. R.; Banville, J.; Dhawan, K. L. J. Am. Chem. Soc.
1978, 100, 7999.

Enders, D. Current Trends in Organic Synthesis; Pergamon
Press: New York, 1983.

Fraser, R. R.; Banville, J.; Dhawan, K. L. J. Chem. Soc., Chem.
Commun. 1979, 47.

For extensive reviews on hydrazone dianions, see: Kaise, E. M.;
Petty, J. D.; Knutson, P. L. A. Synthesis 1979, 509. Tanaka, K.;
Kaij, A. Sulfur Rep. 1980, 1, 97. Thompson, C. M.; Green, D.
Tetrahedron 1991, 47, 4223.

Schantl, J. G.; Hebeisen, P.; Karpellus, P. Synth. Commun. 1989,
19, 39.

Klingebiel, U.; Werner, P. Liebigs Ann. 1979, 457.

Schwan, A. L.; Warkentin, J. Can. J. Chem. 1987, 65, 1200.
Khoukhi, M.; Vaultier, M.; Carrié, R. Tetrahedron Lett. 1986,
27, 1031.

Palacios, F.; Aparicio, D.; de los Santos, J. M.; Vicario, J.
Tetrahedron 2001, 57, 1961.

Ben Cheikh, R.; Bouzouita, N.; Ghabi, H.; Chaabouni, R.
Tetrahedron 1990, 46, 5155.

Fulmer, T. D.; Dasher, L. P.; Bobb, B. L.; Wilson, J. D.; Sides,
K. L.; Beam C. F. J. Heterocycl. Chem. 1980, 17, 799.
Livingston, M. J.; Chick, M. F.; Shealy, E. O.; Beam, C. F. J.
Heterocycl. Chem. 1982, 19, 215.

Foote, R. S.; Beam, C. F.; Hauser, C. R. J. Heterocycl. Chem.
1970, 7, 589.

Beam, C. F.; Foote, R. S.; Hauser, C. R. J. Heterocycl. Chem.
1972, 9, 183.

Beam, C. F.; Reames, D. C.; Harris, C. E.; Dasher, L. W.;
Hollinger, W. M.; Shealy, N. L.; Sandifer, R. M.; Perkins, M.;
Hauser, C. R. J. Org. Chem. 1975, 40, 514.



2398

(175)
(176)
177)

(178)
(179)

(180)
(181)
(182)
(183)

(184)
(185)

(186)
(187)
(188)
(189)
(190)
(191)
(192)
(193)
(194)
(195)
(196)
(197)
(198)
(199)

(200

N=—

(201

—

(202)

(203)
(204)

(205)
(206)
(207)
(208)

(209)

(210)
(211)

(212)
(213)
(214)
(215)
(216)
(217)
(218)
(219)

(220)

Chemical Reviews, 2004, Vol. 104, No. 5

Duncan, D. C.; Trumbo, T. A.; Almquist, C. D.; Lentz, T. A;;
Beam, C. F. J. Heterocycl. Chem. 1987, 24, 555.

Beam, C. F.; Foote, R. S.; Hauser, C. R. J. Heterocycl. Chem.
1971, 8, 1658.

Reames, D. C.; Harris, C. E.; Dasher, L. W.; Sandifer, R. M.;
Hollinger, W. M.; Beam, C. F. J. Heterocycl. Chem. 1975, 12,
779; Chem. Abstr. 1976, 84, 43926.

Grant, S. P.; Hurst, D. R.; Cordray, T. L.; Beam, C. F. Org. Prep.
Proced. Int. 2001, 33, 91.

Huff, A. M.; Hall, H. L.; Smith, M. J.; O'Grady, S.; Waters, F.
C.; Fengl, R. W.; Welsh J. A.; Beam, C. F. J. Heterocycl. Chem.
1985, 22, 501.

Matsumura, N.; Kunugihara, A.; Yoneda, S. Tetrahedron Lett.
1983, 24, 3239.

Matsumura, N.; Kunugihara, A.; Yoneda, S. J. Heterocycl. Chem.
1985, 22, 1169.

Matsumura, N.; Kunugihara, A.; Yoneda, S. Tetrahedron Lett.
1984, 25, 4529.

Beam, C. F.; Hall, H. L.; Huff, A. M.; Tummons, R. C.; O'Grady,
S. A. J. Heterocycl. Chem. 1984, 21, 1897.

Huff, A. M.; Beam, C. F. J. Heterocycl. Chem. 1986, 23, 1343.
Palacios, F.; Aparicio, D.; de los Santos, J. M. Tetrahedron 1994,
50, 12727.

Palacios, F.; Aparicio, D.; de los Santos, J. M. Tetrahedron 1996,
52, 4123.

Attanasi, O. A.; De Crescentini, L.; McKiliop, A.; Santeusanio,
S. J. Chem. Soc., Perkin Trans. 1 1992, 3099.

Patel, H. V.; Vyas, K. A.; Pandey, S. P.; Tavares, F.; Fernandes,
P. S. Synlett 1991, 483.

Enders, D.; Tiebes, J.; De Kimpe, N.; Keppens, M.; Stevens, C.;
Smagghe, G.; Betz, O. J. Org. Chem. 1993, 58, 4881.

Enders, D.; Nolte, B.; Runsink, J. Tetrahedron: Asymmetry 2002,
13, 587.

Enders, D.; Bartzen, D. Liebigs Ann. 1997, 1115.

Enders, D.; Plant, A. Synlett 1994, 1054.

Enders, D.; Muller, S.; Demir, A. S. Tetrahedron Lett. 1988, 29,
6437.

Chelucci, G.; Gladiali, S.; Marchetti, M. J. Heterocycl. Chem.
1988, 25, 1761.

Mazur Bowen, C.; Katzenellenbogen, J. A. J. Org. Chem. 1997,
62, 7650.

Bai, X.; Eliel, L. E. J. Org. Chem. 1991, 56, 2086. Eliel, L. E.;
Frye, S. V.; Hortelano, E. R.; Chen, X.; Bai, X. Pure Appl. Chem.
1991, 1591.

Enders, D.; Sun, H.; Leusink, F. R. Tetrahedron 1999, 55, 6129.
Tapia I.; Alcazar, V.; Moran, J. R.; Caballero, C.; Grande, M.
Chem. Lett. 1990, 697.

For reviews on the Shapiro reaction, see: Shapiro, R. H. Org.
React. (N.Y.) 1976, 23, 555. Charmberlin, A. R.; Bloom, S. H.
Org. React. (N.Y.) 1990, 39, 1.

Adlington, R. M.; Barrett, A. G. M. J. Chem. Soc., Chem.
Commun. 1978, 1071.

Adlington, R. M.; Barrett, A. G. M. J. Chem. Soc., Chem.
Commun. 1979, 1122.

Ziegler, T.; Eckhardt, E.; Bitauldt, V. J. Org. Chem. 1993, 58,
1090.

Enders, D.; Knopp, M. Tetrahedron 1996, 52, 5805.

Schreiber, S.; Sammakia, T.; Hulin, B.; Schulte, G. 3. Am. Chem.
Soc. 1986, 108, 2106.

Kigoshi, H.; Suzuki, Y.; Aoki, K.; Uemura, D. Tetrahedron Lett.
2000, 41, 3927.

Smith, A. B.; Kingery-Wood, J.; Leenay, T. L.; Nolen, E. G;
Sunazuka, T. J. Am. Chem. Soc. 1992, 114, 1438.

Evans, D. A,; Rajapacse, H. A.; Chiu, A.; Stenkamp, D. Angew.
Chem., Int. Ed. 2002, 41, 4573.

Nicolaou, K. C.; King, N. P.; Finlay, M. R. V.; He, Y.; Roschangar,
F.; Vourloumis, D.; Vallberg., H.; Sarabia, F.; Ninkovic S;
Hepworth, D. Bioorg. Med. Chem. 1999, 7, 665.

Evans, D. A.; Polniaszek, R. P.; De Vries, K. M.; Guinn, D. E.;
Mathre, D. J. 3. Am. Chem. Soc. 1991, 113, 7613.

Majewski, M.; Nowak, P. Tetrahedron: Asymmetry 1998, 9, 2611.
LeBel, N. A.; Balasubramanian, N. J. Am. Chem. Soc. 1989, 111,
3363.

Shimada, S.; Hashimoto, Y.; Saigo, K. J. Org. Chem. 1993, 58,
5226.

Evans, D. A.; Sacks, C. E.; Kleschick, W. A.; Taber, T. R. J. Am.
Chem. Soc. 1979, 101, 6789.

Evans, D. A.; Bender, S. L.; Morris, J. 3. Am. Chem. Soc. 1988,
110, 2506.

Paterson, I.; Tudge, M. Angew. Chem., Int. Ed. 2003, 42, 343.
Kelly, T. R.; Liu, H. 3. Am. Chem. Soc. 1985, 107, 4998.

For a review on MCRs leading to heterocycles see: Zhu, J. Eur.
J. Org. Chem. 2003, 1133.

Chelucci, G.; Delogu, G.; Gladiali, S.; Soccolini, F. J. Heterocycl.
Chem. 1986, 23, 1395.

Mack, H. M.; Davis, E. A.; Kadkhodayan, B.; Taylor, R. A;;
Duncan, D. C.; Beam, C. F. J. Heterocycl. Chem. 1987, 24, 1733.
Holmes, A. B.; Smith, A. L.; Williams, S. F.; Hughes, L. R;
Lidert, Z.; Swithenbank, C. J. Org. Chem. 1991, 56, 1393.

(221)

(222)

(223)

(224)
(225)

(226)
(227)
(228)
(229)
(230)
(231)
(232)
(233)
(234)
(235)
(236)
(237)

(238)
(239)

(240)
(241)
(242)
(243)
(244)
(245)
(246)
(247)
(248)

(249)
(250)

(251)
(252)

(253)
(254)
(255)
(256)
(257)
(258)
(259)
(260)
(261)
(262)
(263)
(264)

(265)

Mangelinckx et al.

Smith, A. L.; Williams, S. F.; Holmes, A. B.; Hughes, L. R;
Lidert, Z.; Swithenbank, C. 3. Am. Chem. Soc. 1988, 110, 8696.
Collins, I.; Fox, M. E.; Holmes, A. B.; Williams, S. F.; Baker, R.;
Forbes, 1. J.; Thompson, M. J. Chem. Soc., Perkin Trans. 1 1991,
175.

Enders, D.; Thiebes, C. Synlett 2000, 1745. Enders, D.; Thiebes,
C. Pure Appl. Chem. 2001, 73, 573.

Solladié, G.; Huser, N. Tetrahedron: Asymmetry 1995, 6, 2679.
Enders, D.; Dahmen, W.; Dederichs, E.; Gatzweiler, P.; Weuster,
P. Synthesis 1990, 1013.

Fletcher, M. T.; Jacqueline, A W.; Jacobs, M. F.; Krohn, S.;
Kitching, W.; Drew. R. A. I.; Moore, C. J.; Francke, W. J. Chem.
Soc., Perkin Trans. 1 1992, 2827.

Tu, Y. Q.; Hubener, A.; Zhang, H.; Moore, C. J.; Fletcher, M. T;
Hasey, P.; Dettner, K.; Francke, W.; McErlean, C. S. P.; Kitching,
W. Synthesis 2000, 1956.

Claffey, M. M.; Heatchock, C. H. J. Org. Chem. 1996, 61, 7646.
Nishiyama, T.; Woodhall, J. F.; Lawsan, E. N.; Kitching, W. J.
Org. Chem. 1989, 54, 2183.

Burton, J. W.; Clark, J. S.; Derrer, S.; Stork, T. C.; Bendall, J.
G.; Holmes, A. B. J. Am. Chem. Soc. 1997, 119, 7483.

Kofron, W. G.; Yeh, M.-K. J. Org. Chem. 1976, 41, 439.

Ciula, J. C.; Streitwieser, A. J. Org. Chem. 1991, 56, 1989.
Neber, P. W.; Burgard, A. Justus Liebigs Ann. Chem. 1932, 493,
281

Neber, P. W.; Huh, G. Justus Liebigs Ann. Chem. 1935, 515,
283.

For a recent review on 2H-azirines, see: Palacios, F.; Ochoa de
Retana, A. M.; Martinez de Marigorta, E.; de los Santos, J. M.
Eur. J. Org. Chem. 2001, 2401.

Hatch, M. J.; Cram, D. J. 3. Am. Chem. Soc. 1953, 75, 38.
Parcel, R. F. Chem. Ind. (London) 1963, 1396; Chem. Abstr. 1963,
59, 54715.

Hyatt, J. A. J. Org. Chem. 1981, 46, 3953.

Shozo, U.; Shunsuke, N.; Toyokichi, Y.; Tadahiro, S.; Hitoshi,
U. J. Chem. Soc., Chem. Commun. 1985, 4, 218.

Eremeev, A. V.; Piskunova, I. P.; Elkinson, R. S. Khim. Geterotsikl.
Soedin. 1985, 9, 1202; Chem. Abstr. 1987, 107, 7016.
Tsuritani, T.; Yagi, K.; Shinokubo, H.; Oshima, K. Angew. Chem.,
Int. Ed. 2003, 42, 5615.

Katritzky, A. R.; Wang, M.; Wilkerson, C. R.; Yang, H. J. Org.
Chem. 2000, 68, 9105.

Piskunova, I. P.; Eremeev, A. F.; Mishnev, A. F.; Vosekalna, I.
A. Tetrahedron 1993, 49, 4671.

Verstappen, M. M. H.; Ariaans, G. J. A.; Zwanenburg, B. J. Am.
Chem. Soc. 1996, 118, 8491.

Palacios, F.; Ochoa de Retana, A. M.; Gil, J. I.; Ezpeleta, J. M.
J. Org. Chem. 2000, 65, 3213.

Palacios, F.; Ochoa de Retana, A. M.; Gil, J. |. Tetrahedron Lett.
2000, 41, 5363.

Palacios, F.; Aparicio, D.; Ochoa de Retana, A. M.; de los Santos,
J. M.; Gil, J. I,; Alonso, J. M. J. Org. Chem. 2002, 67, 7283.
Palacios, F.; Aparicio, D.; Ochoa de Retana, A. M.; de los Santos,
J. M,; Gil, J. I.; de Munain, R. L. Tetrahedron: Asymmetry 2003,
14, 689.

Bellassoued, M.; Chtara, R.; Dardoize, F.; Gaudemar, M. Syn-
thesis 1983, 951.

Beam, C. F.; Dyer, M. C. D.; Schwarz, R. A,; Hauser, C. R. J.
Org. Chem. 1970, 35, 1806.

He, Y.; Lin, N.-H. Synthesis 1994, 989.

Park, H.; Choi, H.; Jang, J.; Choi, S.; Rhee, J.; Chang, M. Arch.
Pharm. Res. 2001, 24, 89.

Mohamed, S. E. N.; Whiting, D. A. 3. Chem. Soc., Perkin Trans.
11983, 2577.

Beam, C. F.; Shealy, K. D.; Harris, C. E.; Shealy, N. L.; Dasher,
L. W.; Hollinger, W. M.; Sandifer, R. M.; Reames, D. C. J. Pharm.
Sci. 1976, 65, 1408.

Barber, G. N.; Olofson, R. A. J. Org. Chem. 1978, 43, 3015.
Hoskin, D. H.; Olofson, R. A. J. Org. Chem. 1982, 47, 5222.
Sandifer, R. M.; Dasher, L. W.; Hollinger, W. M.; Thomas, C.
W.; Reames, D. C.; Beam, C. F.; Foote, R. S.; Hauser, C. R. J.
Heterocycl. Chem. 1975, 12, 1159.

Palacios, F.; Aparicio, D.; de los Santos, J. M.; Rodriguez, E.
Tetrahedron 1998, 54, 599.

Griffiths, J. S.; Beam, C. F.; Hauser, C. R. J. Chem. Soc. 1971,
974.

Park, C. A.; Beam, C. F.; Kaiser, E. M.; Kaufman, R. J.; Henoch,
F. E., Hauser, C. R. J. Heterocycl. Chem. 1976, 13, 449.
Kobayashi, T.; Kawate, H.; Kakiuchi, H.; Kato, H. Bull. Chem.
Soc. Jpn. 1990, 63, 1937.

Park, D. J.; Fulmer, T. D.; Beam, C. F. J. Heterocycl. Chem. 1981,
18, 649.

Brown, J.; Sides, K. L.; Fulmer, T. D.; Beam, C. F. J. Heterocycl.
Chem. 1979, 16, 1669.

Yamamoto, Y.; Morita, Y.; Kikuchi, R.; Yokoo, E.; Ohtsuka, K.;
Katoh, M. Heterocycles 1989, 29, 1443; Chem. Abstr. 1990, 112,
158112.

McGrane, P. L.; Livinghouse, T. J. Org. Chem. 1992, 57, 1323.



1-Azaallylic Anions in Heterocyclic Chemistry

(266)

(267)
(268)

(269)
(270)

(271
(272)

-

(273)
(274)

(275

-

(276)

(277)

Fairfax, D.; Stein, M.; Livinghouse, T.; Jensen, M. Organo-
metallics 1997, 16, 1523.

Florio, S.; Capriati, V.; Luisi, R. Tetrahedron Lett. 1996, 37, 4781.
Florio, S.; Troisi, L.; Capriati, V.; Coletta, G. Tetrahedron 1999,
55, 9859.

Florio, S.; Capriati, V.; Luisi, R.; Abbotto, A.; Pippel, D. J.
Tetrahedron 2001, 57, 6775.

Florio, S.; Troisi; L. Tetrahedron Lett. 1994, 35, 3175.

Florio, S.; Troisi, L.; Capriati, V. J. Org. Chem. 1995, 60, 2279.
Florio, S.; Troisi, L.; Capriati, V.; Ingrosso, G. Tetrahedron Lett.
1999, 40, 6101.

Capriati, V.; Degennaro, L.; Florio, S.; Luisi, R.; Tralli, C.; Troisi,
L. Synthesis 2001, 2299.

Capriati, V.; Degennaro, L.; Florio, S.; Luisi, R. Tetrahedron Lett.
2001, 42, 9183.

Capriati, V.; Degennaro, L.; Florio, S.; Luisi, R. Eur. J. Org.
Chem. 2002, 2961.

Capriati, V.; Florio, S.; Luisi, R.; Rocchetti, M. T. J. Org. Chem.
2002, 67, 759.

Rocchetti, M. T.; Fino, V.; Capriati, V.; Florio, S.; Luisi, R. J.
Org. Chem. 2003, 68, 1394.

(278)
(279)

(280)
(281)
(282)
(283)
(284)
(285)
(286)

(287)

Chemical Reviews, 2004, Vol. 104, No. 5 2399

Stephens, C. L.; Nyquist, H. L.; Hardcastle, K. 1. J. Org. Chem.
2002, 67, 3051.

For the preparation of chiral 2-(chloromethyl)oxazolines, see:
Kamata, K.; Sato, H.; Takagi, E.; Agata, |.; Meyers, A. I.
Heterocycles 1999, 51, 373.

Meyers, A. |.; Mihelich E. D.; Nolen, R. L. J. Org. Chem. 1974,
18, 2783.

Capriati, V.; Degennaro, L.; Florio, S.; Luisi, R. Eur. J. Org.
Chem. 2002, 2961.

Konakahara, T.; Matsuki, M.; Shinji, S.; Sato, K. J. Chem. Soc.,
Perkin Trans. 1 1987, 1489.

Konakahara, T.; Takagi, Y. Heterocycles 1980, 14, 393.
Konakahara, T.; Sato, K. Bull. Chem. Soc. Jpn. 1983, 56, 1241.
Konakahara, T.; Watanabe, A., Sato, K. Heterocycles 1985, 23,
383.

Wischmann, K. W.; Logan, A. V.; Stuart, D. M. J. Org. Chem.
1961, 26, 2794.

Balu, M. P.; lla, H.; Junjappa H. Tetrahedron Lett. 1987, 28,
3023.

CR020084P






