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Series Foreword 

In the organic nitro chemistry era of the fifties and early sixties, a great 

emphasis of the research was directed towards the synthesis of new compounds 

that would be useful as potential ingredients in explosives and propellants. 

In recent years, the emphasis of research has been directed more and more 

toward utilizing nitro compounds as reactive intermediates in organic synthesis. 

The activating effect of the nitro group is exploited in carrying out many organic 

reactions, and its facile transformation into various functional groups has 

broadened the importance of nitro compounds in the synthesis of complex 
molecules. 

It is the purpose of the Series to review the field of organic nitro chemistry in 

its broadest sense by including structurally related classes of compounds such as 

nitroamines, nitrates, nitrones, and nitrile oxides. It is intended that the 

contributors who are active investigators in the various facets of the field will 

provide a concise presentation of recent advances that have generated a 

renaissance in nitro chemistry research. 

Henry Feuer 

Purdue University 

v 
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Preface 

1,3-Dipolar addition of nitrile oxides, nitrones, and nitronates to alkenes or 
acetylenes is a well-established carbon-carbon bond coupling reaction leading 

to isoxazole derivatives that occasionally have been used synthetically. The 

basic chemistry of the nitrile oxide and nitrone dipoles is also well known as well 

as the chemistry of the third member of the dipole family: the silyl and alkyl 

nitronates, which have been investigated quite recently. They are all easily 

available compounds. The interest in the isoxazoles, isoxazolines, and iso- 

xazolidines increased considerably when it became evident that they possessed 

significant masked functionalities that, on unmasking, give rise to several other 

heterocycles and functionalized alkanes. A network of useful reactions was 

developed with interesting and broad applications. We have here a valuable 
instrument in organic synthesis. Common, inexpensive chemicals (aldehydes, 

aliphatic nitro compounds, alkenes, acetylenes, hydroxylamines) serve as 

starting material, and the experimental conditions are simple. 
This volume collects the contributions found in the earlier literature on the 

synthetic use of the isoxazole nucleus together with the results from recent, 

extensive, systematic research by several groups. 
Chapter 1 is an introductory discussion of the general principles for using 

heterocycles in synthesis, and special attention is devoted to the chemistry of 

isoxazole derivatives and the problem of why these derivatives formed by 1,3- 

dipolar addition are especially suited as intermediates. The mechanistic aspects 

of 1,3-dipolar additions are discussed jointly for the three dipoles in this chapter. 

The nitrile oxides and nitrones are already excellently covered in recent reviews 

and monographs, but the essential parts of the chemistry of nitrile oxides and 

nitrones are highlighted in a condensed version in Chapters 2 and 3 for the sake 

of coherency and for their importance as immediate reactants. Therefore, 

references given in these sections are not comprehensive and may sometimes, 

regrettably, be chosen by chance. Chapter 4 reviews the chemistry of the 

nitronates. These sections function as background and support to the main part, 

Chapter 5, of the book, which is a contribution to the art of carbon-carbon 

coupling, the essence of organic synthesis. I hope this will inspire other workers 
to venture into pyrixizole chemistry. The literature has been searched up to the 

end of 1985. Articles published in the period December 1985 to August 1987 have 

been reviewed in the Addendum. • 



Preface viii 

I wish to express my thanks to Mrs. Ella M. Larsen for the excellent typing 

and art work, and to Dr. John R. Cashman for linguistic corrections. 

Aarhus 1987 

KURT B. G. TORSSELL 
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Chapter 1 

Introduction and General 
Considerations 

1.1 THE DIPOLES: NITRILE OXIDES, 
NITRONES, AND SILYL NITRONATES. 

THE REVIEW LITERATURE 

Breakthrough and advancement in science rest always on the foundations laid 

by earlier workers. The history of nitrile oxides goes back to 1800, when E. 

Howard prepared the explosive mercury fulminate. The correct structure of 

fulminic acid and its salts remained unknown for a long time and was the subject 

of much speculation. It had to wait for nearly 100 years for its elucidation. In 

1899 H. Ley suggested that fulminic acid was the nitrile oxide of formic acid, 

HC=N+—O-, i.e., the parent compound of nitrile oxides. The present status of 

the chemistry of the dipolar nitrile oxides acknowledges particularly the 

contributions by H. Wieland in the early 1900s, A. Quilico and associates in the 

1940s, and R. Huisgen, who, in the 1960s, systematized comprehensively the 1,3- 

dipolar reactions and arrived at a better understanding of their mechanism 

based on molecular orbital theory. 
The nitrones were discovered by E. Beckmann in the 1880s by N-alkylation of 

oximes. There has been a constant interest in the chemistry of nitrones ever 

since. In the 1960s the high-yielding addition of this 1,3-dipole to olefins with 

formation of isoxazolidines was discovered independently by Cope, LeBel, 

Brown, Delpierre, and Huisgen. 
The silyl nitronates are the youngest members of this dipole family. V. A. 

Tartakovskii and his group prepared the first silyl nitronates and investigated 

their properties and reactions in the 1970s. This work was extended by us 

and other workers, and we have undertaken an exploration of the utilization 

of isoxazoles, isoxazolines, and isoxazolidines as intermediates in organic 

synthesis. 
Various aspects of the subject of this book have been reviewed earlier in 

journals, comprehensive series, and a few monographs. A bibliographic list of 

reviews follows. 

1 
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1.2 1,3-DIPOLAR ADDITION—A PRINCIPLE 
FOR CARBON-CARBON COUPLING. 

HETEROCYCLES IN ORGANIC SYNTHESIS 

Numerous carbon-carbon coupling reactions of general applicability have been 

worked out during the last century. Most of the reactions can be explained and 

predicted by the polarity of bonds involved, by Coulomb forces between charged 

species, or by pairing of radicals. A few, such as the concerted Diels-Alder and 

1,3-dipolar reactions, are best rationalized in terms of frontier orbital interac¬ 

tions.1-3 In this case the naive polar model fails to explain the regioselectivities 

and reactivities of the addition. The Diels-Alder reaction has secured its position 

as the most useful method for constructing six-membered ring systems with a 

high degree of stereocontrol, and its importance is further manifested by 

accessibility and low cost of reactants and simple reaction conditions. The 1,3- 

dipolar reaction4-6 is considered to be the most useful method for the synthesis 
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of five-membered heterocyclic ring systems containing one or more hetero¬ 

atoms. Accessibility and low cost of reactants combined with simple reaction 

conditions also apply in certain cases to this reaction. Conceivably, we have here 

another carbon-carbon coupling reaction of potential value comprising a large 
variety of reactants. 

However, heterocycles have not yet received full recognition as useful relay 

compounds in synthetic schemes, e.g., at instances when functionalities and 

fragments have to be temporarily masked or protected to be brought into action 

at the desired moment. The work on the chemistry of heterocycles dealt 

primarily with their synthesis and properties and was usually not extended to 

investigations of their potential utilization as building blocks in synthesis. 

There are, indeed, several exceptions to this statement, as is evident from a 

monograph on the subject.7 Classical examples of the use of heterocycles in 

synthesis are furans and thiophenes serving as templets for constructing a 

variety of functionalized alkanes. Readily available furans are first func¬ 

tionalized by electrophilic substitution and then subjected to oxidative ring 

opening, eq. (1.1).8 Suitable 1,4-diketones formed could, e.g., be cyclized to 

prostanoids.9,10 Functionalization of thiophene followed by reductive cleavage 

with Raney-Ni leads conveniently to a multitude of hydrocarbons, eq. (1.2).11,12 

„ fj) jU in [°] 
0^ Rs/\0/N - 

MgOH 

s , <>» 

^ ^ l_XE 
(E+ = electrophile) 

— RX^ Rane>-N1- RJ (1-2) 

An example of direct relevance to the discussions in the following chapters is 

given by the isoxazole 1, which contains a masked 1,3-dicarbonyl function. It 

is successfully used in the annelation of ketones, whereby first the heterocycle 

is unmasked by reduction and then used in the construction of condensed 
systems, eq. (1.3).13 

As we shall see later, there is a difference in strategy between the usage of the 

three first-mentioned heterocyles and the usage of the isoxazole, isoxazoline, and 

isoxazolidine groups discussed in the following sections. In the furan case,’ e.g., 

the substituents are first attached to the prebuilt nucleus, which then is 

unmasked by oxidative cleavage and eventually subjected to further reactions. 

The isoxazole, isoxazoline, or isoxazolidine heterocycles are, on the other hand, 

MeO OMe 
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synthesized during the process by cycloaddition, then possibly functionalized 

before cleavage and the further transformations. At the same time it is possible 

to exert certain stereochemical control. In the cycloaddition step two fragments 
of the final molecule are coupled (Scheme 1.1). 

Scheme 1.1. Routes to 2-isoxazolines and isoxazolidines: stereochemical control. 
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A. 1. Cycloaddition of a nitrile oxide to an alkene. Formation of 2-isoxazolines 

2. Functionalization of the isoxazoline by introduction of a substituent X 

3,4. Selective reductive cleavage 

5. Final transformation, elimination of water and ammonia 

6. Cycloaddition of a nitrile oxide to an acetylene. Formation of isoxazoles 

7. Reductive cleavage 

B. 8. Cycloaddition of a nitrone (R3 4 5 6 = alkyl, aryl) or nitronate [R3 = OSi(CH3)3, OCH3, 

OC2H5] to an alkene. Formation of isoxazolidines 

Stereochemical control can be exerted in steps 2, 4, and 8. 

For a heterocycle to serve as an efficient tool in organic synthesis, it is 

desirable for some of the following requirements to be met. The heterocycle 

should 

1. Be easy to prepare from inexpensive, simple starting material 

2. Contain masked functionalities and structural units of potential synthetic 
interest 

3. Be easy to functionalize 

4. Have a reasonable stability towards reagents 

5. Be cleaved or unmasked by selective reagents to produce the desired 
structural entity 

6. Allow stereoselective operations 

No compound is known to fulfill all these requirements. It is somewhat 

schizophrenic to demand stability and reactivity at the same time. 

Reference has already been made to the 1,3-dipolar reactions as a suitable 

high-yielding procedure for carbon-carbon coupling involving a large variety of 

reactants. The question arises as to which are the most ideal heterocycles 

fulfilling at least some of requirements 1-6. It appears from a survey of the 

literature that several dipoles are disqualified by 

Structural limitations to a few substituents, occasionally rather exotic ones 
Laborious preparative procedures 

Formation of acid, base, or heat-labile heterocycles. 

Formation of heterocycles giving unsuitable cleavage products 

This can be exemplified, e.g., by the nitrile imines 2, which until now were 

limited mostly to aromatic derivatives, and by the isomeric diazoalkanes 3 

R1 -C=N-N-R2 

2 

R1 or R2 = 

R* 1 + 

"Sd-n=n 
r2/ 

1 

Ar R1 , R2 = H, Aik, Ar 
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belonging to a small class of compounds that are comparatively difficult to 

synthesize. The pyrazolines obtained by the reaction of compound 2 with 

olefins, eqs. (1.4),(1.5), do possess masked 1,3-diamino functions, but they are 

difficult to cleave. Expulsion of nitrogen from the pyrazoline in eq. (1.5) gives 
cyclopropanes. 

Of all the 1,3-dipoles, a set of three stands out, which happens to meet several 

of requirements 1-6: the nitrile oxides, the nitrones, and the silyl nitronates. 

They react with olefins and acetylenes to form isoxazoles, isoxazolines, and 

isoxazolidines (as exemplified in Scheme 1.1) in high yields, which, in the light of 

P g p. 
Isoxazole 2-Isoxazoline Isoxazolidine 

recent developments, turn out to be extraordinary, valuable intermediates in 

organic synthesis. The chemistry of the isoxazole derivatives is discussed in the 

next sections with emphasis on their synthetic applications in relation to the 

requirements mentioned previously. In Chapters 2-4 the chemistry of the nitrile 

oxide, nitrone, and nitronate ester dipoles is briefly surveyed, mainly as a 

support to Chapter 5, which surveys their synthetic applications. That interest in 

the isoxazole, isoxazoline, and isoxazolidine heterocycles is of very recent 

vintage appears from the fact that the monograph (1974) on the use of 

heterocycles in organic synthesis contains few references to these particular 

compounds. Quite recently two comprehensive monographs appeared, which in 

part surveyed the role of heterocycles in general organic synthesis.5,6 
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1.3 STARTING MATERIAL. REACTION 
CONDITIONS 

To satisfy the requirement of a useful reaction, one must consider the expense. 

Reactions of Claisen or aldol types belong to the most useful reactions for 

joining molecules together. This depends on the accessibility of carbonyl 

compounds, satisfactory yields, and simple reaction conditions, i.e., an ideal 

reaction, which is considered in every synthetic scheme. In the following 

discussion the dipolar route is compared with the Claisen procedure because, as 

we will see, it leads eventually to the same kind of products. 

Aldehydes, eq. (1.6), or primary nitro compounds, eq. (1.7), the Mukaiyama- 

Hoshino procedure, serve as starting material for the nitrile oxides, and olefins 

or acetylenes are dipolarophiles in the cycloaddition reaction that produces 

2-isoxazolines and isoxazoles in good yield.14 The reaction conditions are 

simple. The critical point of the reaction sequence starting from aldehydes is 

the chlorination, which sometimes is difficult to control and which does not 

allow other sensitive functions to be present. This has been handled by 

chlorination with N-chlorosuccinimide, which leaves most other functional 

groups untouched.15 

RCHO 1-2N“^— RCCl=NOH^ RfeN+— 0~ (1.6) 

RCH2N02 C6He"nC=°~ RC=N+— cr + (C6H5NH)2CO (1.7) 

In case the two reacting functions are located in the same molecule, 

intramolecular cyclization occurs,16-19 leading to polycyclic systems. 

Aldehydes or ketones are the starting material of choice for the preparation of 

nitrones by condensation with hydroxylamines, eq. (1.8).20 They form isoxa- 

zolidines and 4-isoxazolines with olefins and acetylenes, respectively. Several 

useful intramolecular cyclizations have been carried out with bifunctional 

molecules, leading to polycyclic structures.21-23 

RR1 CO R2NH?1t RR1 C=N + _ (1.8) 

R1, R2 = H, alkyl, aryl 

The silyl nitronates are conveniently prepared by reacting primary and 

secondary nitro compounds with chlorotrimethylsilane and triethylamine in 

acetonitrile at room temperature or with chlorotrimethylsilane and lithium 

disopropylamide in tetrahydrofuran at — 70°C or with silylated 

amides.24-27 159 Silyl nitronates cycloadd to olefins and form AT-silyloxyisoxa- 
zolidines, eq. (1.9). 
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RR1CHNO 
2 

CISi(CH3)3 

Et, N 
RR C=N / 

\ 

0Si(CH3)3 

0“ 

R)R = H, alkyl, aryl 

(1.9) 

Conclusion: The starting material and reagents are inexpensive, easily accessible 
compounds, which can undergo facil 1,3-dipolar cycloaddition to form isoxazole 
derivatives; consequently, requirement 1 (Section 1.2) is fulfilled. 

1.4 ISOXAZOLES.28 29 58 REACTIONS AND 
PHYSICOCHEMICAL PROPERTIES. 

THE MASKED FUNCTIONALITY 

The isoxazoles are weakly basic compounds possessing aromatic properties 
similar to those of pyridine. They are resistant to strong acids and oxidizing 
conditions, which is evident from the nitration of 3,5-dimethylisoxazole with 
mixed nitric and sulfuric acids at 100°C. 4-Nitro-3,5-dimethylisoxazole is 
obtained in 86% yield, eq. (1.10). All electrophilic reactions studied so far occur 
at the 4-position.28,29 In phenyl-substituted isoxazoles nitration occurs almost 
exclusively in the p-position of the phenyl nucleus, but if the aryl ring is 
deactivated by a nitro group, nitration occurs predominantly at the 4-position 
of the isoxazole nucleus, eq. (1.1 1).30-32 Sulfonation of 5-alkylisoxazoles gives 5- 
alkylisoxazole-4-sulfonic acid.33 The position of the sulfonyl group was proved 
by treatment with sodium hydroxide, which gave the disodium salt of 1-cyano- 
2-hydroxypropensulfonic acid, eq. (1.12). This cleavage, which is characteristic 
for isoxazoles with a hydrogen at C3, was discovered several years earlier and 
constitutes a general synthesis of a-cyanoketones.34 Sulfonation of 5-phenyl- 
isoxazole takes place primarily in the phenyl ring and leads to a 2:1 mixture of 
m- and p-sulfonic acids, eq. (1.13).35 

Mercuration,30,38 eq. (1.14), X=HgOAc, and halogenation30,36-39 with 
molecular halogen or with N-bromosuccinimide occur likewise at C4 of the 
isoxazole ring. For R = C6H5 and R1 = H, eq. (1.14), bromination takes place 
predominantly at the p-position of the phenyl nucleus.32 

02 N 

HN0,/H2S0^ 

H.C''\0 

CH, 

(1.10) 100 °c 

86% 
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R, R 1 = H, alkyl, aryl 

X = Cl, Br, I, Hg(0Ac ) , 

H 3 C' 

CH3 cih2c. 

ch2o 

CH, 

HC1 H,C" 

H,0 [H] 

— 

(1.15) 

Of special interest is the chloroalkylation, which leads to 4-chloro- 

alkylisoxazoles.40~42 The 3,5-dimethyl derivative, eq. (1.15), is used as a 

masked vinyl ketone equivalent13 (Section 5.4). Also, introducing a formyl 

group at C4 according to the method of Vilsmeier and Haak produces isoxazole 

derivatives of synthetic interest.43,44 

As weak bases, the isoxazoles are quaternized by alkylsulfonates or trialkyl- 

oxonium salts, eq. (1.16) 45 47 In contrast, formaldehyde and dimethylforma- 
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mide attack isoxazoles at C4. The different substitution patterns are explained by 

the supposition that alkylation as well as acylation actually first occur at the 

nitrogen atom, but chloroalkylation, hydroxyalkylation, and formylation are 

reversible, eq. (1.17). The acyl cations are eventually irreversibly and competi¬ 

tively trapped at C4 according to eq. (1.15). IV-Methylation or iV-ethylation, 

eq. (1.16), are consequently not reversible to any measurable extent. Isoxazolium 

salts are efficient reagents in peptide synthesis (Section 5.3).35,48,49 

CH, 

CK 

(C2H5)30 or 
(C2H 5)2S0h (1.16) 

CH20 + HC1 

CH, 

ch2ci 
h20 (1-17) 

Whereas isoxazoles are comparatively stable against oxidants, such as nitric 

acid, halogens, chromic acid,41,42,50,52,53 acid permanganate,51 peracids,54,55 

manganese dioxide,56 A-bromosuccinimide,106-108 and dichlorodicyanoquin- 
one,113114 the reaction with alkaline potassium permanganate destroys the 

heterocycle. Aryl-substituted isoxazoles give with this oxidant the correspond¬ 

ing benzoic acids, a degradation used for determining the orientation of 

electrophilic substitution in the phenyl ring.30,39 With chromic acid it is possible 

to oxidize a side-chain hydroxyl group to the corresponding carbonyl group.52 

The reaction of isoxazoles with nucleophiles often disrupts the heterocycle, 

and nucleophilic substitution is therefore of less synthetic importance. The 

chlorine at the C5 position is reactive and undergoes nucleophilic substitution 

with alkoxy, thioalkoxy, and amino groups.28,29,57 Isoxazoles unsubstituted at 

C3 are smoothly cleaved by base to a-cyanoketones, eq. (1.12), a reaction 

studied by several workers.28,29,34,58 Decarboxylation of 3-carboxyisoxazoles 

causes the same type of fragmentation, eq. (1.18).59,60 When C3 is substituted 

but C5 unsubstituted, the fragmentation takes a different course, eq. (1.19), and 

both the N—O and C3—C4 bonds are cleaved.28,29,58,61-63 

The isoxazole ring activates a-protons to undergo aldol or Michael-type 

reactions,28,29,58,64-71 which enables further functionalization of the isoxazole 

ring, especially at C5, where the a-protons are most acidic, eqs. (1.20),(1.21). The 

remarkable ketone 4 formed in eq. (1.21) is actually a masked 1,3,5,7,9- 
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pentaketone.68,69 Equation (1.22) depicts a simple synthesis of curcumin.64,70 

The isoxazolium nucleus activates all three methyl groups. These reactions at 

the a-carbons of the isoxazole ring can be used as alternatives to the usual 

dianion methodology applied to 1,3-dicarbonyl systems. 

H 0 

r 

> 

"ir 

h,o 

R2CHC00H 

/ R1 

(1.19) 

0,N, ^ch3 

if PhCOCH=CHPh 

H,C 0 

H3C 

BuLi 

C0C12 

CH3 

4 

(1.21) 

Noteworthy is the selective reductive cleavage of the N—O bond in the 

isoxazoles, because this reaction leads to unmasking of the versatile 1,3- 

dicarbonyl or the 1,3-iminocarbonyl systems, eq. (1.23), which subsequently can 

be integrated into molecular structures in various ways. Equation (1.25) shows 

how the reduced isoxazole unit is built into a novel, condensed heterocyclic 

system. The reduction can be effected by sodium in alcohol,59,72 sodium 

amalgam,73 Grignard reagents,74,75 Fe(CO)5 and Mo(CO)6,76a dihydro- 

lipoamide-iron II,76b electrochemistry77,78 and now, most frequently, by cata- 
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lytic reduction over Pd, Pt, or Raney-Ni.13,79-88 Zinc in ethanol52 does not 

affect the isoxazole ring, nor does treatment with lithium aluminum hydride,89 

which can be used for selective reduction of ring substituents, e.g., acyl groups to 

the corresponding carbinols (cf. Section 1.6). However, lithium aluminum 

hydride can selectively reduce the 4,5 double bond in isoxazoles functionalized 
at C4 with electron attracting groups, eq. (1.24).90 

R^O 
NH 

H, 0 

^0 

NH, 

2^ 

(1.23) 

II LiAlH4 
.N NaBH4 

(1.24) 
X = electron attracting groups, 

N02, CN, S03Et 

A number of UV80,91 94 and IR spectra95,96 of isoxazoles have been recorded 

and analyzed. The NMR spectra of the parent isoxazole show the following 

data: lU NMR (CC14): <5 6.32 (H4, t, J = 1.6 Hz), 8.19 (H3, d, J = 1.6 Hz),. 8.44 

(H5, d, J = 1.6 Hz).97 13C NMR (CDC13): <5 103.7 (C4), 149.1 (C3), 157.9 (C5).98 

The prototropic tautomerism of hydroxy- and amino-substituted isoxazoles 

have been studied by these spectral methods.99 The following general conclu¬ 
sions can be drawn: 

1. Amino derivatives irrespective of position occur in the amino form. 
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2. 3-Hydroxy derivatives occur in the hydroxy form. 
3. 5-Hydroxy derivatives occur predominantly in the oxo form as a mixture of A 

and B, eq. (1.26). 

A b C 

Earlier contributions to the physicochemical properties of isoxazoles and 

derivatives have been reviewed (Ref. 29). 

Conclusion: The isoxazoles contain a protected 1,3-dicarbonyl function with a 

certain lability associated with the N—O bond. They can be functionalized, 

readily unmasked, and elaborated for further structural operations; i.e., they 

fulfill requirements 2-5 (Section 1.2) of a synthetic tool with wide applications. 

1.5 ISOXAZOLINES. REACTIONS AND 
PHYSICOCHEMICAL PROPERTIES. THE 

MASKED FUNCTIONALITY AND THE 
ALDOL CONCEPT 

The isoxazolines occur in three isomeric forms: 2-, 3-, and 4-isoxazolines, of 

which the 2-isoxazolines are the most common, most stable, and, as we shall see 

also synthetically, the most versatile. Loss of aromaticity makes the isoxazolines 

i il 
2-isoxazoline 3-isoxazoline 

'0 
4-isoxazo.line 

more susceptible to various reagents. 2-Isoxazolines are readily available by 

1,3-dipolar addition of nitrile oxides or silyl nitronates to olefins. A promising 

route to 2-isoxazolines, still unexploited, is nitrosation of cyclopropanes ac¬ 

companied by ring cleavage and recylization,100,101 eq. (1.27). They are easily 

dehydrogenated by chromic acid,102-105 iV-bromosuccinimide,106-108 man¬ 

ganese dioxide,109110 potassium permanganate,111,112 and dichlorodicyano- 

benzoquinone.113,114 The aromatization of 2-isoxazolines to isoxazoles is 

important because 1,3-dipolar addition is easier with olefins than with the 

corresponding acetylenes, and olefins are generally more available. Isoxazolines 

are stable towards peracids. It is thus possible to epoxidize a vinyl substituent 

without oxidzing the heterocycle, eq. (1.28).114 The C4 and C3 aH atoms of 

2-isoxazolines are activated by the iminoxy function, and treatment with lithium 
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isopropylamide at 78 C can generate an anion at C4 or C3a which is prone to react 
with electrophiles, eq. (1.29).115 118,120 y^g a{^ac)c occurs predominantly from 

the less hindered side—cis to C5—H. At higher temperatures the 2-isoxazoline 

ring is cleaved and a,/?-unsaturated oximes are formed. It is thus possible to 

functionalize 2-isoxazolines under certain conditions. Isoxazolines with hydro¬ 

gen at C are cleaved by bases and a,/?-cyanohydroxy derivatives are formed 
eq. (1.30).25,114,161 

m-CIPBA = m-Chloroperbenzoic acid 

Thermal decarboxylation of 3-carboxy-2-isoxazolines causes a similar frag¬ 

mentation.126 Treatment of 5-acylated 2-isoxazolines with base121,122 or 

acid134 also causes cleavage of the ring, according to eq. (1.31). Related to this 

cleavage is the conversion of 5-trimethylsilyl-2-isoxazolines into silylenol ethers 
by flash-vapor pyrolysis.141 

2-Isoxazolines are quite stable at ordinary temperatures, but cyclorever- 
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sions have been observed under flash-vacuum conditions at 600-650°C 123 and 

by irradiation.124,125 2-Isoxazolines are weak bases and are N-alkylated 

by dimethyl sulfate, eq. (1.32)25,127-129, or triethyloxonium tetrafluoroborate, 

eq. (1.33).119 The ammonium salts can be rearranged into nitrones25 or 3- 

isoxazolines.119,127,128 

The reductive cleavage of the N—O bond can be accomplished readily and 

selectively by various methods. Catalytic reduction over Pd, Pt, or Raney-Ni 

(most frequently used) cleaves the N—O bond without reducing the imino 

function, eq. (1.34)24,130-140; cf. catalytic reduction of isoxazoles in Section 1.4. 

Catalytic reduction of 2-isoxazolines with a carboxy group at the 3-position is 

difficult to stop at the imino level. In this case a mixture of stereoisomeric amino 

acids is obtained, eq. (1.35).142,143 Titanous salts are mild but slow reductants 

for selective N—O bond cleavage,25,114,133,134,144,145 and this is a useful 

procedure, especially when the 2-isoxazolines contain olefinic functions, which 

are reduced catalytically. The N—O bond is also cleaved with zinc powder and 

acid.25,133,160 Under certain conditions133 simultaneous cleavage of the C—O 

bond also occurs, eq. (1.36). Electrolytic reduction under controlled potential to 

the aldol stage has also been achieved.78,245 In contrast to isoxazoles, 2- 

isoxazolines are readily reduced to 1,3-aminoalcohols by lithium aluminum 

hydride,1 14,146-158 borane complexes,153,159 sodium amalgam, and sodium in 

ethanol, eq. (1.37).153 Selective reduction of the imine bond without cleavage of 

the N—O bond is difficult to accomplish. It has been reported that sodium 

borohydride reduces 5-phenyl-2-isoxazoline-3-carboxylic acid to the corre¬ 
sponding isoxazolidine, eq. (1.38).160 

H2,Pd,Pt,Ni 

T.3+ 
or Ti (1.34) 
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/ COOR 

if [h-3 
/COOR 

NH 

OH 

[H] 
^-eooR 

(1.35) 

(1.36) 

(1.37) 

(1.38) 

Reduction equation (1.34) represents the unmasking of the protected function 

and results in the familiar aldol moiety, which normally is the product of the 

classical Claisen reaction. Thus, a novel entrance24,25,114,115 135’137 is opened 

to the synthetically important aldols, and quite different starting material can be 

used for the purpose: inexpensive and readily available olefins, aldehydes, and 

primary nitro compounds (Scheme 1.2). The routes are complementary, and the 

choice a matter of synthetic planning. Complete reduction of 2-isoxazolines 

gives 1,3-aminoalcohols (route C). 

Scheme 1.2. Routes to aldols and the a./l-unsaturated carbonyl system. A: Claisen route. B. Isoxazoline 
route. 

The IR spectra of 2-isoxazolines show an absorption in the 1570-1630 cm-1 

region (w-m) characteristic of the C=N stretching.107,117,161 A great number 

of XH NMR data have been reported; see, e.g., Refs. 15,24, 25, 107,114, 117, 134, 

152, 153, 161. The 13C NMR data are as yet scarce.119,132,162 
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Few papers have been devoted to the isomeric 3-isoxazolines. It is reported 

that some 5-unsubstituted isoxazolium salts react with Grignard reagents to 

form 5-substituted 3-isoxazolines, eq. (1.39).163 They are also formed by N- 

alkylation of 2-isoxazolines with dimethyl sulfate or triethyloxonium tetra- 

fluoroborate and subsequent removal of a C4-proton by trimethylamine or 

sodium methoxide, eq. (1.33).119,127,128 The compounds can be distilled in 

vacuo and appear to be stable up to ca. 100°C. In contrast to the enamines, 

which are alkylated at the ^-position, the 3-isoxazolines are alkylated on 

nitrogen to give enammonium salts, eq. (1.40). 

6 5 

RMqX 

6 5 

CH 

(1.39) 

(1.40) 

Although the 3-isoxazolines are unimportant in the context of synthetic 

intermediates, the 4-isoxazolines164 attract some interest. The lability of the 

heterocycle is partly associated with the weak N—O bond and partly with the enol 

moiety. Characteristic of the 4-isoxazolines is their tendency for rather capri¬ 

cious and unpredictable rearrangements into other heterocycles such as 4- 

oxazolines, aziridines, pyrroles, etc., eq (1.41).165-168 This is astonishing in view 

of the simple structure of the 4-isoxazolines, and early workers in the field were 

certainly not prepared for the unexpected lability of the system. 4-Isoxazolines 

are best prepared by 1,3-dipolar addition of nitrones to acetylenes, but the 

reaction is sluggish with acetylenes that do not contain electron withdrawing 

groups. There is less regioselectivity in the 1,3-dipolar addition with acetylenes 

than with alkenes. Reaction of Grignard reagents and sodium borohydride with 

some isoxazolium salts gives 4-isoxazolines.167,168 
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The reductive cleavage of the 4-isoxazoline ring and subsequent elimination 

of amine is expected to give a,/?-unsaturated carbonyl compounds, eq. (1.42). 

This has been achieved, but the carbonyl function can induce retroaldol 

reactions, eq. (1.43).164 169 Lithium aluminum hydride reduction, which is 

supposed to give 1,3-aminoalcohols, also gives unpredictable products, i.e., 

aziridines, eq. (1.43). Some simple 4-isoxazolines are reported to be inert 

towards lithium aluminum hydride, and 4-isoxazolines are actually the prod¬ 

ucts from lithium aluminum hydride reductions of ./V-methylisoxazolium salts, 

eq. (1.44).170 If an electron withdrawing group is attached to C4, a mixture of 3-, 
4-isoxazolines and isoxazolidine is obtained. 

Ph' 

<-R 
r1\ \ru Raney-Ni 

^0^ 
N 3 H 

>:h 
3 Ph ^ OH 

IhCH^S 
(1.42) 

(1.43) 

(1.44) 

The IR spectra of 4-isoxazolines show a characteristic absorption (w-m) in the 

1615-1680 cm-1 region originating from the enol group. In the JH NMR 

spectra the C4H and C5H are located in the regions of <5 5.5 and <5 7.0, 
respectively.164 

Conclusion: 2-Isoxazolines contain a masked aldol moiety. This class of 

compounds is formed from inexpensive accessible starting material by simple 

procedures. They are reasonably stable, can be functionalized, allow steric 
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operations, and, consequently, are suitable as versatile structural entities in 

organic synthesis in concordance with the requirements presented in Section 1.2. 

4-Isoxazolines are less suitable as relay compounds in organic synthesis, partly 

as a result of inaccessibility, and partly as a result of their unpredictable 

reactions. 3-Isoxazolines are not suitable as synthetic intermediates. 

1.6 ISOXAZOLIDINES.171 REACTIONS AND 
PHYSICOCHEMICAL PROPERTIES. 

CYCLOREVERSIONS AND THE 
MASKED FUNCTIONALITY 

1,3-Dipolar addition of nitrones to olefins is the most useful method for 

synthesizing isoxazolidines. The addition proceeds smoothly at room temper¬ 

ature in high yields and within hours with reactive nitrones (e.g., C-acylnitrones) 

and olefins activated with electron withdrawing groups, e.g. CN, COOCH3, 

RCO, etc.172-175 Heating to ca. 100°C for 1-2 days is necessary for combining 

less reactive compounds. Cyclization to the saturated isoxazolidine ring forms 

isomers. Each regioselective route, eq. (1.45a,b), gives one pair of stereoisomers, 
i.e., four products. Degeneracy (e.g., R1 = R2), eq. (1.45), or strong regio- and 

stereoselectivity, which often occurs, decreases the number of products (Section 
1.7). 

The inversion barrier of nitrogen is usually low, and it is not possible to 

observe it on the time scale of the NMR spectrometer. Under certain conditions 

the inversion barrier is so high that invertomers can be isolated. This occurs 

because ring strain combines with electron repulsion in the inversion transi¬ 

tion state in N-chloroaziridine (5)176’177 and in N-methoxyaziridine (6),178 or 

solely because of electron repulsion in the inversion transition state in N- 

alkoxyisoxazolidines.179-181 For the rapidly inverting N-methylisoxazolidine 
(7) (R1, R2, R3, R4 = H), the activation energy is £a = 15.6 ± 0.5 kcal moU1,182 and 

for (7) (R1, R2 = N02, R3, R4 = CH3) Ea = 14.6 ± 0.5 kcal mol"1,183 according 

to 3H NMR measurements. For the more stable N-methoxy-3,3-di- 

methoxycarbonyl-5-cyanoisoxazolidine, eq. (1.46, 8a<=»8b) and N-methoxy-3,5- 
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dicyanoisoxazolidine (9), the activation energies are 29.7 ± 0.8 kcal mol-1,179 and 

28.7 + 0.2 kcal mol-1,181 respectively. The half-life of 8 at 29°C is 47 

days. The conformation with the methoxy group in axial position, depicted in 

eq. (1.46), is the most likely one based on the anomeric effect. N- 

Trimethylsilyloxyisoxazolidines behave in the same way. Two invertomers of 10 
were observed spectroscopically. Both give the same product 11, 5-phenyl-2- 

isoxazoline, by acid-catalyzed elimination of trimethylsilanol, eq. (1.47).24 The 

elimination of alcohol is a general and facile reaction characteristic for iV-alkoxy 

and N-silyloxyisoxazolidines.24,25’114’134’145’184-192 Cleavage of the cyclic 

N—O bond also occurs on acid treatment. Thus, the isoxazolidine 13 gives a 

mixture of 2-isoxazoline 14 and iminoxy alcohol 15, eq. (1.48).185 Treating 

N-methoxyisoxazolidines with sodium or potassium hydroxide has been repor¬ 

ted to give 2-isoxazolidines189 by eliminating methanol. The N-trimethylsilyl- 

oxyisoxazolidine 10 undergoes ring cleavage in basic methanol, eq. (1.47).24,186 

CH^OH 

OH' 

OH 0 

12 

(1.47) 
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Compound 12 is ultimatively obtained by hydrolysis of the intermediate oxime. 

Ring opening of the isoxazolidinium salt under basic conditions gives 16 and 17, 
eq. (1.49).193 196 Another mode of cleavage has been observed with lithium 
aluminum hydride,196 eq. (1.50). 

Ph 

-Ph 

CH^OOC ^ %CH, 

13 

I 
Ph 

CH300C ^0" 

14 

1 (1.48) 
CH OOC^ A)H ^och 

15 

-Ph 

OH RCOCH-—CH 

Ph 
RCOCH=CHPh 

n(ch3)2 
(1.49) 

16 17 

L1A1H (1.50) 

Isoxazolidines are thermally unstable because they cleave in a retro-1,3- 

dipolar cycloaddition.173’197"212-326 On distillation in vacuo above 100-150°C, 

isoxazolines slowly reform nitrone and olefin. That means that a kinetically 

controlled addition mixture [see eq. (1.51)] will slowly change its composition in 

favor of the most stable derivatives on prolonged heating. It was observed that 

the trans-fused isoxazolidine 18 on thermal equilibration gave a mixture of two 

cis-fused isoxazolidines 19 and 20, eq. (1.51).202-203 An attempted distillation of 

isoxazolidine 21 caused practically complete fragmentation into the starting 

material, cyclohexanone oxime and methyl acrylate, eq. (1.52).206 The initial 

intramolecular cycloaddition product 22 obtained in refluxing toluene rear¬ 
ranges thermally at 195°C into the spiroisomer 23, eq. (1.53).209 

21 
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Retrocycloaddition is especially facile in tetrasubstituted isoxazolidines 

which does not permit isolation of adducts.205 The retrocycloaddition has 

been applied as a step in the synthesis of cocaine for temporary protection 

of a nitrone function, eq. (1.54).213 1,3-Dipolar retrocycloadditions were 

recently reviewed.214 

Few systematic investigations of the action of oxidants on isoxazolidines have 

been carried out. Demethylation of iV-methylisoxazolidines by peracids gives 

oxazines via ring cleavage and formation of an intermediate nitrone, 

eq. (1.55).193,213,215-217 Oxidation of the parent isoxazolidine with lead tetra¬ 

acetate gives 2-isoxazoline, eq. (1.56).218 The isoxazolidine ring is decomposed by 

potassium permanganate171 and chromic acid219 but is resistant to oxidation 

with dimethylsulfoxide; oxidations in the side chain can be achieved with this 

reagent.219 

(1.55) 
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Pb(OAc) -4' (1.56) 

The reductive cleavage, which unmasks the 1,3-aminoalcohol, eq. (1.57), can 

be easily achieved by catalytic hydrogenation over Raney-Ni,24,173,206,220-222 
173.219,223 234 p^l 73,227,235,236 an(J p|^237,238 by alumjnum amalgam173 

sodium in ammonia or alcohol,173 by zinc and acetic acid,173,213,236,239-242 by 

lithium aluminum hydride,173,235,242,243,244 by Fe2 + -dihydrolipoamide,76b 

and by electrolytic reduction.78,245 Under certain conditions lithium aluminum 

hydride is able to reduce selectivity an ester function in the isoxazolidine without 
cleavage of the N—O bond, eq. (1.58).173,233,246 

Ch] 

NH 

(R CH2W 

(1.57) 

c2h5ooc 

i/C6H5 

Vs 

LiAlH, 
-^C6H5 

HOH C 
2 C6H5 

(1.58) 173 

To obtain the primary amines from reaction (1.57), the cycloaddition is 

carried out with /V-benzyl nitrones. The benzyl group is reductively eliminated 

under concomitant opening of the ring. Alternatively, the N-alkyl group can be 

eliminated oxidatively, eq. (1.55). Hydrolysis of the oxazine and reduction of the 
hydroxylamine give the primary amine.213 

Isoxazolidines are stronger bases than isoxazoles and isoxazolines. The pKa 
of the parent isoxazolidine hydrochloride 24 is 5.05.247 

Infrared and ultraviolet spectra are of little diagnostic value. XH NMR shifts 
and couplings for two monocyclic isoxazolidines follow: 

3.05 3.76 

H H 

2.36 H 

5.22 H 

J 3 4 . 
- ,4cis 

= 9.1 Hz 

J 3 4 
J,4tr 

C
O

 

VO II Hz 

-I 4,4 = 11.4 Hz 

-‘ci,’5 
= 7.5 Hz 

Ur'5 
= 7.4 Hz 

4.00 4.77 

H H 

CH OOC.r'i' 

5.10 H 

CH,00C 

J 
-3, 4 

5 

6.4 Hz 

4.8 Hz 
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The stereostructure of the isoxazolidines can often be deduced from the coupling 
constant,173 Jcis> Jtr. 

Conclusion: The isoxazolidines are accessible from simple starting material: 
olefins, aldehydes, ketones, nitro compounds, and hydroxylamines. They are 
reasonably stable, undergo thermal retroaddition, allow considerable steric 
control during the cycloaddition, and can be functionalized to a limited extent. 
The unmasking of the important 1,3-aminoalcohol moiety is achieved by 
reductive cleavage. The intramolecular cycloaddition of isoxazolidines is an 
important method for construction of carbocyclic rings in the synthesis of 
natural products. It is therefore expected that the isoxazolidines will attract 
considerable interest as relay compounds in organic synthesis. 

1.7 MECHANISMS OF THE 1,3-DIPOLAR 
CYCLOADDITION. STEREOCHEMICAL AND 

REGIOCHEMICAL CONSIDERATIONS. 
ASYMMETRIC INDUCTION 

There are certain characteristic features of the 1,3-dipolar cycloadditions 
irrespective of the structures of the reactants.172 The reactants are oriented in 
a two-plane complex and interact via their 7r-orbitals in a 7r4s-7t2s process, 
eq. (1.59). Much attention has been given to the problem about the timing of 
c-d versus a-c bond formation. Is it synchronized or are the bonds formed 
successively? Calculations on transition state (TS) geometry give ambiguous 
results. They depend on the method chosen.358 Ab initio calculation favors a 
symmetrical or close to symmetrical (and early) transition state with syn¬ 
chronized bond formation, whereas parameterized MINDO calculations result 
in a highly unsymmetrical and late transition state of zwitterionic or biradical 
character. Apparently calculations are not refined enough to allow reliable 

quantitative predictions. 
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A wealth of existing experimental data permits several conclusions to be 

drawn. Second-order rate constants for the cycloaddition of benzonitrile oxide 

to various acetylenes are throughout smaller than those for the corresponding 

ethylenes. Consequently, the reactions with acetylenes, which give aromatic 

isoxazoles, do not profit from gain in aromaticity, and the transition state is 
therefore located early on the reaction path,259 eq. (1.60): 

R 

R' 

Ph C=N-0 
RCH=CHR1 

Ph 

aromatic nonaromatic 

(1.60) 

The effects of solvent polarity on the reaction rate are small, which indicates 

the absence of zwitterionic intermediates in the TS. The solvation energy of the 

reactants is thus similar to that of the TS. The large negative entropy of 

activation,174'353-357 AS* ca. -30eu, reveals a highly ordered TS resembling 

that of the Diels-Alder reaction. The activation enthalpies are modest: AH* 

ca. 15 kcal mol . All these data favor an early TS and synchronized formation 
of bonds. 

Preserving the steric structure of the reactants in the product formed is a 

criterion for synchronized a-e and c-d bond formation, eq. (1.59). If stepwise 

formation of bonds occurs, i.e., formation of zwitterionic or biradical inter¬ 

mediates, there is also a possibility for bond rotation and loss of stereospeci¬ 

ficity. Cis- and frans-isomeric dipolarophiles or dipoles should presumably to 

some extent give rise to isomerized cycloadducts, eq. (1.61), unless the rotation is 

slow—rotation barrier high—in comparison to the rate of cyclization. Careful 

analysis of the reaction product by gas chromatography demonstrates the very 

high stereospecificity of diazomethane addition to methyl angelate and methyl 
tiglate,359* eq. (1.62). 

zwitter ion biradical mixture of isomers 

The calculated rotation barriers for the hypothetical biradical intermediates, 

(ca. 4-6 kcal mol 1) are considerably higher than anticipated for an alkyl 

radical. Barriers to rotation of simple primary, secondary, and tertiary alkyl 

radicals are in the range of 0-1.2 kcal mol"1. Experiments with cycloadditions 

of p-nitrobenzonitrile oxide with cis- and trans- 1,2-dideuteroethylenes establish 

a stereospecificity of at least 98%, which means that the rotation barrier would 

have to be at least 2.3 kcal mol-1 higher than the cyclization barrier.359b Since 

the rotation barrier for the primary radical [eq. (1.61), R = H] is only 

0.4 kcal mol 1 or less, there can actually be no cyclization barrier. These data 
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H.. \ : o CH3 H ,, 
Z= _ • 

/ \ 
h3c cooch3 

h3c 

A N 

H3C' 

ch3 

:ooch3 

stereospecificity 

> 99.94% 

JSI 
; ,o-C00CH3 

/ \h. 

1 
/"V 

h2c ,N 

H.4-L.C00CH3 

h3c/ Vh3 

stereospecificity 

> 99.97% 

(1.62) 

make the biradical structure unlikely. They offer strong evidence for a concerted 

reaction, i.e., for a symmetrical or at least a nearly symmetrical TS. In summary: 

The investigations of stereospecificity of the 1,3-dipolar cycloaddition support 

synchronized bond formation and so do the frontier molecular orbital (FMO) 

calculations,2,172,259-269“272,358 which satisfactorily explain reactivities (Sec¬ 

tion 1.8) and the regiochemical and stereochemical phenomena of the 

cycloaddition. 
In Tables 1.1-1.4 some representative experimental data on the regio-and 

stereoselectivity of the cycloaddition are collected. In addition to the investiga¬ 

tions cited there a great number of structural studies have been carried out. See 

Refs. 175,181, 208, 255, 257, 263,266,267, 276-294, 330-351, 360-367, 373-377. 

The following general conclusions can be drawn from the extensive experimental 

work: 

1. Monosubstituted olefins and acetylenes show high regioselectivity and give 5- 

substituted derivatives for both electron donating (e.g., —OR) and electron 

withdrawing groups (e.g., —COOR). Very strong electron withdrawing 

groups, e.g., —S02R, give predominantly 4-substituted derivatives. 
2. 1,1-Disubstituted olefins show high regioselectivity and give 5,5-disubsti- 

tuted products. Strong electron withdrawing groups give 4,4-disubstituted 

products. 
3. 1,2-Disubstituted olefins and acetylenes give mixtures of regioisomers. 

4. Both electron withdrawing and electron donating groups and strain in the 

dipolarophiles increase the reactivity of the dipolarophiles. 

5. The addition is a concerted cis-addition (suprafacial). 
6. The regioselectivity of acetylenes are less pronounced than that of olefins. 

7. The stereoisomeric ratio of the nitrone additions varies widely and unpredict- 

ably with the substituents. 

Several of these points need comment. It was argued from polarizability 

considerations that a dipolarophile like vinyl ethyl ether with an electron 
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Table 1.1. Orientation of Monosubstituted Ethylenes and Acetylenes in the 1,3-Dipolar Addition 

with Nitrile Oxides, Eqs. (1.63), (1.64) 

Olefin, acetylene Nitrile oxide, RCNO Ratio 5:4-substitution Ref. 

_yCOOCH3 
ch3 95:5 161 

_yCOOCH3 
c6h5 95:5 161 

c6h5 -100:0 249 

_yCH3 
c6h5 -100:0 250 

OBu 

c6h5 -100:0 250 

_/h 
c6h5 99.5:0.5 251 

_^S02Ph 
3,5-Cl2-2,4,6-(CH3)3C6 91:9 252 

= —Bu c6h5 -100:0 250 
=-GOOCH3 ch3 69:31 161 
= —COOCH3 H 84:16 161 

+ RCNO —► |—T" * 
x\_^ 

4 
(1.63) II 

= -X + RCNO —*- rV * 
X\_/R nr (1.64) l5 J! 

* 

donating substituent and a dipolarophile like methyl acrylate with an electron 

withdrawing substituent should align themselves in the opposite direction to the 

1,3-dipole. This is not the case, and only 5-substituted isoxazolines are obtained 

from monosubstituted ethylenes with nitrile oxides (Table 1.1). However, it was 

observed that with very strong electron withdrawing groups, such as the sulfono 

group, the 4 ^-substitution ratio increased. This effect is more evident for the 

reactions with nitrones—e.g., the reactions between methyl acrylate, acrylonitrile, 

phenyl vinyl sulfone, nitroethylene, and the cyclopropyl nitrones (Table 1.2), 

and the reactions with sulfide, sulfoxide, and sulfone (Table 1.3); the reactions 

with t-butylmtrone seem not to follow the general trend. Furthermore, it was 

difficult to understand why both electron withdrawing and electron donating 

groups on ethylene should increase the reactivity of the dipolarophile.259 This is a 

case where traditional organic reaction mechanism is incapable of giving a 
satisfactory explanation. 
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Table 1.2. Orientation of Monosubstituted Olefins and Acetylenes in the 1,3-Dipolar Addition with 

Nitrones and Nitronates, Eqs. (1.65), (1.66) 

Olefin 

acetylene 

Nitrone or nitronate 

r\=n^° 
r2/ \r3 

Ratio Ref. 

5:4-substitution 

Ph 

CH,OH 

CN 

COOCH, 

Ph 

.COOCH, 

,CN 

SO,Ph 

COOCH, 

CN 

R1 = R3 = Ph, R2 = H 

R1 = Ph, R2 = H, R3 = CH3 

R‘ = Ph, R2 = H, R3 = CH3 

R1 = R3 = Ph, R2 = H 

R1 = R3 = Ph, R2 = H 

R1 = R3 = Ph, R2 = H 

R1 = cyclopropyl, R2 = H, R3 = CH3 

R1 = cyclopropyl, R2 = H, R3 = CH3 

R1 = cyclopropyl, R2 = H, R3 = CH3 

R1 = cyclopropyl, R2 = H, R3 = CH3 

R1 = R2 = cyclopropyl, R3 = CH3 

R1 = R2 = cyclopropyl, R3 = CH3 

R1 = R2 = cyclopropyl, R3 = CH3 

R1 = Ph, R2 = H, R3 = CH3 

R1 = R2 = H, R3 = r-Bu 

R1 = Ph, R2 = H, R3 = CH3 

-100:0“ 173 

-100:0'’ 173 

-100:0 173 

-100:0 173 

—100:0“ 173 

-100:0^ 173 

—100:0“ 253 

80:20“ 253 

67:33“ 253 

38:62“ 253 

50:50 253 

25:75 253 

-0:100 253 

~0:100/ 254 

-100:0 254 

-100:0s 256 
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Table 1.2. (continued) 

Olefin 
acetylene 

Nitrone or nitronate 
R‘\ /O 
,>=N 

R ^R3 

Ratio Ref. 
5:4-substitution 

OAc 

SO,Ph 

SO,Ph 

OEt 

OEt 

S02Ph 

R1 = R3 = Ph, R2 = H 

R1 = R2 = H, R3 = f-Bu 

R1 = p-OCHj-Ph, R2 = H, R3 = Ph 

R1 = COOEt, R2 = H, R3 = CH3 

R1 = H, R2 = COOEt, R3 = CH3 

R1 = Ph, R2 = H, R3 = CH3 

COOCEG 

= — cooch3 

=—cooc 

==— CN 

=—CN 
CN 

2h 5 

R1 = R2 = ch3, r3 = CH2CH2COOCH3 
R1 = Ph, R2 = H, R3 = CH3 

R1 = R2 = H, R3 = t-Bu 

R1 = Ph, R2 = H, R3 = CH3 

R> = r2 = H, R3 = r-Bu 

R1 = R2 = H, R3 = t-Bu 

COOCH3 

R1 = CH3, R2 = H, R3 = OSi(CH3)3 

COOH 

Ri = R2 = H, R3 = OSi(CH3)3 

R1 = R2 = N02, R3 = OCH3 

Gn^° 

CG0 

-100:0'’ 256 

70:30 254 

~0:100‘ 262 

-100:0' 256 

-100:0' 256 

32:68 254 

80:20 206 
42:52 257 

70:30 254 

-100:0 254 

50:50 254 

-100:0 254 

-100:0 24 

-100:0 114 

-100:0 192 

— 100:0J 274 

— 95:5* 274 

-100:0' 274 
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Table 1.2. (continued) 

Olefin Nitrone or nitronate Ratio Ref. 
acetylene Rl\ /O 5:4-substitution 

, ^=N , 
R2/ ^-R3 

^COOCHj 

O'-0 
~0:100m 274 

“C3-Ph: C5-Ph/cis: tr (exo: endo), 90:10. 
‘C3-Ph: C5-Ph, cis: tr, 67:33. 
cC3-Ph: C5-CN, cis: tr, ~ 100:0. 
‘'Two stereoisomers, ~57:43. 
eEach regioisomer is a mixture of cis: tr stereoisomers, 
-'cis: tr, 2:1. 
8cis: tr, 1:1. 

“One stereoisomer, cis. 
'One isomer, tr. 
Jcis:tr (endo:exo), ~0:100. 
kcis: tr < 5:95. 
'cis: tr = 22:78. 
mcis:tr= 18.82. 

X 

r (1.65) 
-0/ ^3 

/R 

(1.66) 

Table 1.3. Orientation of Disubstituted Olefins and Acetylenes in the 1,3-Dipolar Addition with 

Nitrile Oxides, Eq. (1.67) 

Olefin, acetylene 

x 

y 

Nitrile oxide, Product, ratio, Ref. 

RCNO A: B 

Ph 30:70 161 

CN 15:85 161 

CH3 36:64 161 

C00CH 
H 62:38 161 
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Olefin, acetylene 
x 

y 

Table 1.3. (continued) 

-ile oxide, 
tCNO 

* 

Product, ratio, 
A: B 

Ref. 

ch3 55:45 275 

Ph 68:32 275 

Ph 9:91 275 

Ph 25:75 275 

Ph 96:4 258 

Ph 99.4:0.6 258 

Ph 88:12 258 

Ph 97:3 251 

Ph 45:55 251 

Ph 29:71 251 

Ph ~100:0 251 

Ph 90:10 251 

Ph 22:78 251 

Ph 37:63 138 
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Olefin, acetylene 

x 

y 

Table 1.3. (Continued) 

Nitrile oxide, Product, ratio, Ref. 
RCNO A: B 

Ph 0:100 138 

Ph 51:49 259 

Ph -100:0 259 

^NO, 
Ph 33:67 250 

Ph 

CH,- = -C00CH, Ph 1.3:98.7 259 

Ph- = -C00CH, Ph 1.2:98.8 259 

COOCH, 

Vh, 

Ph -100(5,5) :0 259 

/CH, 

CHjOOC 'CH, 
Ph — 100(5,5-di-Me) :0 259 

=C Ph -100:0° 260 

“The product is 3-phenyl-5-chloroisoxazole. 

Fukui’s frontier orbital concept268 provides us with a rationalization of the 

experimental results.2'172,269-272,358 The expression for the energy change in 

molecules undergoing cycloaddition is a sum of three terms: a closed-shell 

repulsion term, a Coulombic term, and an interorbital overlapping term.273 As a 

first approximation, the two first terms can be disregarded for a qualitative 

discussion. The third term is an expression of the generalized statement that 
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Table 1.4. Orientation of Disubstituted Olefins in the 1,3-Dipolar Addition of Nitrones, Eqs. (1.68), 
(1.69) 

Olefin Nitrone Product Ref. 
X Rl\ /O ratio A: B 

R2/ ^R3 ' 

H,C 

0 

S02Ph 

R1 = R3 = Ph, R2 = H ~0:100“ 

R1 = i-Pr, R2 = H, R3 = i-Pr-CHCN ~0:1006 

I 

R1 = i-Pr, R2 = H, R3 = i-Pr-CHCN ~0:100c 

I 

R1 = PhCO, R2 = H, R3 = Ph ~0:1006 

R1 = R3 = Ph, R2 = H ~0:100* 

R1 = R3 = Ph, R2 = H * 

R1 = PhCO, R2 = H, R3 = Ph 

173, 248 

261 

261 

248 

262 

248 

248 

, o 
R1 = CH2—C—C02Et, R2 = H, 

R3 = PhCH2 

R1 = Ph, R2 = H, R3 = CH 

R1 = Ph, R2 = H, R3 = CH 

R1 = R3 = Ph, R2 = H 

R1 = R3 = Ph, R2 = H 

3 

3 

~0:100/ 263 

~ 100(5,5) :0 173 

~ 100(5,5) :0* 173 

~ 100(5,5): 0* 264 

~ 100(5,5): O' 173 
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Table 1.4. (Continued) 

Olefin Nitrone Product Ref. 
X 

T=J X r ={ 
V 

R\ /O 

r2^“n-r3 

ratio A: B 

C00CH3 

\:ooch3 

R> =R3 = ph R2 = H ~0:100(4,4) 265 

“Two stereoisomers, 15:85, major, H3, H4, H5; tr, tr. 
'’One stereoisomer, H3, H4, H5; tr, tr. 
Two stereoisomers, 2:1, major, tr, tr. 

Two stereoisomers, 55:45, minor, H3, H4, H5; tr, cis. 
“One stereoisomer, H3, H4, H5; tr, cis. 
Two stereoisomers, 82:18, major, tr, tr. 
Two stereoisomers, 55:45. 
Two stereoisomers, 5:2. 
Two stereoisomers, 96:4. 

energy gain in bond formation is highest when those orbitals interact that are 

closest in energy and have the best overlap, eq. (1.70): 

\ r? (cl‘ ca' 7ia + C\ * Cb • y3b)2 (C 2 • C\ • yla + C3 • Cl • y3b)2 „ nf^ 
A£=---+--- (1.70) 

where E: = energy gap between the lowest unoccupied molecular orbital 

(LUMO) (dipole) and the highest occupied molecular orbital (HOMO) (di- 

polarophile); E2 = energy gap between LUMO (dipolarophile) and HOMO 

(dipole). C and C1 are the orbital coefficients of the molecular orbitals of the 

HOMOs and LUMOs, respectively, and y is the resonance integral. 

HOMO energies (and to a certain extent also LUMO energies) are related to 

the ionization potentials of the molecule; a high ionization potential of a 

reactant lowers its HOMO energy, and vice versa. LUMO energies can be 

approximately calculated or estimated from reduction potentials (electron 

affinities). A schematic representation of the orbital stabilization in the tran¬ 

sition state due to different coefficient magnitudes is shown in Figure 1.1. 



36 Introduction and General Considerations 

FIGURE 1.1. Schematic representation of the orbital interaction between the LUMO of a 1,3- 
dipole, 1-3, and the HOMO dipolarophile, a-b. The orbital size represents the magnitude of the 
coefficients. The stabilization is more effective in A than in B because this alignment makes the 
numerator in eq. (1.70) larger. 

The size and energies of frontier orbitals of alkenes are effected by substituents 
in the following way:2,272 

1. Electron withdrawing groups decrease the energies of the HOMO and 

LUMO, the latter more than the former. In both HOMO and LUMO the 
unsubstituted end has the larger orbital coefficient. 

2. Electron donating groups increase the energy of the HOMO and LUMO, the 

former more than the latter. The unsubstituted HOMO is larger than the 

substituted HOMO, Figure 1.1, but the magnitudes of the coefficients are 
reversed in the LUMO. 

3. In conjugated alkenes the HOMO energy is raised and the LUMO energy is 

lowered. The coefficient at the unsubstituted end is larger in both HOMO 
and LUMO. 

Depending on the relative position of energies of the interacting frontier 

orbitals, the 1,3-dipolar reaction can either be controlled by the dipolar HOMO 

and dipolarophile LUMO (HO controlled, Case I, Figure 1.2) or by the dipolar 

LUMO and dipolarophile HOMO (LU controlled. Case II). In the former case 

the energy gap between the dipolar HOMO and dipolarophile LUMO is the 

smallest, i.e., the denominator in eq. (1.70) becomes smaller, and consequently 

AE becomes larger. In the latter case the energy gap between the dipolar LUMO 
and dipolarophile HOMO is the smallest. 

A reaction with a dipolarophile carrying an electron donating group will thus 

preferably be LU controlled (Case II). Conversely, when the dipolarophile carries 

electron withdrawing groups, the HO controlled reaction becomes faster, Case I, 
Figure 1.2. This explains why both electron donating and electron withdrawing 

substituents can accelerate a 1,3-dipolar reaction. This simultaneously offers a 

qualitative explanation for the regioselectivity of the reaction with monosub- 

stituted alkenes and acetylenes. Figure 1.3 explains the outcome of the reactions 

between benzonitrile oxide and the electron-rich vinyl ethyl ether and the reaction 
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Case II 

Dipolarophile 
(electron attracting) 

FIGURE 1.2. Case I, dipole-HO controlled reaction. Case II, dipole-LU controlled reaction. 

between benzonitrile oxide and the electron-deficient methyl acrylate, both giving 

the same substitution pattern in the product. Both additions are LU controlled, 

and the magnitudes of the orbital coefficients align the alkene so that the carbon 

atom carrying the substituent approaches the oxygen atom of the nitrile oxide. 

The energy separation for the HO controlled reaction is larger, but, provided that 

it contributes, the vinyl ether will still give the 5-substituted derivative because the 

LUMO coefficient at the unsubstituted end is smaller. For methyl acrylate the 

situation is the opposite in the HO controlled reaction, which will give the 4- 

substituted derivative. In fact, experimentally ca. 5% of the 4-methoxycarbonyl 

FIGURE 1.3. Regioselective LU alignment of vinyl ethyl ether and methyl acrylate to benzo¬ 
nitrile oxide. 
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derivative is obtained with nitrile oxide (Table 1.1), whereas vinyl ethyl ether gives 

the five-substituted derivative only. It is anticipated that electron donating 

groups on the nitrile oxide or nitrone and very strong electron withdrawing 

groups on the dipolarophile should increase the 4:5-substitution ratio. This 

prediction is borne out in practice, as is evident from the reaction of electron 

donating C-cyclopropyl nitrones with electron-deficient alkenes (Table 1.2). The 
reactions of diethyl methylenemalonate265 and trimethyl ethylenetricarboxy- 

late266 with C,lV-diphenylnitrone give exclusively the 4,4-disubstituted iso- 

xazolidine (Table 1.4), and the effect is also noticeable in the reaction of a 
C-alkoxynitrone with methyl propriolate.267 

The corresponding acetylenic derivatives have generally higher ionization 

potentials than the alkenes, which is reflected in a higher 4:5-substitution ratio 
for the dipolar addition. 

When steric requirements hamper the formation of a 5-substituted cyclization 

product, it is possible to bypass the orbital control,295-299 e.g., eq. (2.28). 

The factors controlling the exo-endo orientation of the reactants are more 

difficult to evaluate. Steric effects on the orientation of the reactants have been 

noted. One striking case is found for the reaction of 1,2-disubstituted cis- and 

trans-alkenes with a nitrone138 (Table 1.3). The as-substituted alkene gives 

only one regioisomer, whereas the trans-substituted alkene gives a mixture 

of regioisomers, 37:63. The orbital coefficients for the two alkenes are most 

probably identical, and the route to the transition state appears to be delicately 
balanced by steric effects. 

a-Substituents in cyclic olefins have a remarkable effect on the mode of 

approach of benzonitrile oxide (Table 1.5), eq. (1.71). Benzonitrile oxide adds 

with equal ease to both sides of ds-3,4-dichlorocyclobutene (25), x = Cl, y,—. 

The ds-diacetoxy derivative, x = OCOH3, y,—, shows a stronger preference for 

syn addition, which still is more evident for the dihydroxy derivative, probably as 

a result of hydrogen bonding in the transition state.300'301 But the cis- 

dimethoxycarbonyl derivative 25, x = COOCH3, y,—, directs the cycloaddi¬ 

tion toward the anti side. These results are in contrast to the reaction with 

ds-3,5-disubstituted cyclopentenes, (25), x = Br, OCH3, OCOCH3, OCOPh, 

OH; y = CH2 and ds-2,5-disubstituted-2,5-dihydrofuranes (25), x = OCH3, 
OCOCH3; y = O, which all are attacked by benzonitrile oxide from the 

less-hindered side.302 The ratio of 26:27 is in the range 0-20:100-80. 
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Table 1.5. syn and anti Additions of Benzonitrile Oxide to a-Substituted Cyclic Olefins 

Olefin 

25 
a-Substituent 

X 

Ratio 

26:27 

y — COOCH, 5:95 
Cyclobutenes Cl 48:52 

OCOCH3 90:10 
OH 100:0 

y — ch2 Br 0:100 

Cyclopentenes OCOPh 4:96 
OCH3 7:93 

OCOCH3 9:91 
OH 20:80 

y = 0 OCH3 0:100 

2,5-Dihydrofurans OCOCH3 0:100 

3-Monosubstituted cyclopentenes also show a strong preference for addition to 

the anti-side.303 305 The unexpected results in the cyclobutene series are inter¬ 

preted in terms of an intrinsic pyramidalization of the sp2-carbons towards 

a transition state favoring compound 26, y,—, thus compensating for the 

repulsion between the reactants. This out-of-plane bending is negligible in the 

cyclopentene series, but it is again noticeable (ca. 3°) in the bridged norbornene 

system 28.306’307 The distortion, which can be as high as ca. 20° in certain fused 

norbornyl systems (cf. Ref. 308 for further references), favors the exo attack of 

benzonitrile oxide;309 exo :endo = 90:10. Dewar benzene (29) gives exclusively 

the exo product.310,311 The out-of-plane bending increases the reactivity of the 

olefin. Norbornene (28) is ca. 75 times more reactive than cyclopentene.259 Ring 

strain in combination with pyramidalization accounts for this increased 
reactivity. 

cd 
29 

The dipolar cycloaddition of nitrile oxides or nitrones to allylic ethers or 

alcohols is of interest in connection with the stereocontrolled synthesis of 

functionalized acyclic derivatives. It was found that nitrile oxides add to 30, 
giving an erythro: threo, 31:32, ratio of ca. 3-4:1,312 eq. (1.72). The mechan¬ 
istically related osmium tetroxide catalyzed ds-hydroxylation of compound 30 
gives predominantly the erythro-isomer in approximately the same 

erythro: threo ratio132,368'369 (Section 5.21). Adding nitrile oxides to com¬ 

pounds of the general structure 33 (eq. (1.73), Table 1.6) takes the same 

28 
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R 

(1.72) 

30 31_ 32 

course.312-318 Computations indicate that conformation 34 leading to erythro 

derivatives is the favored one.313 It has the ether group in the “inside” position, 

and cycloaddition takes place from the sterically less-hindered direction, anti to 

the large R' group. In this conformation the repulsion between the ether and 

nitrile oxide oxygens is minimized. For x = OH or NH3+ the threo structure 35 
is favored due to the effect of hydrogen bondings (entries 1 and 11 in Table 1.6). 

There is low steric induction for the alkyl and halogen derivatives (entries 9 and 

10 in Table 1.6). This is also the case for chiral nitrile oxides, eq. (1.74).15,319-322 

The diastereomeric ratio in the product 36 is close to 1. For 1,2-disubstituted 

Table 1.6. Diastereomeric Ratio of Nitrile Oxide Cycloadditions to Chiral Vinyl Compounds 

R 33 34:35 Ref. 

R' 

1 Ph ch3 OH 40:60 
2 Ph ch3 OCH2Ph 64:36 
3 Ph ch3 OSi(CH3)3 71:29 
4 Ph —CH20C(CH3)20— 85:15 
5 COOEt —CH20C(CH3)20— 80:20 
6 Ph —ch2o— 69:31 
7 p-N02Ph Ph och3 67:33 
8 p-N02Ph t-Bu och3 >95:5 
9 p-N02Ph ch3 Cl 50:50 

10 p-NOzPh ch3 Ph 55:45 
11 Br COO- nh3+ 25:75 
12 C6H13 —CH2C(C6H13)=N-0— 77:23 

313 

313 

313 

313 

315 

313 

313 

313 

313, 317 

313 

316 

312 

318 
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olefins, where the new asymmetric center is closer to the inducing center, the 

ratio is ca. 1:2. The related nitrone 37 gives with vinyl ether practically complete 

steric induction in compound 38, eq. (1.75). Here the asymmetric centers are 

located on adjacent carbon atoms.323 High asymmetric induction (ee > 

80-90%) is observed in the cycloaddition of (R)-( + )-p-tolyl vinyl sulfoxide (39), 
with acyclic nitrones, eq. (1.76).324 Cycloadditions with nitrones 40 containing 

the menthyl moiety give a small asymmetric induction (ee = 6%, 8%), eq. (1.77). 

When the menthyl moiety is located on the dipolarophile 41, the induction is 

ee = 12%, 20%, eq. (1.78),325 cf. Addendum. 

r C00-(-)- menthyl 

CK^R 

40 
Ph' 

C00-(-)-menthyl 

Ph 

(1.77) 

R = CHPh2 ee 63! 
R = CH2Ph ee 8?! 

menthyl-(-)-00C 

41 

J PYh 
+ 0^% 

Ph 

xPh 

menthyl-(-)- 00C * 0^ 

d.78) 

R = CH3 ee 12?! 
R = CH2Ph ee 20?, 
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Enantiomerically pure isoxazolines are obtained by exo-alkylation of 3- 

methyl isoxazolines with ( —)-menthyl p-toluenesulfinate (ee~8-20%) and 

subsequent chromatographic separation of the diastereomers.370,371 Desulfura¬ 

tion is achieved with NaHg in methanol or catalytically with Raney-Ni, 

eq. (1.79). This reaction allows an entry into, chiral ^-hydroxy ketones 42, 43, 
/?,/?-dihydroxy ketones 44, and 3-amino alcohols. The addition of magnesium 
and lithium reagents to 3-acylisoxazolines proved to be highly stereoselective 

(80:20-99:1), but surprisingly the reagents attack the 3-acyl group from op¬ 

posite faces. It is suggested that the acyl group occupies different conforma¬ 

tions (45, 46) in the two reactions. The direction of attack is controlled by the R2 
substituent on C-4.372 

4k 

1.Separation 

Z.r'chO, base 

3.Ra-Ni, H2 

45 

(1.79) 

The cycloaddition of N-chiral nitrones with prochiral olefins gives fair to 

good asymmetric inductions (ee 20-100%).326-329 Nitrone 47 reacts with 

styrene to give the diastereomeric cis-trans mixture 48-51 in a relative amount 

of 76:11:8:5, i.e., an ee of 75% and 23%, respectively, eq. (1.80).326 

Deprotonation of 3-phenyl-5-methylisoxazoline at - 85°C in tetrahydrofuran 

(THF) with lithium diisopropylamide and subsequent deuteration of the C4 

anion gives a cis: trans ratio of 22:78. Alkylation by methyl and ethyl iodide 

proceeds with still better stereoselectivity, cis: trans = 7:93,116,117 eq. (1.29). 

Reduction of 3,5-disubstituted 2-isoxazolines with lithium aluminum hydride 

proceeds with considerable stereoselectivity.146 The hydride is added from the 

sterically least-hindered side, trans to the C5 substituent, and the enantiomeric 
excess is in the range of ca. 90%.153-156 
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J 
Ph * 

0 R 

47 

Ph 

Ph 

76?o 3(R), 5(S) 113 3(S) ,3(R) 

^Ph ^Ph 

(1.80) 

R 

30 51 

8% 3(R),5(R) 5% 3(S),5(S) 

Monosubstituted olefins react with nitrones to give rise to a diastereomeric 

ratio of cis-trans, C3,C5-disubstituted isoxazolidines. The exo-approach, 

eq. (1.81), gives the cis-product, provided that the N—R1 and C—R2 substitu¬ 

ents are in a trans-relationship; the endo-approach gives the trans-product, 

eq. (1.82). Inspection of the available data tends to show that the exo-approach 

is favored, eq. (1.81), in most cases when secondary orbital interactions are 

negligible [curved arrow in eq. (1.82), x = alkyl, alkoxy]. When x = COOCH3, 

CN, or Ph such secondary interactions could stabilize the transition state in 

eq. (1.82) and give predominantly the trans-adduct. These secondary interac¬ 

tions are analogous to those directing the endo-exo approach in the Diels-Alder 

reaction. However, there are .data available that are inconsistent with this 

interpretation; see, e.g., Refs. 173, 256, 288. Predictions are therefore unreliable, 

and it is advisable to thoroughly determine structures for every reaction. It has 

been suggested that ds-frans-isomerization of the starting nitrone prior to cyclo¬ 

addition could account for inconsistent results even though the isomerizations 

at a measurable rate normally occur at higher temperatures than those at which 

R 
l\ 

J- 
(1.81) 

(1.82) 

(1.83) 
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the cycloadditions are carried out. The unpredictable behavior of nitrones is 

demonstrated by the reactions of A,Ca-diphenylnitrone and iV-methylnitrone 

with diethyl methylenemalonate, which in the former case gives only the 

4,4-disubstituted regioisomer 52, and in the latter case the 5,5-disubstituted 
regioisomer 53.265 

EtOOC- 

COOEt 
_^Ph 

1 
\ /IK 

EtOOC \ 

Ph EtOOC CH3 

SZ S3 

In most cases aldonitrone additions to 1,2-disubstituted olefins favor formation 
of 3,4-trans-substituted isoxazolidines, eq. (1.83). 

1.8 RELATIVE REACTIVITIES OF REACTANTS 

The FMO calculations discussed in Section 1.7, eq. (1.70), offer simultaneously 

an explanation for the relative reactivities of dipoles and dipolarophiles. 

Substituents in the reactants affect the HOMO-LUMO interaction in the 

transition state, i.e., the activation energies, and consequently the reaction rates. 

In Table 1.7 relative rates are collected for the addition of benzonitrile oxide 

and A-methyl-C-phenylnitrone to various olefins, acetylenes, and hetero- 

dipolarophiles. Some characteristic features appear on inspection of the data. 

The rates range over four to five powers of 10. In monosubstituted alkenes n- 

and ^-conjugation increase the reactivity, whereas halogens and alkyl groups 

decrease the reactivity. Disubstitution decreases the reactivity and 1,2-disubsti- 

tution more so than 1,1-disubstitution. Acetylene derivatives are less reactive 

than the corresponding olefins. This contradicts predictions, since a gain in 

aromaticity is expected to decrease the energy of the transition state. Hence, the 

transition state appears early on the reaction path and is reactantlike. 

The relative reactivities for benzonitrile oxide and N-methyl-C-phenylnitrone 
in the two series are roughly parallel. Since most nitrile oxides are very unstable 

and have to be generated in situ, it is not possible to study relative reactivities of 

this group of compounds, but the reaction rates of several nitrones with ethyl 

crotonate have been studied174 (Table 1.8). A slight increase in rate occurs on 

changing Ca- and A-alkyl groups with aryl groups (entries 1-7). The C-benzoyl 

nitrone (entry 8) shows a remarkable enhanced reactivity and so do the E- 

nitrones (entries 9, 10), as compared to 1-7 and the trisubstituted cyclic nitrone 

(entry 11), presumably due to steric factors. The aromatic nitrone (entry 12) 

reacts very slowly as a result of disruption of the aromaticity, which indicates a 
more productlike transition state. 

Reaction rates and activation parameters have been determined for several 
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Table 1.7. Relative Rates for the Addition of Benzonitriles and A-Methyl-C-Phenylnitrone to 

Various Dipolarphiles. 

Dipolarophiles Benzonitrile 

Kre] in ether 

at 5°C 

V-methyl-C- 

phenylnitrone 

Krel in toluene 

at 120°C 

A. Olefins 

Ethylene 1° 
Propylene 0.32 
1-Hexene 0.31 l6 
Methyl acrylate 8.3 145 
Acrylonitrile 106 
Butyl vinyl ether 2.1 
Methyl vinyl ether 2.8 
Styrene 1.15 4.4 
4-Nitrostyrene 2.3 19 
Vinyl chloride 0.081 
Maleic anhydride 2,523 
Dimethyl fumarate 6.1 229 
Diethyl maleate 86 
Methyl crotonate 0.082 12 
Methyl cinnamate 0.071 
Methyl 3,3-dimethylacrylate 0.0062 1 
Methyl 2-methylacrylate 3.6 49 
frans-Stilbene 0.023 
a-Methylstyrene 0.40 
/2-Isopropyl styrene 0.014 
1,1 -Diphenylethylene 0.40 0 37 
trans-Dibenzoylethylene 902 
Cyclopentene 0.21 0.31 
Cyclopentadiene 0.44 
Norbornene 15.3 3.3 
Cyclohexene 0.0025 

B. Acetylenes 

Acetylene 0.40 
1-Hexyne 0.066 
Methyl propiolate 1.24 576 
Dimethyl acetylenedicarboxylate 3.1 12,200 
Phenylacetylene 0.112 

C. Heterodipolarophiles 

Phenylisocyanate 648 
Diethyl mesoxalate 11.2 
N-Benzylidenemethylamine 4.5 
Benzaldehyde 0.0024 
Benzonitrile 0.0023 

>c=s»>=o352 

“Relative to ethylene. 

'’Relative to 1-hexene. 
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Table 1.8. Relative and Absolute Rates for the Addition of Various Nitrones, with Ethyl Crotonate 

in Toluene at 100°C 

Nitrone xre, 105 • k2 

1 mol-1 s_1 

1 Pl\ /° 

XCH3 

1.1 10.7 

2 Ph II 
N= N 

Xh 

5.7 55.4 

3 p-N02Ph 0 
V= N7 

Vh 

7.8 75 

xPh 
0.71 6.8 

^-\ 0 

5 

X] 
1 9.6 

'—Ph 

4.5 43 

Ph 0 
7 

PfX >h 

1.1 10.5 

0 
X ? 8 Ph-7\= N/ 

xPh 

642 6,200 

9 o 
0 

166 1,600 

I—
1 

O
 o
 

C
D

 

248 2,400 

11 K 
Ph 0 

2.1 20 

OCX 
0 

0.007 0.067 
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other nitrones and olefins.353'357 A kinetic study of the addition of phenyl- 

acetylene to a series of benzonitrile oxides demonstrates competitive concerted 

1,3-cycloaddition leading to isoxazoles and two-step 1,3-addition leading to 
acetylenic oximes357; cf. also the reactions of CF3CNO,362 
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Chapter 2 

The Nitrile Oxides 

2.1 REACTIONS AND PHYSICOCHEMICAL 
PROPERTIES 

Most nitrile oxides (1) are short-lived, reactive species, structurally isomeric 

with isocyanates (2) and cyanates (3). The parent member of the series, ful- 

minic acid (1:R = H) and oxalodinitrile oxide (4) are explosives and have 

to be handled with great care. Generally, compounds with more than one 

—C=N—O group in the molecule are potentially dangerous compounds. Since 

it is unnecessary to isolate the nitrile oxides in pure condition for synthetic 

purposes, this instability is, in practice, no serious problem. 

R—C=N—O 

1 

R—O—C=N 

3 

2 

O—N=C—feN—O 
4 

In the absence of suitable reactants such as olefins or acetylenes, the nitrile 

oxides dimerize to furoxans; 1,2,5-oxadiazole 2-oxides (5), rearrange into 

isocyanates 2 or polymerize, eq. (2.1).1 Macrocyclic oligomers (n = 6,7,8) have 

been isolated in low yields in this process.2 Trimethylamine catalyzed dimer¬ 

ization leads to the formation of 1,2,4-oxadiazole 4-oxides (6), and pyridine 

directs the dimerization to the 1,4,2,5-dioxadiazine 7.3,6 Triethylamine gives 

substantial amounts of 1,2,4-oxadiazole (8) and N,N-diethylvinylamine, which 

can be trapped as a cycloadduct.4 Depending on the conditions trifluoro- 

acetonitrile oxide gives either 5 or 7 (R = CF3) on dimerization, eq. (2.1).5 The 

true structure of the polymer is uncertain. Thermal depolymerization leads, 

in some cases, to isocyanate, and treatment with hydrogen chloride leads to 

hydroximic acid chloride. 
The cycloaddition of two nitrile oxides to furoxan (5) is frontier orbital 

controlled and favors carbon-carbon and nitrogen-oxygen couplings.7 Calcula¬ 

tions show that the energy surface of the cyclodimerization passes an energy 

minimum corresponding to a 1,2-dinitroso structure, eq. (2.1).8 The transition 

state is thus asymmetric, and the synchronous character of the 1,3-dipolar 

cycloadditions has also been questioned.9 The furoxans exist as a tautomeric 
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f 
NO NO 

/RR 

I f ^ 
N^cr^ocr' 

5 

f f' + Et2N=CHCH3 -- Et2N—^ 

8 

x = nucleophile 

y = electrophile 

mixture. The equilibrium constant and free energy difference for unsymmetrical 

furoxanes have been determined: Ea « 130-150 kJ mol- 10 

The half-life of aromatic nitrile oxides is approximately minutes to days, 

and that of aliphatic nitrile oxides approximately seconds to minutes.1 Bulky 

substituents in the ortho-positions of the benzene ring or on the a-carbon of the 

aliphatic derivatives enhance the stability considerably, and some sterically 

hindered nitrile oxides are permanently stable (e.g., 2,6-dimethylbenzonitrile 

oxide and di-tcrt-butylacetonitrile oxide). Fulminic acid is exceptional in that it 

does not give a stable furoxan. The half-life of a 0.4 M aqueous fulminic acid 

solution is 70 min at 0°C and pH = l.11 The stability is pH dependent; stability 
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decreases with increasing pH. The reactions of fulminic acid are complex and 

give rise to a number of trimers and tetramers or polymers.12-15 This is a 

consequence of its acidic nature. Equation (2.2) depicts the formation of 

isocyanilic acid 10a and metafulminuric acid 10b from fulminic acid. 

H-CEN-0 H® + ^EN-0 ^CN0 - 

o-nec-ch=n-oh 
Dimerization 

H0N=HC 

1 "T N 

~CH=N0H 

10a 

11 

(2.2) 

The existence of the transient dimer 9 was proved by trapping with acetylene, 

to compound 11.16,17 The structure of fulminic acid has been debated for more 

than a century.18 The correct tautomeric structures, eq. (2.3), were suggested by 

Nef19 and Ley.20 Infrared (IR) measurements of gaseous fulminic acid showed 

eventually that formonitrile oxide represents the correct structure.21 

H0-N=C 0-NeCH (2.3) 

A small group of compounds are actually known to contain the frozen 

tautomeric isonitrile structure, namely, E. Muller’s “isodiazomethane” 12 and 

the Af,A-dialkylated aminoisonitrile 13,22,23 They behave as isonitriles and 

show no similarity to the nitrile oxides. Whereas the dimerization of nitrile 

oxides to furoxans occurs spontaneously at or below room temperature, the 

rearrangement to isocyanates requires heating.24,25 

H C=N=N C=N-NH C=N-N 
2 2 XR 

Diazomethane 12 13 

The mechanism of the thermal rearrangement of the nitrile oxide into iso¬ 

cyanate 2 is not definitely known. It does not proceed via separated ions or 

radicals because there is no sign of scrambling when a mixture of two differently 

labeled nitrile oxides is subjected to thermal rearrangements, eq. (2.4).26,27a 

Attempts to trap an intermediary acylnitrene failed, eq. (2.5). The rearrange¬ 

ment occurs with complete retention of configuration, and there is no loss 

of optical activity, as demonstrated by the rearrangement of (— )-2-methyl- 
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R1-13C5N-0 + R2-CEN-0 r1n13co + r2nco 

X 
!> ♦ [r1+ + 13C"=N-0 or/and JX=n-o 

[R2+ + C'SN-0 ^R2’ + C-N-0 

1 
T 

R1NC0 + 
2 13 

R N CO 

(2.4) 

R-C= N-O 

O 

(R-C-N) R- N=C=0 

(2.5) 

2-phenylbutyronitrile oxide, camphene nitrile oxide, and norbornene nitrile 
oxide.26,273 

The intramolecular transition state 14 was suggested for the rearrangement, 

actually implying that no oxygen exchange takes place. Decomposition via 

dimerization to 7 is attractive but could be excluded, because 7 decomposes 

slowly on prolonged heating to give a complex mixture containing no 

isocyanate.273 Double isotopic (2H, lsO) labeling shows that the rearrangement 

occurs exlusively between nitrile oxide molecules, and the kinetic measurements 

suggest a pathway involving polymerization and cleavage as depicted in 14b.27b 

R R R 
/"N I «r~N *“l 
-0-N = C-0-N=C-0-N=C- 

7 Ufa 14b 

polymer 

Hydrolysis of nitrile oxides leads to hydroxamic acids and ultimately to 

carboxylic acids and hydroxylamine, eq. (2.6). This is analogous to the hydroly¬ 

sis of nitriles into ammonia and carboxylic acids. The reverse reaction, i.e., 

dehydration of hydroxamic acids to nitrile oxides, is difficult to achieve. 

Formation of isocyanates, Lossen’s rearrangement, takes place. On the other 

hand, dry hydrochloric or hydrobromic acid add reversibly to nitrile oxides with 

formation of hydroximoyl halides, from which the nitrile oxide is regenerated by 
adding a base, eq. (2.6); cf. Sections 2.4 and 2.5. 
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HzO 
RC= N-O RC-NHOH 

-H,° l 
-HC1 

base 

/ 

HC1 -HjO 

R-COOH + NH2OH 

(2.6) 

RCCl = NOH RN=C=0 

Nitrile oxides act as mild oxidants and liberate iodine from a solution of 
potassium iodide. Deoxygenation of nitrile oxides is effected by several reducing 
agents, e.g., zinc dust or tin and hydrochloric acid.28,29 

The nitrile oxide function imposes the same solubility characteristics on 
the molecule as the cyano group does. It gives weak hydrogen bonds with 
protic solvents, as demonstrated by IR spectra.30 2,4,6-Trimethylbenzonitrile 
oxide (15) shows two characteristic strong absorptions at frequencies 2290 cm"1 
(—C=N) and 1334 cm-1 (=N—O) in the IR spectrum (KBr).31 The absorp¬ 
tion at 2290 cm-1 is stronger and broader than the corresponding nitrile 
absorption, which is located at ca. 70 cm-1 lower frequency. The nitrile oxide 
group is linear, in analogy to the geometry of the diazo and azide groups. The 
13C NMR spectrum of 15 shows some interesting features.32 The magnitude of 
Vi3Ci5N is 77.5 Hz, by far the largest one-bond C—N spin coupling constant yet 
recorded. The 13C=N—O is found at (5 35.7 ppm, i.e., a high field shift of 
81.8 ppm in comparison with the 13C shift of the corresponding nitrile 16, 
S 117.5 ppm (tetramethylsilane). This implies that the carbon atom carries a 
considerable negative charge; i.e., structure 17a contributes to the ground state 
of the nitrile oxide, which agrees with an x-ray analysis of 4-methoxy-2,6- 
dimethylbenzonitrile oxide.33 Relevant data are shown in structure 18. The N—O 
bond is remarkably short, indicative of the electronic distribution represented by 

— -f- 

R-C=N=0 R-CeN-O 

17a 17b 

CXC7 1.435 A 

C7eN 1.147 A 

N-O 1.249 A 

18 
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17a. This agrees with data from microwave and infrared spectra.34"38 Photoelec¬ 

tron spectra of nitrile oxides and nitrones have been measured and correlated 

with MINDO/2 and STO-3G calculations.39 Calculations show that fulminic 
acid is essentially linear.40 

2.2 SYNTHESIS OF FULMINIC ACID 
(FORMONITRILE OXIDE) 

Since the synthesis and reactions of fulminic acid deviate from those of other 

nitrile oxides, they are treated separately. Unstable fulminic acid can be 

generated in several ways. The classical method is by acidification of its salts. 

Warning: The fulminates are all very toxic and potentially explosive! They are 

quite sensitive to shock and heat. Alfred Nobel actually used mercuric fulminate 

as an initial explosive for detonating nitroglycerin. Mercuric fulminate is the 

most practical salt to begin with, and reliable methods for its preparation have 

been published.41"45 Sodium fulminate is prepared from mercuric fulminate by 

treating it with sodium amalgam.44’45 The acid is normally liberated by adding 

sodium fulminate to aqueous sulfuric acid below 0°.11,17 The reverse addition 

is not recommended because fulminic acid is more stable in acid solution. If 

an organic solvent is desired, the acid can be extracted by ether.11 Since 

polymerization12 15 of fulminic acid is a serious competitive side reaction 

affecting the yield of the 1,3-dipolar cycloaddition, the freshly prepared solution 

of sodium fulminate and fulminic acid should be used at once. Moreover, the 

dimerization and polymerization can be repressed by slow liberation of fulminic 

acid, and this technique has sometimes been used.46"48 The use of fulminates is 

restricted to reactants soluble in water. However, use of a vigorously stirred two- 

phase system (i.e., water/ether), where the fulminic acid is generated slowly in the 

aqueous phase and extracted into the ether layer, where the cycloaddition takes 

place, does not seem to have been tested rigorously. Acetone is unsuitable as a 

solvent because fulminic acid adds to the carbonyl group and forms a new nitrile 

oxide, eq. (2.7),49,50 a reaction reminiscent of the cyanohydrin reaction. 

?H 
HCNO + (CH3)2CO—^ (CHj)2C-C=N-0 (2.7) 

Generating fulminic acid from formohydroximoyl iodide16,48,51 by treating 

with a base, eq. (2.8), in an organic solvent alleviates the solubility problem, and 
the cycloaddition proceeds with improved yields. 

HCI=NOH ~EtjN - HC=NO + EtjNHI (2.8) 

Formohydroximoyl iodide is a solid, mp 65°C (dec),52 that slowly decom¬ 

poses at room temperature or even explodes after being stored for a long time. It 
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is best kept in ether solution at — 20°C. The compound is prepared either from 

mercuric fulminate by treating it with hydroiodic acid and potassium iodide, 

eq. (2.9),48 or from sodium fulminate and hydroiodic acid 49 

^NOH 
Hg(CNO)2 + 4 HI + 2 KI —► 2 HCT + K2HgI4 

N 
(2.9) 

Fulminotrimethylsilane, which can be prepared from chlorotrimethylsilane, 

or better yet from bromotrimethylsilane and mercuric fulminate, is a stable 

colorless liquid at room temperature53,54 highly sensitive to moisture with the 

formation of fulminic acid, eq. (2.10). 

Hg(CNO)2 + 2(CH3)3SiBr —- (CH3)3SiCE N-O H*° * HCNO + (CH3)3$iOH 

(2.10) 

The generation of fulminic acid under neutral conditions can be controlled by 

carrying out the reaction in moist tetrahydrofuran.55 This procedure gives good 

yields of cycloaddition products. 
Fulminic acid is formed by nitrosation of nitromethane to formonitrolic 

acid. Elimination of nitrous acid and precipitation as silver salt completes the 

process, eq. (2.11).56 The only method that does not pass via the explosive 

fulminates, is the flash pyrolysis at 450°C and 10“4 mmHg of isoxazol-5(4H)- 

ones 19, eq. (2.12).57 The mixture of carbon dioxide, nitrile, and fulminic acid 

produced is condensed in the Dewar flask, where it is brought into contact 

with other reactants. The yield of fulminic acid is reported to be practically 

quantitative. 

CH3N02 -^°--02NCH=N0H ~HNO*-«- AgCNO (2.11) 
Ag+ 

RCOCH2COOR' RCN+C02+ HCNO 

.(2.12) 
R = CH3 C6H5 

The Mukaiyama-Floshino procedure58 (Section 2.4) fails for nitromethane. 
Free fulminic acid does not appear in this process (route 2.13a). a-Nitro- 

acetanilide (20) is formed first and subsequently transformed to the nitrile oxide 

(21) (route 2.13b).48,59 In the silyl nitronate procedure60 (Chapter 4) the trimethyl- 
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silylester of ad-nitromethane (22) is trapped by the olefin (route 2.14a). The 

isoxazolidine 23 can be isolated in good yield. The presence of free fulminic acid 

has not been demonstrated in this reaction; route 2.14b is therefore questionable. 

CH3N02 + C6H5NCO HCNO 

b Et3N C6H5NC0 

O’ TO 

c6h5nh<!:-ch2no2 ■~-h-nc^- c6h5nhc-cen-o 

20 21 

(2.13) 

RCH=CH2 

CH3N02 + ClSi(CH3)3 

b -(CH,),SiOH 

HCNO 

-(CH,),SiOH 

2.3 SYNTHESIS OF HALOGEN AND SULFUR- 
SUBSTITUTED FULMINIC ACID 

Metal fulminates (Na, Ag, Hg) are converted to dihaloformoximes 24 by 

halogens, eq. (2.15)61-63 The unpleasant, toxic dichloro compound 24, 

bp 47°C/18 mmHg, mp 39-40°C, and bromo compound, mp 70-71°C, are 
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stable at room temperature, whereas the iodo compound decomposes. A 

preparative method for dichloroformoxime (24) (X = Cl), which avoids the 

fulminates, is reduction of chloropicrin with tin or iron powder in hydrochloric 

acid, eq. (2.16).64 Treating the dichloroformoximes with a base gives the 

halonitrile oxides (25). In the absence of a reactive substrate dimerization of the 

halonitrile oxide to 3,4-dihalofuroxan 26 takes place, eq. (2.18). The yield of 25 is 

improved by using silver nitrate rather than a base.65 Generating 25, X = Cl, is 

of interest in the context of preparing65-68 certain isoxazoline antibiotics 27.69 
Benzenesulfonylnitrile oxide (29) is synthesized from benzenesulfonylnitro- 

methane via phenylsulfonylbromoformoxime (28), eq. (2.19).70-73a It cycloadds 

to alkenes, forming 3-phenylsulfonylisoxazolines, which readily undergo a 

variety of substitution reactions. The reactions of sulfonyl substituted furoxans 

have also been investigated.736 

MCNO + X2 X2C = NOH + MX (2.15) 

M = Na, Ag, Hg 24 
X = Cl, Br, I 

C13CN02 ^ ► CljCNO 

X2C=NOH 

24 

Base 

or flgNO 

ci2chno —ft-* ci2c=noh (2.16) 

(2.17) XCNO 

25 

X. 

2 XCNO 

X 

"'O' No 

26 

27 

(2.18) 

PhS02CH2N02 
2. Ch2n2, o °C 

PhSOjCBr^N; 
O 

40 °C 

-CH„0 

PhS02 

Br 

28 

OH 
Base 

.r1 ,-/ S02Ph 

or AgNO, 
PhS02CN0 »• / ^ 

dA/ 

(2.19) 

Nu 

^ / W 

29 
Rx 'U R 

Nu" = h“(BH4"), R", CN~, RO 
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2.4 SYNTHESIS OF NITRILE OXIDES 

Two methods of general applicability are available: (a) oxidation of aldoximes 

and (b) dehydration of nitro compounds. Methods using aldoximes as starting 

material are discussed first. The very first nitrile oxide prepared, benzonitrile 

oxide (31), was obtained in two steps: by chlorinating either E- or Z-ben- 

zaldoxime and subsequently dehydrohalogenating with a base, eq. (2.20);74 this 
method is the most frequently used. 

c6h5ch=noh |c6h5chcino| 

30a 

Ether and chloroform are preferred as solvent and chlorine is introduced at 

ca. — 20°C to — 40°C until the original blue color, indicative of a transient 

nitroso compound 30a changes to light green.75-97 Aqueous sodium hydroxide 

or sodium carbonate is used as a base, preferably at 0°C. The hydroximoyl 

chlorides are fairly stable, but the second step, the dehydrochlorination, has to 

be carried out in the presence of the substrate, since the lifetime of the reactive 

nitrile oxide is too short for isolation. The benzohydroximoyl chloride (30b) is 

formed in the Z-form. 6 The E-form can be prepared by photoisomerization of 

the acetate and subsequent hydrolysis.77 The £-form loses HC1 to give 

benzonitrile oxide 6 x 107 times slower than the Z-form. The dehydrochlorina¬ 

tion procedure has been improved by the use of a one-phase system with a 

tertiary amine, such as triethylamine,78-80 as base. The amine is added slowly to 

a mixture of hydroximoyl chloride and the olefin in order to keep the nitrile 

oxide concentration low, which is essential to prevent furoxan formation. 

Occasionally, side reactions occur with the use of tertiary amines, resulting in 

the formation of adducts with the hydroximoyl chlorides, eq. (2.21).4-81-83 

C6H5n 

Cl" 
= N 

"\)H 

Base 

-HC1 

(Z) 30b 

C6H5CNO 

(2.20) 

31 

R-CC1NOH + Et3 N R- <y=N-OH Cf 

NEt, 

(2.21) 

It is sometimes recommended to add equivalent amounts of tertiary amine 

and hydroximoyl chloride simultaneously in small portions to the dipolarophile. 

The major disadvantage of this method is the chlorination step. It cannot 

be used for oximes containing other functions sensitive to chlorine, e.g., un¬ 

saturation,84 ketones,85 or certain aromatic rings.84-86-87 Chlorination of tig- 

laldoxime (32) gives the chlorinated product 33, eq. (2.22). Salicylaldoxime (34) 
and its 2-O-methyl derivative (35) are chlorinated on the benzene ring to give 

36 and 37, respectively, eq. (2.23).84 Thiophenealdoxime (38) gives 5- 

chlorothiophene-2-hydroximoyl chloride (39), eq. (2.24).86-87 Methyl groups 

activate the nucleus sufficiently to cause chlorination of the benzene ring.88 
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CH3CH=C(CH,)CH=NOH ■ C1* - CH3CHCl-CCl(CH3)-CCl=NOH (2.22) 

32 33 

38 39 

Nitrosyl chloride is a milder reagent that has been used for selective chlorination 

in such cases.86-88 

A selective dehydrogenating agent, which combines the two steps in eq. (2.20) 

and leaves sensitive functions, such as double bonds, untouched is alkaline 

aqueous sodium hypochlorite or hypobromite, eq. (2.25).87,89-92 The reaction is 

best carried out in a two-phase system.91 Apparently, the organic solvent 

protects the olefin from being attacked by the hypohalite ion. The nitrile oxide 

cycloadds to the olefin in the organic phase. Adding triethylamine has a 

favorable influence on the yield. The reaction fails when the reactants contain 

alkali labile functions or are otherwise sensitive to this particular oxidant. 

R-CH = N-OH -C-1Q *- |RCCUNOH| — R-CNO (2.25) 
oh' 

A-Bromosuccinimide93,94 and A-chlorosuccinimide (NCS)95,96 have been 

used successfully in some cases as halogenating agents for aldoximes. This 

procedure is modified by using chloroform as the solvent for NCS chlorination, 

eq. (2.26).97 NCS is only slightly soluble in chloroform, whereas succinimide (SI) 

is highly soluble. The end point of the chlorination is reached when the solid 

has dissolved and is therefore easy to observe. The reaction is catalyzed by 

pyridine and proceeds under neutral conditions at room temperature. Olefinic 

functions, thiophenes, furans, pyrroles, and methoxylated aromatic nuclei are 

not attacked. It is also possible to chlorinate salicylaldoxime selectively.158 

R-CH = NOH + NCS —- R-CCl = NOH + SI (2.26) 

Triethylamine is used as the base to liberate the nitrile oxide in the final step, 

and intramolecular cycloaddition of suitable unsaturated aldoximes can thus be 

achieved. The reaction is further simplified by using pyridine or a solid-phase base 

such as basic A1203 or Florisil, which are inert toward NCS.98 Chlorination, 
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dehydrochlorination, and addition can be performed as a one-step reaction 

simply by mixing all components in chloroform as solvent, eq. (2.27). Intra¬ 

molecular cycloaddition has also been performed by oxidation with nitrogen 
dioxide, eq. (2.28).99,100 

(2.27) 

(2.28) 

Potassium ferricyanide87 and lead tetraacetate101'103 (at -70°C) have also 
been reported as dehydrogenating agents for aldoximes. The nitrile oxide and 

the hydrogen chloride are in equilibrium, eq. (2.29) with the corresponding 

hydroximoyl chloride. Thermolysis of hydroximoyl chlorides104'109 in an inert 

solvent has therefore been used for generating a low concentration of the nitrile 
oxides that can be trapped by a suitable reagent. 

R CC.UNOH ^ RCNO + HC1 

(2.29) 

Nitrile oxides are formed in several reactions of less general applicability. 

Pyrolysis of furoxans110'112 at ca. 500°C gives nitrile oxides, eq. (2.30). A 

number of cycloreversion studies of furoxans have been reported,117'125 and it 

has been observed that dissociation into two moles of nitrile oxide also takes 

place in refluxing xylene. Isoxazolines are formed in good yields in the presence 
of 1-2 equivalent of olefins. 

RWR 

VN 
500 °C. 

2 RCNO (2.30) 

O 

Furoxans react as nitrones with two moles of a dipolarophile according to 
eq. (2.31).123,124 The chemistry of furoxans has been reviewed.126 Nitration 

of a-ethynyl acetates with NOF/NOBF4 or with N02BF4 yields 3,4-bis[a- 

acetoxy acyljfuroxans.113 The acetate group is essential for the outcome of the 

reaction, which is rationalized according to eq. (2.32). Treatment of 

a-bromophenylnitromethane with triphenylphosphine gives benzonitrile 
oxide,114,115 as proved by trapping experiments. Hydroxamic acids under¬ 

go normally Lossen’s rearrangement by treatment with acids. However, 
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the conversions of N-t-butylbenzhydroxamic acid into benzhydroximoyl 

chloride116 (the precursor of benzonitrile oxide) with thionyl chloride, and 

trifluoroacetic anhydride into trifluoroacetonitrile oxide127 with hydroxylamine 

hydrochloride and phosphorous pentachloride have been reported. Nitrile 

oxides are formed in the reaction of O-trimethylsilylhydroximoyl chloride with 

potassium fluoride at 25°C.128a The nitrile oxide dimer with the isomeric 

structure 7, eq. (2.1), does not revert to nitrile oxide on flash pyrolysis but 

fragments into nitrile and a mixture of several other products.110 a,/?-Un- 

saturated nitro compounds are cleaved photolytically into carbonyl and nitrile 

oxide fragments that can be trapped by an olefin present, eq. (2.33).1286 

Ar NO2 

T 
Kxy 

hv 

/ 
Ar 

r/ 
-I 
o 

o 

ArCHO + ArCNO (2.33) 

COOCH3 
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The second significant method is the dehydration of primary nitro com¬ 

pounds with phenylisocyanate, the Mukaiyama-Hoshino method.58 Because of 

the reaction conditions, this method is not suitable for the isolation of nitrile 

oxides but only for in situ preparation and trapping of the intermediate nitrile 

oxide with a suitable reagent. In the absence of a scavenger the nitrile oxides 

dimerize to furoxans. The mechanism is depicted in eq. (2.34). Triethylamine is 

only needed in catalytic amounts and starts the reaction sequence by abstracting 

a proton from the primary nitro compound. The reaction has recently been 

applied to an increasing number of primary nitro compounds, and it pro¬ 

ceeds with satisfactory yields (Chapter 5). It fails, however, for nitromethane, 

eq. (2.13). In this case phenylisocyanate first attacks the methyl carbon atom 

and forms a-nitroacetanilide, which in a second step is transferred into fulmido- 

formanilide. Phosphorous oxychloride, p-toluenesulfonic acid, acetic anhydride, 
ethyl chloroformate, benzenesulfonyl chloride, and acetyl chloride have also been 

used as dehydrating agents instead of phenylisocyanate, but they generally give 
inferior yields.129-133 

— R-CNO + C02 + PhNH 

PhN=C=0 

Et,NH+ 

(PhNH)2CO + NEt, 

(2.34) 

The Mukaiyama-Hoshino procedure has the advantage over the aldoxime 
route in that the chlorinating step can be avoided. Aldehydes and derived 

oximes are, in general, the more readily available functional group, but recent 

developments in organonitro chemistry may compensate for that. The choice is 
ultimately a matter of synthetic planning. 

Nitrolic acids are formed by nitrosation of primary nitro compounds, and 

they easily lose nitrous acid when heated, thus forming nitrile oxides, eq. (2 35) 

The reagent is thus regenerated, and in principle only a catalytic kmount of 

nitrous acid should suffice to achieve dehydration. The scope of the reaction has 

not been fully investigated, but a few nitrile oxides have been prepared from 
nitrolic acids.134-137 

NO+ 
r-ch2no2 RC=NOH 

iiio2 

-HNO, 
R-CNO (2.35) 
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The reaction between metal fulminates and organic halides is reported to 

produce isocyanates, eq. (2.36),81'138-141 with one exception, namely the forma¬ 

tion of the stable triphenylacetonitrile oxide (40), eq. (2.37).142 It is conceivable 

that the nitrile oxides formed dimerized to furoxans and therefore were not 

observed in these early works. The reactions shown in eqs. (2.36),(2.37) are, 
however, of little practical importance. 

AgCNO + RX RNCO + AgX (2.36) 

AgCNO + (C6H5)3CC1 — (C6H5),CCNO (2.37) 

40 

2.5 NUCLEOPHILIC ADDITION TO NITRILE 
OXIDES 

Nitrile oxides react with nucleophiles to form an array of hydroximic acid 

derivatives, as shown in eq. (2.38). Most of these additions have limited synthetic 

interest. The mechanism and kinetics for adding acetic acid to aromatic nitrile 

oxides have been studied.143 On the other hand, the reverse reaction, e.g., 

elimination of hydrogen chloride from hydroximoyl chloride, is, as we have seen, 

the best choice for synthesizing nitrile oxides, since the hydroximoyl chlorides 

are readily accessible by chlorination of aldoximes. 

JM-OH 
RC=N-0 + Nu" + H+ RC^ (2.38) 

Nsiu 

Nu = Cl , Br , J~, HO’, RO’, HS’, RS", ON-, R,N, R_MgX+, RCOCT, N,’, SCN_, etc. 

Adding sulfides to nitrile oxides leads to derivatives of thiohydroxamic acid, 

eq. (2.39),144-149 a group of compounds represented in nature by the gluco- 

sinolates (41).150 They can be defined as the S-glucosides of thiohydroxamic 

acid with a sulfated iminoxy group. R in 41 derives from naturally occurring 

H+ + R1S~ 

Na+ + R1S" 

R2CN0- 

R1CC1=N0H 

2 /5R 
C\ 

^NOH 
(2.39) 

41 

S03 H 
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amino acids, e.g., alanine, vinylglycine, phenylalanine, tyrosine, etc. On enzy¬ 
matic hydrolysis the glucosinolates undergo a Lossen-type rearrangement, 

eq. (2.40), and form isothiocyanates 42 (mustard oils). Equation (2.39) has been 

applied in the chemical synthesis of these natural products.144-147 Glu¬ 

cosinolates can also be prepared by nucleophilic addition of 1-thioglucose 

to a suitable silyl nitronate.151 A comprehensive discussion of a number of 

nucleophilic additions is given in Ref. 1. 

2 /SR‘ 
R-C^ 

%NOSO,H 
R2-N=C=S (2.40) 

k2 

2.6 THE 1,3-DIPOLAR CYCLOADDITION 

The background for the development of the cycloaddition of nitrile oxides with 

olefins and acetylenes into an important and versatile synthetic reaction is given 

in Sections 1.1-1.5. The mechanistic and stereochemical aspects are discussed in 

Sections 1.7, 1.8. The synthetic applications are reviewed in Chapter 5 and 

organized according to classes of compounds and functionalities rather than 

reactions of the individual dipoles. 

Since the reactions of nitrile oxides are focused on their use in synthesis, the 

reactions with other heterodipolarophiles have received peripheral attention. 

For more comprehensive discussions of the reactions with C=S, C=N, C=0, 

C=N, C=P, N=N, N=B, N=P, N=S, and S=0 bonds, see the reviews given 

in Section 1.1; cf. Section 5.16. 

2.7 ALLERGENIC PROPERTIES OF NITRILE 
OXIDES 

It is justified to call attention to the allergenic properties of ethyl chloro- 

oximinoacetate (ethoxycarbonylchloroformoxime) 43, which when treated with 

a base gives 3,4-diethoxycarbonylfuroxan (45) via dimerization of the inter¬ 

mediate reactive ethoxycarbonylformonitriloxide (44), eq. (2.41). Two labor¬ 

atory technicians contracted severe vesicant and itching blisters while working 

with compound 43. It had been observed several years ago that the furoxan 45 
was a strong skin irritant.152 Medical tests carried out with compound 43 
showed that it is a highly active allergenic.153 Benzohydroxamic acid did not 

show allergenic symptoms in our tests. 3-Ethoxycarbonyl-5-butylisoxazoline 

was also tested but found to be considerably less irritating than compound 45. 
Little is known about the physiological effects of nitrile oxides, depending on 

their instability and capability to dimerize to furoxans.1 These latter compounds 
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EtOOC 

Cl 

±L 44 45 

show a variety of antibiotic actions.126 The toxicity of the parent fulminic acid is 
comparable to that of hydrocyanic acid. 

Isoxazoles and their derivatives have found several applications as antibi¬ 

otics, analgetics, anaesthetics, anabolics, anthelmintics, diuretics, gamma amino- 

butyric acid (GABA) agonists, anticonvulsants, muscle relaxants, herbicides, and 

they display antileprous, antitumor, mutagenic, plant growth controlling effects, 
e^ 1 s* 156 yhe physiological effects of nitrones have been reviewed.157 

NOH b-^ie EtOOCCNO 

EtOOCx ^COOEt - tc o 

(2.41) 
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Chapter 3 

The Nitrones 

3.1 PHYSICOCHEMICAL PROPERTIES 

Nitrones are generally rather stable compounds, easy to handle in air at 

ordinary temperature, but, under prolonged influence of light, rearrangements 

occur. They are cleaved into their components, a carbonyl compound and an N- 
substituted hydroxylamine, by treatment with acid or base.1-3,22-23 In the 

presence of another carbonyl compound nitrones can exchange their carbonyl 
components in an acidic medium. 

Structurally, a nitrone is a tautomer of an oxime, eq. (3.1). The two tautomers 

can be fixed by alkylation, the polar nitrones being N-alkylated oximes, eq. (3.2). 

Two geometric isomers (1) and (2) can be formed, which are interconvertible by 

heating.4 The reaction in eq. (3.2) is actually a preparative method for nitrones, 

but they are always formed admixed with the oxime O-ethers 3 and 4. 

(3.1) 

Oxime Nitrone 

+ 

2 

(3.2) 

+ 

3 

Nitrones are slightly basic compounds. The ionization constants of the 

conjugate acids of most C“-aromatic iV-methyl nitrones have a pKa range of 
ca. 7-9; e.g., pKa — 8.26 for 5, R = H,5 eq. (3.3). 

In analogy to keto-enol tautomerism nitrone-hydroxyenamine tautomerism 

is conceivable but not observed in unactivated compounds. For 6 and 7 the 

equilibrium is shifted entirely towards the nitrone structures 6a and la6'1 but 

75 
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activation by a carbonyl group as in 8 results in the formation of the structures 

8a,b, eq. (3.4).8 The hydroxyenamine tautomer can be fixed by silylation, 

eq. (3.5),7 whereas benzoylation gives the rearranged a-benzoyloxyimine 9, 

which after hydrolysis gives the a-benzoyloxyaldehyde.9 This procedure 

constitutes a mild and efficient method for a-hydroxylation of carbonyl 
compounds, as has been observed previously.10-13 

9 

The slow dimerization of aliphatic nitrones proceeds via the iV-hydroxy- 

enamine form (10) with formation of isoxazolidines 1114-210 that are in equilib¬ 

rium with the nitrones, eq. (3.6). The aliphatic iV-t-butyl nitrones appear to be 
fairly stable.7-9 The formation of 1,4-dinitrones by lead tetraacetate oxidation 

of N,N-disubstituted hydroxylamines occurs via the N-hydroxyenamine 
form.218 

Infrared (IR) and ultraviolet (UV) data have been collected in previous 

reviews.22'23 The N—O bond stretching frequency lies characteristically in the 

1200-1280 cm-1 region for aromatic ketonitrones and close to 1100 cm-1 for 
aldonitrones. 
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RCH 
Rv_/CH2R 

(3.6) 

10 
11 

The C=N stretching frequency appears in the 1560-1620 cm 1 region.24-26 

In the UV region a strong absorption is located at 2max = 244 (e = 6000, 

cyclohexane) for 1 (R1 = CH3, R2 = H, R3 = cyclohexyl).27 The 2max value is 

shifted to a longer wavelength, and the intensities increase on conjugation, 

[1: R\ R3 = Ph, R2 = H, 2max = 227,236,315 (e = 9850,9060,14,000, ethanol)].28 

The and 13C NMR shifts for some representative nitrones are shown in 

Table 3.1. The spectra of the geometric isomers 1 and 2 are often sufficiently 

different to allow the isomerization to be followed by NMR. The activation 

energy for the conversion of, e.g., 12 into 13 is 33.6 kcal mol-1.29 The Z and E 
isomers can be distinguished by their dipole moments.30 In several instances the 

two isomers have been isolated and structurally assigned.22,31-34 

12 (Z) 13 (E) 

Geminal 15N coupling constants (27,5Nih) in cis- and trans-aldonitrones and 

vicinal 15N coupling constants (3Ji5Nih) in cis- and frans-ketonitrones have 

been measured and calculated.38 The C“-carbon atom is located at S 129.6 ppm 
in the 13C NMR spectrum of 1(RJ = Ph, R2 = H, R3 = r-Bu), which is slightly 

lower than the shift of imine or oxime carbon atoms (5 ca. 150-160 ppm). X-ray 

studies of p-chlorophenyl-N-methylnitrone 1439 show that the N—O bond has 
some double-bond character. It is considerably shorter (1.284 A) than the N—O 

bond of the corresponding isomeric syn-oxime 15, and the C =N distance of 14 is 

slightly longer than the C=N distance of 15. In general, these measurements 

conform with the 13C NMR data, which indicate a somewhat higher negative 

charge on the nitrone Ca-carbon atom relative to that of the oxime carbon atom. 

H 

15 

The mass spectra of nitrones have been studied by several groups40-45 

Fragmentation-rearrangement reactions, such as loss of the N—O oxygen 
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Table 3.1. 'H and 13C Shifts for Nitrones 

Compound 'H NMR and 13C NMR shifts, <5, TMS," CDC13 Ref. 

2.03 (CH3, d), 3.28^0^, m), 6.90 (H, q) 27 

3.86 (CH3, s), 7.37 (H, s), 7.38-7.45 (C3’45H), 27 
8.16-8.28 (C2'6H) 

7.88 (H, s), 7.36-7.46 (C3’4-5 H), 8.31-8.42 35 
(C2'6H), 7.56-7.78 (C2'-6'), 7.36-7.46 (C3'-4'-5'H) 

Me 5 C 6 

^>=N^ 
H 

-CH 

O 

3 

6.32 (H2, d, J 8), 6.98 (Hl5 d, J 8) 

130.8 (C1), 129.6* (C‘), 70.6 (N—C), 28.2 (CH3) 

3.89 (N—CH3, s), 7.60 (H, s) 

3.40 (N—CH3, s), 7.92 (H, s) 

36 

37 

32 

32 

“TMS = tetramethylsilane. 
'’Broad line, lw = 4 Hz. 

(M+-16) and formation of acylium ions by oxygen migration occur frequently, 

eq. (3.8), in the positive-ion spectra. The isomeric oxaziridines show mass 

spectral patterns similar to those of the nitrones, so interconversion is likely. The 

negative-ion mass spectra exhibit pronounced molecular ions and simpler 

fragmentation patterns. In contrast to the positive-ion spectra, no skeletal 

rearrangement fragments are produced upon electron impact. Since the mass 

spectra of the isomeric nitrones, O-ethers, and amides differ, this enables these 
types of isomers to be distinguished from each other. 

Photoelectron spectra of nitrones have been measured and correlated with 
calculations of ionization potentials.46-48 
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Nitrone Oxime ether Amide 

3.2 REACTIONS OF NITRONES 

A. The Nitrone-Amide Rearrangement 

Nitrones are light sensitive2,3,49-52 and rearrange stereospecifically53 into 

oxaziridines following a disrotatory course, eq. (3.9). The oxaziridines react 

further thermally or photochemically to form amides but can also revert 

thermally to nitrones. This last reaction has occasionally been applied to the 

synthesis of nitrones, since oxaziridines are available by epoxidation of imines 

with peracids or hydrogen peroxide.51,54-59 Nitrones are also found to undergo 

photochemical and acid-catalyzed cis-frans-isomerization.53,60 These reactions 

are summarized in eq. (3.9). The nitrone-amide rearrangement, eq. (3.10), is 

catalyzed by acid in analogy to the Beckmann rearrangement1-3,13,22,23,61-66 

and has been used in synthesis. Reactions of the N-phenyl nitrone 16 with lsO 

benzoyl chloride leads to the amide 17 with the label distributed equally between 

the two acyl groups. This indicates the intermediacy of a nitrilium ion,65 

eq. (3.11), and excludes a cyclic or sliding mechanism.61,62 A nuclear chlorin¬ 

ation has been observed in the reaction of N-aryl nitrones with phosgene or 
thionyl chloride, eq. (3.12).67 
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R 

H 

H 

\ 0 —i\r 
1 + 2 

R C=N-R R* CONHR2 (3.10) 

O 

(3.12) 

B. The Be hr end Rearrangement 

Another type of tautomerism is attributed to Behrend, who observed the base- 

catalyzed rearrangement of 18 as shown in eq. (3.13).68 The isomer of lowest 

energy is favored, as reflected by the effect of para-substitution. The favored 

isomer is that in which the substituent can interact conjugatively.26,69 

? 
CH = N- CH, (3.13) 

19 

C. The Nitrone-Oxime O-Ether Rearrangement 

Thermolysis at ca. 150-200°C of certain iV-diphenylmethyl nitrones gives the 

corresponding oxime O-diphenylmethyl ethers via isomerizing iminoxy radicals, 

eq. (3.14).2’3’34,70’71 The radical character and the intermolecularity of the 

reaction is proved by the observation of CIDNP effects72 and the production of 
crossover products.73 
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O 
n: 

"vCHPh2 
CHPh2 

A 

V 

X HPh2 

% 
CHPh2 

^OCHPh, 

(3.14) 

N 
\)CHPh2 

D. Thermolytic Alkene Elimination 

At 80°C N-alkylfluoren-9-yl nitrones undergo a Cope-type elimination with 

formation of alkene, eq. (3.15).74-76 There is evidence that the elimination is not 

synchronous, but that the C—N cleavage precedes the O—H bond formation. 

) (3.15) 

E. Reactions of Nitrones with Nucleophiles 

Several nucleophiles are found to attack the carbon end of the dipole and 

form a-substituted hydroxylamines, eq. (3.16). Compound 20 usually under¬ 

goes secondary reactions, depending on the structure of Nu-. The acid- or 

base-catalyzed hydrolytic cleavage represents the simplest reaction of this class: 

Nu- = OH-. In case Nu- is a thiocarboxylic acid, the nitrone is converted 
into a thione (21), eq. (3.17).77 

Nif . R* DH 

" R—V<T3 (3-16) 
Nu R 

.... . . - ? . 

Nu =HO , RO , RS , R3N, CN , R (Grignard, JZ-C -) etc. 

Ar^ 
(ALK) 

n: 

o 

R 

Ar 

(ALK) 

21 

(3.17) 

The cleavage of the nitrone can also be performed with hydroxylamine and 

hydrazine, thus giving the corresponding oximes and hydrazones directly.1,22,23 

Hydrogen cyanide adds to the nitrones, giving 1-cyanoalkylhydroxyl- 
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amines,24,25 which often undergo further transformations, such as elimination of 

water78-80 and cyclization with a second molecule to produce imidazoles 22, 

eqn. (3.18).81 Adding a thiol to A-a-cyanoalkyl nitrones promotes the cyclization 

to imidazole 23, eq. (3.19).82 A-2-Hydroxyalkyl or A-3-hydroxylalkyl nitrones 

are in equilibrium with their hydroxylamine form 24, eq. (3.20).83-91 A variety of 

nucleophiles have been added to four-membered cyclic nitrones.92-96 

24 

Carbanions,1-3 active methylene compounds,36’97-103 ylides,104-108 and 

organometallic compounds109-115 add to nitrones, eqs. (3.21)—(3.23). The 

reaction of nitrones with the carbanion from malonate proceeds to the 

isoxazolidone 25.116 The reaction of nitrones with phosphorous ylides opens a 

route to aziridines, eq. (3.22).117 Compound 27 is formed by adding ylides to N- 
benzyl nitrone obtained via the Behrend rearrangement. Aziridines are also one 

of the products from the reaction of nitrones with oe-trimethylsilyl car¬ 

banions.118’119 An example of adding an organometallic compound is demon¬ 

strated in eq. (3.23), where the Reformatzky reagent gives isoxazolidones 
(28).120 
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.O 

CH, 

Ph 
XCH2-N^ 

O 

o 

+ (EtO )2 PCH2 COOEt 

Ar O 

>=< 
H XR 

R = Alkyl 

R1 R2 3CCOOEt 

Br 

Zn 

R;R2 = H, Alkyl, COOR 

(3.23) 

F. Oxidations of Nitrones 

Lead tetraacetate (LTA) oxidizes aldonitrones to (7V)0-acetylhydroxamic acids 
(29), eq. (3.24), and ketonitrones are cleaved to the acylals (30), eq. (3.25).121 N- 
Alkyl groups are also attacked by LTA as in eq. (3.26), and if one of the phenyl 

groups is labeled, a scrambled product 31 is obtained. Cleavage of nitrones is 

effected by ozone, eq. (3.27)122 and by periodate.123 The actions of various 

oxidants, such as Fe3 + ,124,125 NBS (Af-bromosuccinimide),126,127 NCS (N- 
chlorosuccinimide),128 Se02,129 HOBr,130 and Br2131 have been investigated. 
Three types of products can occur: 

1. Hydroxamic acids are formed, as shown in eq. (3.24). 

2. Cleavage occurs as demonstrated in eqs. (3.25) or (3.27). 

3. The ^-position in alkyl nitrones is attacked, e.g., by Se02, alkyl nitrites,132 

or halogens, as depicted in compound 32. 

Ph 
>=N' ■/ 

O 
LTA 

Ph 

94% 29 

(3.24) 

LTA 
PhNO (3.25) 

87% 30 

OAc 
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Ph O . Ph ,OAc 

-Ph O' -Ph 

(3.26) 

OAc 

31 

R 

H' 

:N 
/ 

O o. 

^R2 H' 

--O + R NO (3.27) 

R CH2 O 

t N=nx 
[ox] \R2 

32 

G. Reductions of Nitrones 

The reduction of nitrones can be directed toward selective (a) deoxygenation 
with formation of imines, (b) reduction of the double bond to give iV-substituted 
hydroxylamines, and (c) complete reduction to amines. 

Deoxygenation of nitrones is most effectively carried out by phosphines or 
phosphites, eq. (3.28).133-135 Adding phosphite to the double bond has been 
observed.136 Lithium aluminum hydride25,137 and sodium borohydride25,79 are 
normally used for reducing the nitrones to hydroxylamines (33), and the 
reduction usually stops at this level, eq. (3.29). For total reduction to the amine 
34, catalytic reduction is the best method, and Raney-Ni appears to be the most 
frequently used catalyst.1 With Pt as catalyst it is possible to stop the reduction 
at the hydroxylamine stage.1383 Selective reduction to imine is accomplished 
with sodium hydrogentelluride at pH 10-11. The amine is obtained in refluxing 
ethanol at pH 6.1386 

-Si 
^R2 

R 
= N. 

+ R,PO 

r1\=n-/0 LifllH4r R 
\r2 NaBH4 

"V 

1 „OH 

(3.28) 

Nr2 
33 (3.29) 

R; 

-NHR 

34 

H. Nitrones as Radical Scavengers 

Nitrones serve as excellent scavengers for several types of radicals,139 carbon 
centered as well as heteroatom centered (O, N, S, metal), eq. (3.30). In that 
respect they are superior to nitroso compounds, which normally only trap 
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carbon- and oxygen-centered radicals. A drawback is that the radical center of 

the nitroxide radical formed 35 is located too far from the original radical R", 

so little can be concluded about its structure. The electron spin resonance (ESR) 

spectrum of the rather stable nitroxide radical can conveniently be recorded. 

The g value and the triplet N and doublet H splittings give some information on 

the nature of the trapped radical R‘. The second-order rate constant, k, of the 
trapping reaction (3.30) is about 105 L mol-1 sec-1. 

/. 1,3-Dipolar Cycloaddition 

The mechanism and regiochemistry of the 1,3-dipolar cycloaddition is discussed 

in Sections 1.5—1.8, and the synthetic applications in Chapter 5. References to 

reviews are given in Section 1.1. It is a high-yielding reaction proceeding 

smoothly at room temperature with reactive olefins. Highly substituted olefins 

require heating to 100-150°C for 1-24 h. Elevated temperatures have the 

drawback that cycloreversions, eq. (3.31)140 (cf. Section 1.6) and (Z)-(£)- 

isomerization, eq. (3.32), take place extensively, leading to isomerization of the 
cycloaddition product. 

R1 

R2 

R1 

X'jjr^cC'N\R3 

(3.31) 

J. Z-E-Isomerization 

The configurational stability of nitrones is of interest in connection with the 

cycloaddition, since it will affect the stereoisomeric distribution of the products. 

Ordinarily, the rotation barrier for most nitrones, eq. (3.32), is so high, 

£a ^ 30 kcal mol-that the nitrones are completely stable at ordinary reaction 

temperatures less than 80°C and reaction times less than 24 h. Higher temper¬ 

atures, e.g., in refluxing xylene, cause rapid equilibration. Electron withdrawing 

groups at Cx (e.g., acyl, COOR, CN) lower the barrier for rotation,141-142 which 

for N,a-diphenyl-a-cyanonitrone is 24.6 kcal mol-1141 as compared with the 

barrier for the Ca-diaryl, N-alkyl, or Cx-aryl, -H, A-alkyl nitrones, which 

is 29-34 kcal mol-1.29,32,145 Isomerization is catalyzed by light and 
acids.53,60,143,144 

R‘ / 
''C =N 

R^ O 

R1 O 

2/^1 
R \r3 

(3.32) 
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3.3 SYNTHESIS OF NITRONES 

Preparatory aspects for nitrone synthesis have been comprehensively re¬ 

viewed.1-3,22,23,51 Considering the importance of nitrones as an efficient C—C 

coupling device for the isoxazolidine moiety, we give a summary of the earlier 

work together with comments on recent development. There are several 

significant classical preparative methods available. 

1. Condensation of A-monosubstituted hydroxylamines with carbonyl 

compounds 
2. Dehydrogenation of JV,N-disubstituted hydroxylamines 

3. iV-Alkylation of oximes 
4. Reaction of aromatic nitroso compounds with active methylene compounds; 

the Krohnke reaction 
5. A-Oxidation of imines (Schiff’s bases) 

In addition there are a number of published procedures of more limited 

generality.146-156 

A. Condensation of N-Monosubstituted Hydroxylamines with 
Carbonyl Compounds 

Using carbonyl compounds is the most important method for our purpose 

because it embodies generality and experimental simplicity with the basic 

synthetic strategy of using readily available carbonyl compounds as building 

blocks. For the subsequent 1,3-dipolar addition the iV-monosubstituted hy- 

droxylamine activates the carbonyl carbon for reacting with the olefin or 

acetylene. The nature of the A-substitutent R1 influences only marginally the 

efficiency of the addition step, eq. (3.33), but it affects the cis-trans ratio of 36 to a 

certain extent. However, certain restrictions are placed on the substituent R1, 

because usually the unsubstituted amino function is desired in the amino 

alcohol 37 (R1 = H). Benzylhydroxylamine may serve the purpose because it 

can be removed by catalytic hydrogenation simultaneously with the cleavage of 

the N—O bond of the ring. Another possibility of solving the problem is to use 

N-a-0- or S-alkyl substituted nitrones,157-161,188 as practiced, e.g., in some 

carbohydrate-based oximes, eq. (3.34). Optical activity is simultaneously in- 

RCHO + R1 NHOH 

+ 

(3.33) 

36 

H 

37 

cis/trans 
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duced into the isoxazolidine 38. However, suitable R1-substituents that can 
easily be removed by various methods are still needed. 

The preparation of oxazoline198 (39) and imidazolinone N-oxides,199 (40), 

and their cycloadditions to olefins and acetylenes has been described, eqs. (3.35), 

(3.36). Use of a chiral hydroxylamino alcohol could conceivably introduce 

asymmetry in the /Thydroxyketone obtained on reduction and hydrolysis of the 
isoxazolidine, eq. (3.37). 

Aldehydes react rapidly and quantitatively with the monosubstituted hy- 

droxylamines at room temperature, whereas ketones or acetals require several 

hours of heating. Cyclic nitrones are preferentially prepared by zinc reduction of 

nitro-substituted carbonyl compounds, eq. (3.38).79 Imines have also been used 
as starting material for nitrone synthesis.80 

(3.38) 
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B. Dehydrogenation of N,N-Disubstituted Hydroxylamines 

A number of oxidants have been applied to the dehydrogenation of hydroxyl¬ 

amines, eq. (3.39): 02/Cu2+,79 peroxides,153'162-165 Fe3 + ,111,132,166 

Cu2+,167,172 AgV11 KMn04,111,162 quinone,168 Pb02,169’170 NaI04,123 
K2Cr207,171 HgO,70’138’173,174 Pd,175 and nitrosobenzene.177-179 The dehydro¬ 

genation is a two-step reaction: the first step is an oxidation of the hydroxy- 

lamine anion to the radical; the second step is a hydrogen abstraction, eq. (3.37). 

Pd175 acts as a catalyst and hydrogen is evolved in the reaction. Secondary 

amines have been transformed to nitrones by tungstate-catalyzed hydrogen 

peroxide oxidation.176 

RH,C 
>-OH 

R 

[0] 
R H,C N, 

,1/ N-O 
[o] 

n-o (3.39) 
Rl7 

C. N-Alkylation of Oximes 

Alkylation of oximes with alkyl halides gives a mixture of nitrone and O- 

alkylated oxime, eq. (3.40). The counter ion, e.g. Li + , Na + , K+, N(CH3)4 + , and 

the alkylating agent (RBr, RI, dialkyl sulfate) have comparatively small effects 

on the product ratio, which for aldoximes favors the nitrone formation180 but 

for ketoximes, as a result of steric hindrance, favors O-alkylation.182 The 

problem with oximes being ambident nucleophiles can be circumvented by 

converting them first into O-trimethylsilyl oximes. They are conveniently N- 
alkylated to nitrones with trialkyloxonium tetrafluoroborate.197 A route to 

cyclic nitrones involving silver ion-catalyzed cyclization of allenic oximes has 

been reported.200 A-Methylation of the oxime of diethyl 2-ketomalonate has 

been accomplished with diazomethane.181 Silver salts of oximes give essentially 

O-alkylation.183-185 The geometrical isomerism of aldoximes exerts control 

over the course of the alkylation in that (F)-benzaldoxime gives predominantly 

O-alkylation and (Z)-benzaldoxime gives the nitrone.185-187 Michael addition 

of oximes to acrylates or acrylonitrile gives a high yield of the intermediary 

nitrone, which subsequently reacts with a second molecule of the olefin to give 

the isoxazolidine, eq. (3.41).188-191 Apart from a few cyclic derivatives,7,192’193 

A-acylnitrones are practically unknown. They appear as short-lived inter- 

RX 

Base 
>=N. 

/° 

Nr 
(3.40) 

(3.41) 
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mediates in the oxidation of iV-alkylhydroxamic acids.194 Fairly stable car- 

bamoylnitrones are formed by reacting Z-benzaldoxime with methyl isocyanate 
or p-chlorophenylisocyanate in ether at -30°C, eq. (3.42).195 

.OH 
PhCH=N'/ P-CIC6H4NCO 

Z 

PhCH=N: 
O 

=0 
(3.42) 

HNCsHaCl—P 

D. Reaction of Aromatic Nitroso Compounds with Active 
Methylene Compounds: The Krohnke Reaction1 

The Krohnke reaction is restricted to the preparation of iV-arylnitrones and 

requires in principle an activated methylene group (occasionally a methine or 

methyl group) possessing a good leaving group, as shown in eq. (3.43). 

x = activating group: aryl, CN, RCO 

y = leaving group : halogen, pyridinium, sulfonium 

? 
N=CHX (3.43) ArNO CH 

/"* Base 

N 

f 
ArfcrCH^ Ar 

E. N-Oxidation of Imines (Schiff’s Bases) 

Oxidation of the imine function, whether it is part of a heteroaromatic ring or an 

isolated C=N group, is most effectively carried out with peracids.51,135 In rare 

cases hydrogen peroxide or other reagents have been used. (V-Heteroaromatics 

normally give the corresponding N-oxides ( = nitrones) directly. Imines or 

Schiff’s bases give initially oxaziridines, which under controlled conditions 

thermally rearrange to nitrones,58435-196 eq. (3.44); cf. the nitrone-amide 

rearrangement in Section 3.2. Occasionally the nitrones are formed directly.32-58 

R1 
\ NR 3 Peracid 

r2'/ 

R1, R2, R3 = Alk,Ar, H. 
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Chapter 4 

Alkyl and Silyl Nitronates 

4.1 INTRODUCTION. THE NITRONIC ACIDS' 2 

Aliphatic nitro compounds with an a-hydrogen can exist in two tautomeric 

forms: the nitro form 1 and the aci-nitro form 2, the nitronic acid, eq. (4.1). They 

were observed conductometrically by Holleman3 in 1895, and shortly after that 

the two tautomeric forms of phenylnitromethane were synthesized.4 At about 

the same time the first nitronic ester, 

H2NCOC(CN)=N^ 
vJU/2 H5 

was prepared.5 The term “nitronic acid” (suffix) was coined by Bamberger6 for 

the 

OH 

O 

group and is widely used as well as the term “nitronate” for its esters. As a prefix 

the name aci-nitro has been suggested. The equilibrium is strongly shifted 

towards the nitro structure 1, which is a considerably weaker acid than 2. In 

Table 4.1 the ionization constants for a few nitro compounds are collected. In a 

few cases, when R1 and R2 are electron withdrawing groups, e.g., nitro groups 

in trinitromethane, HC(N02)3, the C proton is sufficiently activated to be 

dissociated in aqueous solution and a noticeable amount of 2 (R1, R2 = N02) is 

formed. 

R 

R‘ 
,2/ 

CHNO, 2>-< 
R2 O 

R\ /°" 
2>>< 

R2 

H \ 
x k-2 

1 

R‘ 
K no2 _ki_ 

a k-i 

(4.1) 

l^aci _ k-2 
a k2 

2 

95 
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Table 4.1. Ionization Constants of Nitroalkanes and Corresponding Nitronic Acids in Water at 

25°C 

Nitro compound P Kf' Ref. 

ch3no2 10.21 3.25" 7 
ch3ch2no2 8.46 4.40 7 
c6h5ch2no2 6.8 3.9 8 
(ch3)2chno2 7.68 5.11 7 
^ NO, a 8.3 6.35 1,9 

ch2(no2)2 3.60" 1.86 1, 10 
CH3CH2CH(N02)2 5.53” 4.1 10, 11 
ch(no2)3 o.i s'* ~0 1, 12 

“0°C. 

»20°C. 

Likewise, chlorine and bromine show an acid-strengthening effect,13 but 

fluorine is decidedly acid weakening.14 The effect of alkyl groups is somewhat 

unpredictable. Contrary to expectations, 2-nitropropane (pXa °2 = 7.68) is a 

stronger acid than 1-nitropropane (pX*°2 = 8.98) or nitroethane (pX^°2 = 

8.46). However, the pKa behavior became understandable when dissociation 

rates /q and /c_2 and protonation rates /c_x and k2 were measured. Indeed, 2- 

nitropropane dissociates slower than 1-nitropropane, but the rate of reprotona¬ 

tion of the more stable 2-nitronate is much slower than that of 1-nitronate, 

which results in the higher equilibrium constant (lower pXa) for 2-nitropropane. 

The mechanism of tautomerization of nitro compounds and the determination 

of reaction rates have been investigated by several research groups and are 
covered by earlier reviews.1,2 

Primary and secondary nitro compounds are rapidly deprotonated by base. 

The alkali metal salts are soluble in water but poorly soluble in alcohol-ether. 

Basification of an alcoholic solution of the nitro compounds with sodium 

hydroxide and subsequent addition of ether will precipitate the salts. The salts 

are unstable, and it is advisable not to isolate them. Caution! The sodium salt 

of nitromethane undergoes violent decomposition or detonation on heating and 
drying! 

Careful acidification at 0°C with an acid of low nucleophilicity leads to a 

kinetically favored formation of the nitronic acid, provided k7 > k_l5 eq. (4.1). 

Since the nitro form is more stable than the tautomeric uci-nitro form, it re¬ 

verts slowly into the nitro compound. This is a rapid process for most nitro 

compounds (minutes to hours), but in certain cases the nitronic acid can be 

isolated and stored in a refrigerator. The half-life exceeds several weeks or 

months, when the aci-nitro form can gain extra stability by conjugation as in 

3 or by steric hindrance as in 4 (Table 4.2). A competing reaction to the 

reformation of the nitro compound on acidification is Nef’s reaction,20 in which 
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Compound 

ch3ch=no2h 

3 

4 

Table 4.2. Stability of Nitronic Acids 

Mp (°C) Half-life0 

at ca. 25°C 

Ref. 

Liquid Min 15 

84 Days 4 

45 Min 16 

64 Days 17 

ca. 145-150 Weeks 18 

ca. 101-118 Months 19 

“Approximate time for exhibiting evident decomposition. 

the nitronate ion is converted into a carbonyl compound (route 4.2a). The Nef 

reaction is favored under conditions of strong acids and where addition of the 

nitronate salt takes place in excess of acid. Use of anhydrous hydrochloric 

acid converts primary nitronate salts to hydroxamic chlorides, eq. (4.3).1,21 A 

transient blue color often appears on acidification of the nitronate ion, 

indicating the formation of an intermediate nitroso compound as shown in eqs. 

(4.2),(4.3). 

R 

h2o 

■OS 
.OH 

O 

a 

R1 CONHOH 

Hydroxamic acid 

rV = AU<,Ar, H 
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R 

H 
Cl 

H 
(4.3) 

At low pH, Nef conditions help to fix the undissociated nitronic acid 

structure, rendering it susceptible to an attack of a nucleophilic water molecule 

or chloride ion at the carbon atom with concomitant rearrangement into 

ketones and aldehydes (route 4.2a), hydroxamic acids (route 4.2b), or hydroximic 

acid chlorides, eq. (4.3). At very low pH, formation of hydroxamic acids is 

favored.22'23 The intermediacy of nitrile oxides has been invoked in route 4.2b.24 

At moderate pH (ca. 5) protonation of the carbon atom competes favorably 

with O-protonation, and the nitronic acid reverts to the nitro compound. 

Nitronic acids are unstable compounds, and none of their transformations goes 

entirely to one single product even under the most favorable conditions. In 

addition to the main products (nitro compounds or Nef products) formation of 

oximes, nitrolic acids, or geminal nitrosonitro derivatives and nitrite ions have 

been observed. These products can occasionally appear in main products, as in 

the case of the decomposition of cyclohexanenitronic acid at pH 3.05, eq. (4.4).25 

aNOzH 
pH 3.05 

32* 6* 31* 31* 

(4.4) 

Reaction of nitronate salts with halogens gives a-halonitro compounds.26 

With nitrous acid geminal nitrosonitro derivatives are formed, which for R2 = H 

rearrange to nitrolic acids, eq. (4.5).27*28 Oxidation of nitronic acids or nitro¬ 

nates by alkaline potassium permanganate29-35 as well as reduction by HI,36 
Ti3 + ,37'38 ya2+ 39.40 anc] q-2+41 gjves carbonyi compounds, often in better 

yields than the classical Nef reaction. It is observed that nitronates occasionally 

undergo dimerization, probably via a radical process,42 eqs. (4.6)-(4.10). 

R o 

E - NO , CL2, Br2, l2, etc. 

R1 

E 

NO, - Q Rl-C^ 
NOH 

Nmo2 

(for E + = N0+ R2 = H) 

Nitrolic acid 

(4.5) 

OH 

N> 
O PH 

R2C=NC + r2c=n^ —- r2c=n^ + R2C=N/° 
N) 2 xo 

(4.6) 

R2C=N" + R,C=N: 
O 

o 
r2c-cr2-n 

NO, 

O • 

o 
(4.7) 
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O' OH 
r2c-cr2n^ + r2c=n^ 

I xo 
NO, 

R2C-C R2 + R,C=N 
/OH- 

O 

R,C=N 
/ .OH 

No 
/> 

R,C=NX + OH 

yP /° 
r2c=nx + r2c=n^ 

o 
R,C=N 

,o 
r,c=n: 

\ 

o 

o 

(4.8) 

(4.9) 

(4.10) 

The a-ketonitronic acids present a special problem because three tautomeric 

forms are possible: they have been identified by IR, UV, and NMR spectroscopy, 

eq. (4.II).43,44 Their relative amounts are strongly solvent dependent. 

(4.11) 

Certain highly substituted y-ketonitronic acids occur in an unstable ring 

tautomeric dihydro-1,2-oxazin-N-oxide form 5, eq. (4.12).45-48 The IR spec¬ 

trum of compound 5 exhibits OH-absorption at ca. 3100 cm-1, and the 

carbonyl stretching in the 1650-1800 cm-1 region is missing. The oxazine 5 

decomposes slowly into the dicarbonyl compound. The sterically unhindered 1- 

nitro-4-pentanone does not show any sign of a similar equilibrium. 

Nitronic acids and nitronates are also formed by Lewis acid-catalyzed 

(TiCl4, Ti(Oi-Pr)2Cl2, SnCl4, A1C13) addition of trimethylsilylenol ethers to 

nitroolefins, eq. (4.13).48-5la It is likely that silyl nitronates appear as inter- 
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TMS 
O y O TMS 

I 
O 

Lewis 

acid 

(4.13) 

mediates in the aluminum chloride-catalyzed addition of allylsilane to a- 

nitroolefins, which leads to 1,4-diones by subsequent reduction with titanous 
ions.51b The Michael reactions, eqs. (4.12) and (4.13) represent useful preparative 

methods for 1,4-dicarbonyl compounds. 2-aci-Nitro-l,3-propanediol (6) is 
stabilized by intramolecular hydrogen bonds.52 

There is no report in the literature that nitronic acids or salts undergo 1,3- 

dipolar addition with olefins in analogy with the silyl or alkyl nitronates. It 

is, however, reported that methyl acrylate and potassium trinitromethide at 

pH ~ 5 give substantial amounts of methyl 4,4-dinitro-2-hydroxybutyrate, 
eq. (4.14).53 The formation of this compound can either be explained by the 

1,3-dipolar addition (route 4.14a) or by the two-step mechanism (route 4.14b). 

COOCH 

COOCH 

/ b 
(4.14) 

NO 

02Nt 

COOCH 

The nitronate group is planar.54'55 The C—N bond is shorter than a single 

C N bond (ca. 1.45 A) but longer than an imine bond (ca. 1.23 A), and the 

N—O bond is slightly longer than that of the nitro group, indicating that 



Alkylation of Nitro Compounds. Synthesis of Alkyl Nitronates 101 

the nitronate function has a considerable C—N double-bond character and that 
the charge density is located on the oxygen atoms. 

Aliphatic nitro compounds are characterized by an intense UV absorp¬ 

tion near 210 nm (n, n* transition, e~ 10,000) and a low-intensity band at 

270-280 nm (n, n* transition, 8 ~ 20).56,57 The long-wave 2max value is not 

affected significantly by the presence of geminal nitro or halogen groups. The 

anion of aliphatic mononitro compounds shows an intense absorption band in 

the 230-240-nm region (a ~ 10,000). It moves into the visible region for the 

geminal dinitroalkane ion, Amax % 380 nm.58 Ethanenitronate, CH3CH=N02_ 

absorb at Amax229 (e = 9000) and 1-nitroethanenitronate CH3C(N02)N02“ at 
2max381, log e = 4.21.59 

Conjugation causes the expected shift in absorption toward longer wave¬ 

lengths; C6H5CH=N02H absorbs at 2^x 284 nm (e = 20,000), and its anion 

C6H5CH =N02- absorbs at 293 nm (e = 20,000).6° The UV spectra of the 

nitronic acids are very similar to those of their anions and esters. 

In the IR region the nitronic acids show a broadband absorption around 

2500-3000 cm-1 emanating from OH stretching similar to that of carboxylic 

acids. A characteristic C=N absorption is located in the 1620-1680cm-1 

region (s); this absorption is shifted to lower frequencies for the salts, 

1585-1605 cm-1 (s).61-63 The corresponding aliphatic nitro group stretching 

frequency is located at 1550-1560 cm-1. 

4.2 ALKYLATION OF NITRO COMPOUNDS. 
SYNTHESIS OF ALKYL NITRONATES 

(NITRONIC ESTERS) 

The synthesis of alkyl nitronates has been reviewed comprehensively up to the 

end of 1979.1,2'64 The ambident nitronate ion can undergo C- and O-alkylation, 

eq. (4.15), and the ratio is determined by the following factors: 

1. The structure of the nitronate salt and the counter ion 

2. The structure of the alkylating agent 

3. The leaving group of the alkylating agent (X-) 

4. The heterogeneity of the medium, the solvent and the temperature 

. O" n3v R^ R^ DR’ 
M 2>^no2 + r>=< + X- (4.15) 

R ^ xo r2/I, r2^ No 

X = Cl,Br,I,RS0,, 0+Rj, N,+, N^CH,), 

C-Alkylation gives a nitro compound, and O-alkylation gives an alkyl nitronate 

(nitronic ester). 

As a general rule, alkylations take place predominantly—in several cases 
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exclusively—on the oxygen, giving initially unstable nitronic esters in fair to 

good yields. There are some noteworthy exceptions to this rule: 

1. C-alkylations of nitronate salts by o- and p-nitrosubstituted benzyl halides, 
eq. (4.16).65,66 

2. C-Alkylation of polynitro compounds by methyl iodide, eq. (4.17)67-72 

3. C-Arylation with iodonium salts, eq. (4.18)73 

4. C-Alkylation with N-substituted pyridinium salts, eq. (4.19)74—76 

5. C-Alkylation by organomercurials, eq. (4.20)77,78 

6. C-Alkylation of methyl a-nitroacetate in aprotic solvents, eq. (4.21)79,80 
7. Pd-catalyzed C-alkylation81'82 

8. The Michael addition, eq. (4.12)26 

9. The nitro-aldol reaction, eq. (4.30)26 

10. C-Alkylation and acylation by double deprotonation, eq. (4.45)83“87 

CH2C1 _ CH2C(CH3)2N02 

X. o /L 
(11+ (ch3)2 c=r<" fl I (4.16) 
k^ xo k/^ 

no2 no2 

CHjI + (N02)2 C=N^ ch3c(no2)3 (4.17) 

jS 
Ph2I+ + (ch3)2 c=isk 

xo 
— PhC(CH3)2N02 + Phi (4.18) 

Ph 

X o' 
Ph 

| 

f \ + (CH3)2 c=n^ 

AAPh ^ 
l+ 

R 

(ch3)2crno2 + (4.19) 

■h 

/O' 
RHgCl + (CH3)2C=Nk 

xo 

hV 
rc(ch3)2no2 + Hg° + Cf (4.20) 

RI(Br) + R1OOCCH=N^ 
xo 

— R^OCCHRNO, (4.21) 

A characteristic feature of reactions (4.16) and (4.20) is that they predomin¬ 

antly proceed via radical intermediates in a chain process, termed SRN1. The 

mechanism is well investigated for the reaction of p-nitrobenzyl chloride with 

2-propanenitronate, (4.16), and it is formulated in eqs. (4.22)-(4.25).88~91 Adding 

1,4-dinitrobenzene as an electron trap stops the reaction and increases the 

O-alkylation from 6% to 88% and strongly supports the suggested electron 

transfer mechanism.92 In eqs. (4.17)-(4.20) charge transfer or electron transfer 
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from the nitronate ion to the alkylating agent, as in eq. (4.22), could give 

the intermediate radicals 7-10, which fragment according to eqs. (4.26)-(4.29). 

The alkylation, eq. (4.16), shows a characteristic effect on the leaving group 
(Table 4.3).93 
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Table 4.3. Effect of the Leaving Group in the Reaction of p-N02-benzyl-X with the Lithium Salt of 

2-Nitropropane in DMF“ at — 16°C, Eq. (4.16)93 

o2n--(3-gh2—X 

(X = leaving group) 
C-Alkylation 

(%) 
* 

O-Alkylation 

(%) 

N(CH3)3 (25°C) 93 0 
JC\ 93 1 
O—Ts 40 32 
Br 17 65 
I 9 81 

"DMF = dimethylformamide. 

The experimental results are explained by the supposition that C-alkylation is 

preceded by an electron transfer as in (4.22) and that the direct SN 2 displacement 

of N(CH3)3, Cl, and OTs is slow. For Br and I the SN2 displacement by the 

negatively charged nitronate oxygen competes effectively, leading to O-alkyla- 

tion. In the unsubstituted benzyl halide series there is no leaving group effect. 
The yields of O-alkylation products are about 82-84%. 

Equation (4.21) shows a distinct solvent dependence. It has been argued that 

C-alkylation predominates in aprotic polar solvents because the negative charge 

density shifts to the carbon atom.94 Two C-alkylation reactions are exceptional: 

(1) the Michael addition (4.12)26 and (2) the nitro-aldol reaction (Henry’s 

reaction) (4.30).26 These two reactions give only C-alkylation and have found 

vast application in organic synthesis as a carbon-carbon coupling procedure. 

The reversible character of these reactions has to be considered when the most 

favorable experimental conditions are investigated. Normally only catalytic 
amounts of base are required. 

o 

R , R , R"5, R = Aik, Ar, H 

Excellent yields of nitronic esters are obtained by alkylation of the sodium 

nitronate with trimethyl and triethyloxonium tetrafluoroborate95-97,106 at 0°C 

in methylene chloride (Table 4.4). Two isomers are formed, (E) and (Z), which 

have been observed spectroscopically and also have been separated. 

O-Alkylation of nitronic acids has been successfully carried out with diazo¬ 

methane and diazoethane, eq. (4.31).95’98“118 To be effective the acidity of the a- 

proton should be high (pKa < 8), as in a-nitroacetates and similar compounds. 

Thus, 1-nitropropane does not react with diazomethane, but this drawback can 

be circumvented by first transforming the nitro compound into its aci-form.95 

No C-alkylation was observed with diazomethane or trialkyloxonium salts, 

but a-nitroketones gave minor amounts of the isomeric methyl enol ether.1135 

R1 R2 C-c rV (4.30) 

no2 6h 

R 

R \ o Rh' 
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Table 4.4. Nitronic Esters Prepared by Alkylation of Nitro Compounds with Oxonium Tetra- 

fluoroborate or Diazomethane (*H NMR Data) 

Nitronic ester Yield (%) 

E + Z 

*H NMR vinyl H 

Z E 

Ratio 

Z/E 

Ref. 

H3C n H3C ,OCH3 

X X 90-95 5.91 6.25 1:5 95 

E CH3 Z 

ch3ch=no2c2h5 94 5.57 6.27 1:2 95 
c2h5ch=no2c2h5 79 6.05 6.11 1.2:1 95 
c3h8ch=no2c2h5 90-95 5.75 6.04 1:7 95 

2.26 (CCH2) 2.26 (CCH2) 

4.14 (OCH2) 4.10 (OCH2) 
p-BrPhCH =N02C2H5 95 6.80 7.03 1:3 95 
p-NOj PhCH =N02C2H5 92 6.95 7.22 1:4 95 
(CH3)2C=N02C2H5 75-80 

ch3ch2c=no2c2h5 
1 

90-95 1.94 (CH3) 2.00 (CH3) 1:1 95 

CH3 

cnch=no2ch3 6.00 6.43 57:43 112 
ch3oocch=no2ch3 6.46 6.79 60:40 112 
ch3coch=no2ch3 6.58 6.85 45:55 112 

lla + b 

R1 R2 
Ref. 

no2 no2 103,106,108,11 

H no2 105,108 

C00CH, COOCH, 10A,108 

H C00CH, 102,103,112 

H Ph 101,107 

H CN 112 

H C0CH, 112 

H p-N02Ph 112 

H PhS02 98,113,118 

ch,n2| r1 

,>n: 
.OCH, 

R" N) 
lla 

R1 JD 

2>N\ 
R xOCH3 

lib 

+ 

(4.31) 

O-Methylation of nitronate salts has also been performed with dimethyl 

sulfate,98 119,120 producing oximes and carbonyl compounds as principal 

products. 

Alkyl nitronates are like the nitronic acid unstable compounds, with half-lives 

from a few minutes to several hours or days at 25°C. In a few cases they remain 

unchanged for several weeks. They fragment into an oxime and a carbonyl 

compound (13). Equation (4.32) has been optimized and can actually be 

employed as a preparative method for aldehydes and ketones from alkyl 
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H 

4- 

O 
(4.32) 

halides119-123 and also from alcohols, "according to the Mitsunobu pro¬ 

cedure.124 The fragmentation products 12 and 13 are directly produced in the 

reaction of alkali metal nitronates with alkyl halides. With silver nitronate it is 

occasionally possible to isolate the initially formed nitronic ester.1,64 

The cyclic nitronic esters of the general structure 14 are more stable than the 

acyclic ones. These derivatives are produced in good yields from 1,3-halonitro or 
1,3-dinitroalkanes, eq. (4.33).125-133 

The 1,3-halonitro derivatives can be obtained via Michael addition of a 

nitroalkane to an electron-deficient olefin, eq. (4.34). Subsequent bromination 

and treatment with base yield the nitronic ester (2-isoxazoline-iV-oxide). The 

primary nitro compound 15 gives, apart from the nitronic ester 16, substantial 

amounts of the nitrocyclopropane 17. Secondary 1,3-nitrohalo compounds in 

many cases give no cyclopropanes. The same cyclization has been applied to 1,1- 

dinitro-3-bromo compounds, the preparation of which is exemplified by eqs. 
(4.35)-(4.37).134-140 It is noteworthy that the alkylation of mercury tri- 
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18 
nh2oh 

KOH 
,HgCl HC1 

C(N0j, 

IgCl 

CH(NO j)2 

19 

(4.36) 

19 
Br2 

CH(N02)2 

KOAc 

25 °C/24 h 

% 

(4.37) 

21 

nitromethanide occurs on the carbon atom in analogy to reaction (4.17). This is 

not always the case. The addition of tetranitromethane to cyclohexene gives the 

nitronate ester, which then cycloadds to a second molecule of cyclohexene to 

give the isoxazolidine 22, eq. (4.38). 

NO, 

*5! /NO, 

XN=C^ 

0X NO, 

With few exceptions acylation of nitronate salts occurs on oxy¬ 

gen,1,13’119’141_15° but the yield of the isolated product 23 is poor, eq. (4.39). 

For R2 = H compound 23 rearranges into the hydroxamic acid derivatives 24 

and 25 or ultimately gives the free acids, eq. (4.40) route a. The intermediacy of 

23 was demonstrated by trapping with a dipolarophile, eq. (4.41).144 It is 

suggested that 23 is the active dipolarophile in reaction (4.41) and not the nitrile 

oxide, which conceivably could be formed by eliminating acid, eq. (4.42), 

because no nitrile oxide dimer was observed, as it was for the closely related 

acylation of primary nitro compounds with isocyanate, eq. (4.43).151 

RCOX 
OCOR 

N\ 
+ \)~ 

X 
(4.39) 

23 

X = RC00, Cl, Br or Ketene 
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23 RX(j:=NOH 

|b OCOR 

24 

X 
NO 

OCOR 

R C-NHOCOR 
II 
O 

25 

26 

(4.40) 

RXCH NO ^ CH,00C=C00CH, 
2 2 NaOAc* — 

R1 = Alkyl, Aryl; yields 30-82* 

(4.41) 

R OCOR 

H O 
| r:c = no I (4.42) 

(4.43) 

Secondary nitro compounds give more stable acyl derivatives, which occa¬ 

sionally can be isolated.141,143 They rearrange into nitroso-acyloxy compounds 
(26), eq. (4.40) route b.143,149 

C-Acylation can be accomplished with methoxymagnesium methyl car¬ 

bonate, Stiles’ reagent, eq. (4.44), route a,152,153 acylimidazole, eq. (4.44) route 
b,154.,155 ancj acyicyanjdg, eq (4 44) rGute c.156 

rcjhno2 

COR1 

R CjHNOj 

COOCH, 

R C^HNOj 

COR1 

(4.44) 

In contrast to simple nitronates the double deprotonated nitroalkanes 

and nitroalkenes give good yields of C-alkylated or C-acylated products 
eq. (4.45)-(4.48).83-87 
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RCH2NO, —-Bu' ~90 °c 
THF/HMPT 

Electrophile = RBr(I), RCOOCH,, 

X 

D 

O 
27 

(RC0\0, RCHO, 

Electrophile 

R2C0, 

(4.45) 

rch2 

,/Chno2 
K' 

RCH O 

28 

Electrophile 

E 
I 

RCH O 

XT (4-46) R X3 

The -protons of primary nitronate salts are comparably easy to abstract 
with a strong base such as butyllithium, thus giving the doubly negatively 
charged anion 27, eq. (4.45), which selectively is attacked by the electrophile 
on Cx. A secondary nitronate salt gives the doubly negatively charged anion 
28, eq. (4.46), which allows an electrophilic attack on the /i-carbon atom. 
The C2-proton is abstracted in preference to the Cx-proton, R1 = H in 28, if 
R is an activating group as in 29, eq. (4.48). A mixture of products 30 and 31 
is obtained. 

4.3 PHYSICOCHEMICAL PROPERTIES OF 
ALKYL NITRONATES. REACTIONS OF 

ALKYL NITRONATES 

The instability of alkyl nitronates has already been pointed out. Their lifetime 
can be from minutes to several weeks at room temperature. The major products 
from spontaneous decomposition or from refluxing the alkyl nitronates in 
alcohol114 or water157 are oximes and carbonyl compounds, as shown in 
eq. (4.32). This reaction is useful for the preparation of oximes from nitro- 
alkanes. Treating alkyl nitronates under Nef conditions produces aldehydes and 
ketones,95 eq. (4.2a). Hydrolysis of the alkyl nitronate to the parent nitro 
compound does not occur. In this respect the alkyl nitronates differ sharply from 
the silyl nitronates, which undergo rapid hydrolysis to the nitro compound and 
silanol. Concentrated sulfuric acid transforms alkyl nitronates into hydroxamic 
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acids; hydrogen chloride gives hydroximic acid chlorides. Nitronic esters 

derived from primary a-nitro ketones, ethyl nitroacetate, and phenylsulfonyl- 
nitromethane eliminate alcohol in the presence of TsOH to give nitrile oxides 
that cycloadd to olefins or acetylenes.113 

Alkyl nitronates are reduced to oximes by hydrogen iodide.98 Catalytic 

reduction over Pt gives the amine141; cf. the hydrogenation of silyl nitronates 

over Raney-Ni, which also gives complete reduction to the amine.158 

Infrared and UV absorption spectra have been recorded for a number of 

nitronate esters. They are similar to the spectra of oximes and nitronic acids. In 

the IR region an intense C=N absorption is located at 1610-1650 cm-1. No 

UV spectrum of a simple aliphatic nitronate ester has been recorded, but they 

should probably have a n-n* transition near 220 nm, close to the absorption 

of aliphatic nitronic acids. Data for IR and UV absorption are collected in 

Table 4.5. Relevant NMR data are collected in Table 4.4. 

The most important reaction of alkyl nitronates is their propensity to 

cycloadd in a 1,3-dipolar fashion to alkenes, alkynes, and hetero- 

dipolarophiles.1,101-113,118,139,159-163 The A-alkoxyisoxazolidines eliminate 

alcohol in an acid-catalyzed reaction and give 2-isoxazolines, eq. (4.49). The 

R\ ,o 

R \)R 
(4.49) 

reaction, which proceeds in good yields at room temperature in methylene 

chloride, was developed by Tartakovskii and his group (Ref. 101 and later 
papers). The dinitro derivatives, e.g., are reactive species, and the reactivity 
decreases in the series 

o2n. 

o2n 
> 

o 
= N. 

X 

(H)Alk 

> 
och3 Aik 

> 
och3 

(H)Alk 

a*> 
=N: 

OSi(CH3)„ 

32 33 34 

At room temperature dinitro nitronates add to cyclohexene,139 which cannot be 

forced to react with 33 or 34. Electron withdrawing groups on the a-carbon 

atom increases thus the reactivity of the nitronates. The same trend has been 

noted in the nitrone series in that C-acyl groups increase164 the reactivity, 

whereas C-O-alkyl groups are reported to decrease165 the reactivity of nitrones’ 
Some N,0-dialkyl-AT-nitronates, 

Alk-N =N 
OAlk 

O 

have also been prepared by alkylation of the N-nitronate salts with alkyl 

halides.168 170 171 They are relatively stable compounds, and the lower- 

molecular-weight members of the series can be distilled. Geometrical isomerism 
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Table 4.5. IR and UV Data for Some Alkyl Nitronates 

Compound IR (cm ‘) 
C=N 

UVlmax Refs. 

(8) 

1,610-1,620 (s, Nujol) 288 (32,700), 299 sh 
(27,300) EtOH 

95 

(Ar)Alk 

H 

^OAlk 

\ 
1,610-1,650 

(s, CC14, CHC13) 

95 

1,620, 1,640 (s) 320 (8,366) H20 166 

OCPh, 

1,727 (s) C=0 288 (13,900) Et2Q 167 

1,620 (N=N) 220 (log e 3.44) 168 

CH 0 
XN=N 

\)CH, 

b 
CH, 0 

^N=N^ 

\)CH2CH, 

1,587 (vs) 1,577 (vs) 169 
(N=N) 

1,264 (s) (N02) 
994 (s) (N02) 

205 (log 8 3.80) 170 

olH NMR: (5 4.4 (m). 
MH NMR (CDCI3): <5 1.32 (3H, t, J = 7 Hz), 3.22 (3H, s), 4.40 (2H, q, J = 7 Hz).172 

has been observed.170-172 The chemistry of aliphatic nitramines has been re¬ 

viewed.173 Some spectral data are collected in Table 4.5. 
In contrast to the C-nitronates, N-isopropyl-O-methyl-N-nitronate could not 

be forced to add to methyl acrylate or ethyl vinyl ether in a dipolar reaction, 

eq. (4.50).174 The resistance of the analogous aromatic azoxy system in 1,3- 

dipolar cycloaddition has been noted earlier.175 It can be overcome by using the 

strained trans-cyclooctane, eq. (4.51), which produced compounds 35 and 36 in 

subsequent reactions.176 177 Calculating the electron structure of N-methyl-O- 

methyl-N-nitronate (optimized structure by CNDO/2) using a 4-31 G basis set 

explains the unreactive N-nitronates in 1,3-dipolar cycloadditions. Figure 4.1 

shows the highest occupied molecular orbital (HOMO) and the lowest un¬ 

occupied molecular orbital (LUMO) for the C-nitronate to the left and methyl 
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Energy 

z 

16.1 eV 

' 6.36 eV 

0 .17 

-0.0] 
9 ~° 

C—N=N 
* 

\ + 0.83 - 0.77 

eV 

Figure 4.1. Representation of the frontier orbitals in lV-methyl-0-methyl-./V-nitronate calculated by 
4-31 G basis set and the frontier orbitals in methyl vinyl ether. 
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vinyl ether to the right. It appears that an interaction between the HOMO of the 

N-nitronate and the LUMO of methyl vinyl ether is a symmetry forbidden 

reaction, and that an interaction between LUMO of the nitronate and HOMO 

of the methyl vinyl ether is rather unfavorable because of the small orbital 

coefficients at the reactive sites and the large HOMO-LUMO energy gap 

(Section 1.7).174,178 

4.4 SYNTHESIS OF SILYL NITRONATES 

Primary and secondary nitro compounds, 37,179,180 are O-silylated by a variety 

of silylating agents, 39-46, eq. (4.52). Compound 39 is a weak silylating agent 

that only attacks acidic CLprotons as in N02CH2C00Et. It does not attack 

nitromethane.185 Primary and secondary nitro compounds require heating at 

60-80°C with bis-trimethylsilylacetamide (BSA) 40 in benzene or still more 

efficiently heating with bis-trimethylsilyltrifluoroacetamide 41. The tri- 

methylchlorosilane-triethylamine reagent 42 transfers the lower homologues of 

primary nitro compounds into silyl nitronates in benzene as solvent at 25-60°C, 

but leaves the secondary nitro compounds practically untouched.158,186 

However, if the silylation is carried out in acetonitrile as solvent or in benzene: 

acetonitrile 2:1, silylation of primary as well as secondary nitro compounds 

R\ 
^C-N02 + (CH3)3SiX 

R2^ I 
K H 

R o 

43 
194,195 

R T)-Si(CH3)j 
+ HX (4.52) 

37 38 

cpNHCONcp 

r 
Si(CH3)3 

OSi(CH3)3 
CH3C 

'%N-Si(CH3)3 

39181-184 BSA, 40 185’186 

OSi(CH3)3 

CF’CC 
^N-Si(CH3)3 

ClSi(CH3)3, (CzHslaN 

BSTFA, 43186 
158,186-193 

CF3S03Si(CH3)3 ClSi(CH3)3, LiN(C2H5 

Trimethylsilyl triflate 

44 
196-201 

ClSi(CH3)3 + Ag+ or Hg2' ClSi(CH3)3, Li2S 
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occurs smoothly at 25-50°C within 24 h.187 193 This procedure is experimen¬ 
tally simple and inexpensive. 

Trifluorosulfonotrimethylsilane (trimethylsilyl triflate) (43) is a very strong 
silylating agent that, combined with trimethylamine, can introduce two silyl 

groups into primary nitro compounds, eq. (4.53).194’195 The trimethylsilyl ester 

of an a-hydroxylated aldoxime (47) is the,final product of this reaction. 

rch2ch2no2 — . 
K CbSi(CH3)3 

RdTCH=rsr — 
Et3N 

(4.53) 
| RCH^CHfvJO | 43 RCHCH=NOSi(CH3)3 

T>Si(CH3)3 EtjN OSi(CH3)3 

47 

Trimethylchlorosilane combined with the strong base lithium diethylamide, 
44, silylates efficiently primary and secondary nitro compounds at — 70°C 

in ether.196"201 It has been reported that the trimethylchlorosilane-lithium 
sulfide reagent 45 is a mild reagent and suitable for silylation of secondary nitro 
compounds.202'203 

The silyl nitronates are sensitive to humidity. Silylations should therefore be 

carried out in dry aprotic solvents like benzene, methylene chloride, chloroform, 

acetonitrile, or ether, and the product should be protected from humid air. They 

should be stored in the refrigerator, or what is best, used directly in further 
reactions. 

4.5 PHYSICOCHEMICAL PROPERTIES OF 
SILYL NITRONATES 

The silyl nitronates are more stable than the alkyl nitronates. The trimethyl- 
silyl aester of aci-nitroproane (48) distills at 58°C/12 mmHg.158 Compounds 

4*> and 50 distill without decomposition at 50-51°C/0.65 mmHe and 

90-100°C/0.01 mmHg (Kugelrohr), respectively. Tables 4.6 and 4.7 contain 

physicochemical data of some nitronate esters. The stability of the nitronate 

esters increases by use of the t-butyldimethylsilyl group as, e.g., in compound 50 

c2h5x 

w' 
= N 

P CH3OOC O 
\ X>=N/ 

OSi(CH3)3 

48 

H X)Si(CH3)3 

49 50 

0Si(CH,), 

~r 

For 50 the resistance toward hydrolysis is simultaneously increased by the bulky 

group. The parent nitro compounds (37) are rapidly formed by treating silyl 

nitronates (38) with water or alcohol, eq. (4.54). The silyl nitronates (38) are 

s able toward the base, but they decompose when treated with catalytic amounts 
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Table 4.6. Physicochemical Properties of Silyl Nitronates, IR, and UV Data 

Compound Mp (°C) UV IR (cm *) Refs. 
Bp(°C/mmHg) Amax(nm) CH2C12 

Yield (%) (e), CH2C12 

CH, 0 

\=N 
tr ^OSiCCH,), 

65 667/17(r~ 100) 240 (5’100) U622’ C=N 158’ 185 

OSi(CH,), 

58/12 (79) 24Q (6 Q50) 
67/17 (-100) 

1,617 158, 185 

CH, 

ch: V 
72-77/18 
(-100) 

240 (7,000) 1,626 185 

Ph 0 

" N)Si(CH,), 

85-87/0.5 
(-100) 

280 (7,000) 1,590 185 

C5H11 

\ 0Si(CH,)2 

80-90/0.02 
(78) 

3,100, HC=N 
1,615, C=N 

1,250, Si-CH3 
1,110, Si-O 
835, Si-C 
790, Si-C 

197 

-20 
90-100/0.01 233 (11,900) 

(62) 

90-100/0.01 
(-95) 

1,645 
1,250 

835 
790 

1,615, 835 
1,250, 790 

1,100 

197 

197 

CH3OOC 0 

H X0Si(CH,), 

°2n 0 

>=< 
h x0Si(CH,), 

50-51/0.65 
(-100) 

265 (10,000) 

(- 100) 303 (7,000) 

1,591, C=N 
1,735, C=0 

1,600, C=N 
1,575, N02 
1,330, N02 

183 

183 

H’C\ /° XN=NX 
\ 0Si(CH ), 

59/17 
(96) 

1,500-1510,“ 
1550* 

1,290-1,300, 
1,255 

206 

CH,-f Vso2 0 
XN=NX 

^OSitCHj), 

oil (-95) 1,510 

1,530 
207 

1,262 

“N-silyl derivative. 

bO-silyl derivative. 
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Table 4.7. NMR Data of Silyl Nitronates 

Compound 
Mp (°C), Yield () 

Bp (°C/mmHg) 

*H NMR, <5, 
7 Hz 

CC14 (TMS)a 

13C NMR, 8 Refs. 

\_N/° 

\>Si(CH3)3 

CH, /0 

3Si(CH,)3 

CH, 

Ph 0 

\)Si(CH3)3 

0 

XDSiCCH,), 

0 

XlSi(CH3)3 

CH.OOC 0 

CH,OOC 

(-97) 

0,N 

=N 
/° 

H' \)Si(CH,), 

CH300CCH2CH, 0 
'>=N 

HT NlSKCH,), 

92-94/1 (91) 

(CH3)3SiOCH2 0 

X 
H x0Si(CH3 )3 

(-100) 

H 0Si(CH3)3 

-< 
0 

x0Si(CH3)3 

IOO/0.5 (69) 

ryy 
xo^i(cH3)2 

-20, 90-100/0.01 (62) 

5.55 

1.84 (d, 7 = 6) 
6.05 (q, 7 = 6) 

0.18 (s, SiCH3) 
1.90 (s) 

0.18 (s, SiCHj) 
6.74 (s), 7.05 
(m), 7.66 (m) 

0.30 (s, SiCH3) 
3.80 

0.33, 8.25 

0.30 (s), 2.46 (m, 
4H), 3.69 (s), 6.2 
(1H, m) (CDC13) 

0.33 (s), 4.38 
(d, 7 = 5.6), 6.29 

(t, 7 = 5.6) 
(CDC13) 

0.13 (9H, s), 0.30 
(9H, s), 1.2-2.0 

(10H, m), 6.03 (s) 
(CDC13) 

0.25 (6H, s), 0.88 
(9H, s), 1.8 (4H, m), 

2.45 (4H, m) 

-0.9, SiCH3 
109.8, C* 
11.4, Cfi 

0.2, SiCH3 
118.3, C* 
18.0, C" 

-1.7, SiCH3 
114.2, C° 

158.8, C=0 
51.9, OCH3 

-0.7, SiCH3 
broad, C“ 

205 

205 

205 

205 

205 

205 

186 

186 

186 

-3.95, SiCH3, 

I 
17.78 C—, 

I 
25.57, C3-4, 26.03, 

C-CH3, 29.85, C2'5, 
132.15, C“ 

197 
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Table 4.7. (continued) 

Compound 
Mp (°C), Yield ( ) 

Bp (°C/mmHg) 

‘H NMR, 5, 
J Hz 

CC14 (TMS)“ 

13C NMR, <5 Refs. 

C5H11 0 

>=v 
CH/ OSi(CH,) 2 

(~95) 

0.25 (6H, s), 
0.9 (9H, m), 

0.8-1.65 (9H, m) 
1.90 (3H, s), 
2.25 (2H, m) 

197 

CHj, 0 

CH, Ns0Si(CH3), 

0.3 (6H, s), 0.95 
(9H, s), 2.0 (6H, s) 

-4.5, SiCHj, 17.1, 
Cterl — 17.6, Cf, 25.4, 
C CH3, 120.1, C“ 

120-140/10 (30) 

cH,-<ryso o 

XN=N/ 

X0Si(CH3)3 

0.33 (9H, s), 2.38 
(3H, s), 7.25 

(2H, d, J = 9), 7.7 
(2H, d, J = 9) 

-1.14, SiCH3, 21.53, 
CH3, 146.42, C1, 

129.85, 129.64, C2, 207 

C3, 132.77, C4 

“TMS = tetramethylsilane. 

R. 

R 
=N; 

H.O _4 

'OSi(CH3)3 

38 

r; 

R‘ 
„ £-N02 
2/ | 2 

H 

37 

(CH3)3SiOH 

(CH3)3Si O Et 

(4.54) 

of acid or on standing long at room temperature. Thus, adding a small amount 

of p-TsOH or borontrifluoride etherate to compound 48 causes a rapid 

decomposition, whereas adding triethylamine stabilizes the compound. Bis- 

trimethylsilyl ether (51), trimethylsilanol (52), propanal oxime trimethylsilyl 

ether (53), 3,4-diethylfuroxan (54), nitropropane (55), and an intractable 

polymeric material, probably formed by polymerization of an intermediate 

nitrile oxide, have been identified in the decomposition product, eq. (4.55). 

48 

H5C2 

(CH3)3SiOSi(CH3)3 + (CH3)3SiOH 
C2 H 5 

=N 

51 52 

C2H5 

(major) 

CH3CH2CH2N02 + polymer 

I-K ^X>Si(CH3)3 
53 

(4.55) 

s*TS0 

54 

(minor) 

55 (major) 
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When primary A-nitramines are silylated with BSA (40), eq. (4.56), a rapidly 

equibrating mixture of N- and O-silylated products is obtained.206-210 These 

products are very moisture labile. The amount of the O-silylated product 57 
increases at higher temperature and for compounds with bulkier silyl groups. 

CH, BSA , CH, 
"NHNO, 

56 

'NSI='N 
CH, 

"NDSi(CH,)3 

57 

Nvfjj—no2 (4.56) 

Si(CH3)3 

58 

The tosylate 59 occurs only in the O-form. At low temperature the two forms 57 

and 58 are frozen out and 29Si magnetic resonance shows two peaks that 

collapse at room temperature. The reaction 57^58 is an intramolecular 

process, eq. (4.57), because no dilution and solvent effects are observed, which 
would influence a dissociative mechanism. 

so2n=n 
XOSi(CH,), 

59 

CH3 O' 
XN=NX Si(CH3)3 

xo 

CH, OSi(CH,), 
Nm=Nx • 

o 
57 

CH, 
x-N=NX 
\ X0 

’’SUCH,), 

(4.57) 

/ 

CHW° 
I > 

(CH,),Si--' 

The NMR spectra of silyl nitronates (38) show one single compound, even 

though two tautomers (38a,b), eq. (4.58), are possible. This contrasts with the 

alkyl nitronates (Section 4.3), which show the existence of two isomers by XH 

NMR. This is accounted for by rapid intramolecular jumping of the silyl group 

between the oxygens, eq. (4.58).197-205 \ five-coordinate symmetrical structure 

R1 0$i(CH,), 

2> = < / 
R X0 

3&a 

R2 N— OSi(CH,), 

38b 

(4.58) 
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60 is not supported by an x-ray investigation.197 Compound 61 does not show 

any discernible splitting of the CH3 group even at — 125°C, but the cyclopentyl 

derivative (50) shows separated 2,5-methylene signals at — 75°C coalescing at 

ca. — 65°C in CHC1F2 as solvent, corresponding to an activation energy of 
Ea ~ 10 kcal mol -1. 

N: i(CH3), 
H3C OSi(CH3)2 

>=< 
h3c 

60 61 

A few other inorganic nitronate esters179 have also been described, such as 

O-diethylboryl nitronates (62),207,211-213 organotin and organolead nitronates 

(63),214 and ad-nitrophosphites (64).215 These nitronates are less stable than 
their silicon analogues. 

o 

^OBCCzHsh 
N. 

NdmRj 

o 
N' 

'OP(OC2H5)2 

62 63 M= Sn, Pb 64 

4.6 . REACTIONS OF SILYL NITRONATES 

The silyl nitronates are characterized by being easily cleaved by water and 

alcohol, eq. (4.54). They show promising synthetic applicabilities as reagents 

in the nitro-aldol reaction (Henry’s reaction),26 eq. (4.59), and in 1,3-dipolar 

reactions, eq. (4.62). The nitro-aldol reaction is reversible, and eliminating water 

leads to unstable nitroolefins, which lower the yields. The reduction to amino 

alcohols is frequently a problem. It was found that heating the trimethylsilyl 

ester of ad-nitroethane with benzaldehyde in the presence of triethylamine gave 

1-phenyl-1 -trimethylsilyloxy-2-nitropropane.158 

The reaction is catalyzed by fluoride ions and proceeds smoothly in good 

yields even at — 78°C in tetrahydrofuran (THF), eq. (4.60).196,198 The transfer 

of the silyl group to the hydroxy group stabilizes the nitro alcohol, and 
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R R' ,OSi(CH3)j 

XOSi(CH3)3 
+ 

R 
2 

R 
NO 

65 

L.IA.1H 
4 (4.60) 

1 2 
R?, R = alkyl, H, aryl 

R = alkyl, aryl 

r2^| *V 
NH, 

,OSi(CH3)3 

the protected derivative 65 can directly be reduced by lithium aluminum hy¬ 

dride to the amino alcohol, which is obtained as a mixture of isomers. The 

diastereomeric preference is small for the formation of the vicinal 

trimethylsilyloxy-nitro compound and absent in the amino alcohol. Dia- 

stereomerically enriched nitro aldols can be prepared from the reaction of 

doubly deprotonated nitro compounds with aldehydes. Subsequent protonation 

with acetic acid at — 100°C in the presence of HMPT gives predominantly the 

threo-product 68, eq. (4.61). Essentially the same enrichment of 68 is obtained if 

one starts from about a 1:1 mixture of threo and erythro forms 68 (the Henry 

reaction products), which are doubly deprotonated to the dianion 67 and then 

acidified in the presence of HMPT. The threo/erythro ratio lies characteristically 

at ca. 3-5:1. When the t-butyldimethylsilyl protected nitro alcohol is de¬ 

protonated with lithium diisopropylamide in THF and reprotonated at 

— 100°C, the erythro form is produced with high stereoselectivity, eq. (4.61), and 
a threo/erythro ratio ca. 5/95.199,216 

The silyl nitronates are versatile reagents for the preparation of 2-isoxa- 

zolines, which subsequently can be transformed into a variety of heterocycles, 

cyclopentanones, and oxygenated hydrocarbons, etc.158,188,193 They are much 

less reactive than nitrile oxides. Since they are thermolabile, it is advisable to run 

the addition below ca. 80°C. They cycloadd to activated dipolarophiles, such as 

conjugated dienes, styrene, and a,/?-unsaturated carbonyl compounds. They 

react slower with monosubstituted olefins, such as allyl acetate, and they are 

unreactive towards 1,2-disubstituted olefins and vinyl chloride. The primary 

cycloadduct is the A-silyloxyisoxazolidine, which easily splits off silanol on 

treatment with acid with formation of 2-isoxazolidines, eq. (4.62). 

Organolithium reagents nucleophilically attack silyl nitronates (from primary 

nitro compounds), giving oximes in modest yields, eq. (4.63).217 With secondary 

silyl nitronates the reaction is more complicated. An a-proton is abstracted, 

and presumably via an intermediary nitroso compound an a-alkylated oxime 

is obtained, eq. (4.64). Grignard reagents attack the silicon atom, forming 
magnesium nitronates, eq. (4.65). 

The yield of thiohydroximates can be improved by reacting silyl nitronates 

with thiols in the presence of triethylamine as demonstrated in the synthesis of 
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67 thceo- 68 
major 

ca. 5:1 

base 

Nc=o 

68 

(thieo + erythzo) 

)2sic: (CH3)2SiCl 

2 (CH ) Si. 
R 0 32 xo 

/=N\ 
H N0Si(CH,)2 

NO. 
2 

|loa 

(CH,)j$i 

0^ ^0” 

(CH,)2Si 

(4.61) 

-100 °g, 
-H+/THF 

u 

N02 

erijt/iro-68 
major, ca. 95:5 

R\ „ (CH3)3SiCl,Et3N 
'-NU2 

CH3CN,PhH 
RW° 

Yi Si(CH3)3 X 

r 

X = =,Ph, COOR, COR, Alkyl 

r 
^^NlSiCCHah X'^cY 

(4.62) 

=N025i(CH,)3 
R!Li 

=N0H (4.63) 

R' ^/° R1Ul 
R1 "Y 

=N0H (4.64) 
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glucosinolates (4.66).201 The r-butyldimethylsilyl ester of aci-nitroethane was 
used to trap the elusive thioaldehyde, eq. (4.67).200 

R 

N02Si(CH,), 
RMqX 

+ 
N 

J3Si(CHj) 2 

C2H5 

H,C 
4- 

^O-SHCH,), 

\ 
+ —|~CH=S 

(4.65) 

(4.66) 

(4.67) 

Silyl nitronates are reported to be reduced to O-silyl oximes by trimethyl 

phosphite.218 They are transformed to carbonyl compounds by ceric salts203 or 
by treatment with hydrogen chloride in pentane, eq. (4.68).218 

(4.68) 
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Chapter 5 

Applications of Nitrile Oxides, 
Nitrones, Nitronates, and 
Intermediate Isoxazoles, 

Isoxazolines, and Isoxazolidines 
in Synthesis 

5.1 2-NITROALCOHOLS AND 
2-AMINOALCOHOLS 

The nitroaldol reaction or Henry’s reaction is a classical carbon-carbon 

coupling leading to biologically and synthetically important aminoalcohols on 

reduction, carbonyl compounds under Net’s conditions, and nitroolefins on 

dehydration. Owing to the reversible character of the nitroaldol reaction, 

lithium aluminum hydride reduction of the nitroalcohol often gives a low yield 

of the aminoalcohol. It was observed that the trimethylsilylnitronate of 

nitroethane reacted with benzaldehyde in refluxing benzene to give a dias- 
tereomeric mixture of 1-phenyl-l-trimethylsilyloxy-2-nitropropane (1) with 

fixed 1,2-hydroxy-nitro structure, eq. (5.1).1 The reaction proceeds readily with 

a wide range of aromatic and aliphatic aldehydes and primary and secondary 

nitro compounds at — 78°C in the presence of catalytic amounts of fluoride 

ions,2-4 eq. (5.2). Ketones do not react under these conditions. Secondary nitro 

compounds give predominantly the nitroalcohols (3), which can be silylated in a 

second step. The diastereomeric excess in 2 or 3 is low, but by carrying out 

deprotonation of 2 with lithium diisopropylamide followed by protonation with 

OSi(CH3)3 
OSi(CH3)3 

O 
+ PhCHO 

Benzene 

80 °C 
(5.1) 

129 
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R1, R2 = H, Alkyl, Aryl 

R3 = Alkyl, Aryl 

(5.2) 

acetic acid at -90°C the erythro-isomer becomes the major product, ca. 90%. 

The diastereomeric ratio is improved under careful defined conditions by using 
the dimethyl-t-butylsilyl nitronate in eq. (5.2), erythro: threo ca. 95:5.4 It was 

also found that careful protonation of doubly deprotonated nitroalcohols (4) 

with acetic acid in the presence of HMPT predominantly gives the threo-isomer 

6, typically in a ratio of ca. 3-10:1, eq.(5.3); cf. Section 4.6. The highest 

diastereoselectivity is obtained from nitroalcohols derived from aromatic 

aldehydes. The protonation occurs from the least sterically hindered side, and 

the outcome of the reaction is explained by the supposition that the doubly 

deprotonated species has conformation 7 and the silylated species has 
conformation 8. 

5 6 

R1 = CH(CH3)3, C(CH3)3, CsHn, C6H5, p-0CH3-C6H4, p-F-CeHt, 

R2 = CH3, C2H5 

The diastereomeric enrichment in the nitroaldoles is preserved in controlled 

reduction over neutral Raney-Ni, eq. (5.4) 4 The silyloxy group is cleaved by 

lithium aluminum hydride reduction. Direct reduction of the nitrosilyloxy 
compound with lithium aluminum hydride leads to isomerization. 
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OH 
L1AIH4 

HnC; 
C2H; 

NH; 

(5.4) 

retention of configuration 

5.2 a-CYANOKETONES AND 2-CYANO¬ 
ALCOHOLS. CARBOXYHYDROXYLATION 

The 3-unsubstituted isoxazoles 9 and 2-isoxazolines are distinguished by their 
lability toward bases. The C3—H abstraction by the base is synchronized with 

the cleavage of the N—O bond to give a-cyanoketones or -alcohols, respectively, 

in an irreversible E2 process, eqs. (5.5),(5.6).5"7 The reaction shows a primary 

isotope effect, indicating that C3—H fission takes part in the rate-determining 

step. No base-catalyzed hydrogen exchange at C3 has been observed. 

10 

1. 0H~ ,, c6h5coch2cn 
2. H+ 

(5.7) 

The reaction, which is quite general, was first observed by Claisen,8,9 eq. (5.7), 

and has since then been the object of numerous investigations. Woodward- 

Olofson’s peptide synthesis, which is a special case of this reaction, is discussed 

separately in Section 5.3. The a-cyanoketones can be isolated, but they are 

unstable compounds, prone to polymerize, and react readily with suitable 

substrates, such as phenylhydrazine to give pyrazole (11),9 eq. (5.8a), and 

methylvinylketone to form the cyclohexenone 12,10 eq. (5.8h). With allyl 

bromide the reaction gives compound 13, eq. (5.8c); with benzaldehyde the 

corresponding benzal derivative is obtained.11 A variety of 4-mono-, 5-mono-, 

and 4,5-disubstituted isoxazoles 9 have been cleaved with a base (aqueous 
OH", RO /ROH, R3N, BuLi, NaNH2, etc.), eq. (5.5), Table 5.1. 
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12 

(5.8) 

Table 5.1. Ring Opening of 3-Unsubstituted Isoxazoles by Base. Synthesis of oc-Cyanoketones 

Eq. (5.5) 

R1 R2 Ref. R1 R2 Ref. 

C6H5 H 8 

ch3 H 9-11, 14 
H CH3,Ph 12 

ch3 ch3 13 
c3h7 H 14 
c6h5 COOH 15 

COOH c6h5 15 

1 
CH3C=NOCH3 H 16 

h3c 

COOH, >=^ H 17 
h3c 

H COOH 18 

HOCH2, H 19 
HOC(CH3)2 

ch3co COOR 20 

CH3, c2h5, 

c3h7 

Aryl 21, 22 

iJ.KA H 23 

nh2 COOR, CN 24 
ch3 Cl, Br 25 

H Br, N02, 

so3h 

26, 27 

ch3 so3h 28, 29 

H H 30 

The preferred route to a-cyanoketones involves formylation of the ketone, 

oximation to the 3-unsubstituted isoxazole, and finally treatment with a base’ 

eq. (5.9).34 44 The reaction has been applied in the synthesis of steroids. The 

same type of cleavage occurs in the thermolysis of 3-carboxy derivatives e.g. 14 
15, eqs. (5.10),(5.11),11’31 33 45 50 or by treatment of 3-acyl derivatives with a 
base, eq. (5.12) 48,51 

The functionalization of olefinic bonds is of major synthetic importance. 

Cyanohydroxylation can be performed by dipolar addition of fulminic acid (16) 
followed by treatment with base. The fulminic acid can either be generated from 
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(5.9) 

(5.10) 

sodium fulminate and sulfuric acid53-56 or, better, from formhydroximic acid 

iodide and triethylamine, eq. (5.13).52 The fulminic acid has to be generated 

slowly to avoid dimerization to HON=CH—CNO. Methyl crotonate gives 

with fulminic acid a mixture of isoxazolines 19 and 20, 62:38, in a yield of 36%. 

Isoxazoline 19 undergoes ring fission on treatment with a base to yield the 

cyanoalcohol 21. 

The trimethylsilylnitronate of nitromethane (22) cycloadds to reactive olefins 

with the formation of iV-silyloxyisoxazolidines 23, which readily eliminate 

trimethylsilanol on treatment with acid to give the 2-isoxazolines 24, 
eq. (5.14).57-60 This constitutes an alternative route to 2-cyanoalcohols (2- 

hydroxynitriles). 
In analogy with 3-carboxyisoxazoles the 3-carboxyisoxazolines undergo 

decarboxylative ring opening to give ds-cyanoalcohols. Carboethoxyformo- 

nitrile oxide (25) is cycloadded to the olefin, hydrolyzed in aqueous sodium 

hydroxide, acidified, and the free acid thermally decarboxylated, eq. (5.15). 
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HIC^NOH HCeNO 

16 

EtsN (5.13) 

— CN 

OH 

18 

H 

R1 = C00CH3 , Ph 

CN 

CH3OOC'' ^OH 

21 

CH3NO2 
EON 

ClSi(CH3)3 

R = Ph, , COOCH3, CN 

,OSi(CH3)3 
n: 

o 

22 

24 

R"' + C2H5OCOCEN-O 

25 

1. 0H~,H+ [ 

2. A, -C02 

(5.15) 

1 
Nitrile + ketone 

Prolonged treatment of the cyanoalcohol with base yields directly the /f-hydroxy 
acid 27. Equation (5.15) was first tested in the steroid series61-65 and has then 
found applications in the synthesis of 2-deoxyribose, chiral /?-hydroxycarboxylic 
acids, and (±)-blastomycinone66-68 cf. Sections 5.21 and 5.23. The fragmen¬ 
tation of isoxazolines prepared from cis- and trans-2-butenes occurs without 
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isomerization. Further fragmentation into nitrile and ketone, eq. (5.15a), has 
been observed.64,66 Table 5.2 collects some examples of the cyanohydroxyla- 

tions, eqs. (5.13)—(5.15) together with results from the hydroxy carboxylation 
procedures, eqs. (5.16)—(5.18). 

Cycloadditions of O-protected 1-nitroalcohols 28, 29 followed by removal of 

the protecting group, catalytic reduction, and periodate cleavage give the /?- 

hydroxycarboxylic acid in satisfactory yield, eq. (5.16).66,67,69 Baeyer-Villiger 

28 29 30 

oxidation of the intermediate t-butyl ketone formed in eq. (5.17) leads to the 

corresponding hydroxy acid, but the bulky t-butyl group lowers the yield of the 

cleavage. The degradative procedure shown in eq. (5.16) is superior. A third 

hydroxycarboxylation procedure starting from 3-benzenesulfonyl-substituted 2- 

isoxazolines70 75 is outlined in eq. (5.18). The sulfonyl group in 31 is displaced 

with a methoxy group, and the resulting 3-alkoxyisoxazoline is reduced to the /?- 

hydroxyester 32.69 Alternatively, 31 can be reductively cleaved by Na/Hg to the 
cyanoalcohol 33.70,71 

29 
PhNCO 

Et3N 

R = Ph,Bu 

L. 
2. 

BIQ4 u j— C00H 

dA (5.16) 
R OH v ’ 

30 
Et3N 

PhNCO 

1. Raney-Ni, H? 

2. Baeyer-Villiger 
oxidation 

(5.17) 

R = Ph,Bu 

(5.18) 

Hydroxycarboxylation has been accomplished by using the methyl or ethyl 

nitronate of trinitromethane as reagent, which readily cycloadds to alkenes, 

eq. (5.19).76 Treatment of the isoxazolidines 34 and 35 with acid gives the 
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Table 5.2. Cyano Hydroxylation and Hydroxycarboxylation of Alkenes 

Alkene Product Method, Eq. Ref. 

Pt/ 

HO ,CN 

(13)—(15) 52, 58, 66 
Ph 

ObOOC^ 

HOv_/CN 
(13)—(15) 52, 58, 66 

CH3OOC 
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(5.19) 

hydroxy acids 36 and 37, respectively. It appears that the synthetic potentialities 

of trinitromethane cycloaddition are not fully exhausted. 

5.3 WOODWARD-OLOFSON’S PEPTIDE 
SYNTHESIS. CLEAVAGE OF 

ISOXAZOLIUM SALTS 

3-Unsubstituted isoxazolium salts are more susceptible than 3-unsubstituted 

isoxazoles to base-catalyzed cleavage. Salt 38 is cleaved by potassium benzoate 

in aqueous medium to Af-methyl-N-benzoylacetoacetamide (39), eq. (5.20).9 

(5.20) 

Interesting reactions were subsequently reported,77-80 and mechanistic consid¬ 

erations led to the development of a useful synthesis of peptides.81,82 The 

complex reaction in eq. (5.21) starts with an irreversible proton abstraction, 

synchronized with ring cleavage, to give the benzoyl ketonimine 41, which 

42 43 44 
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subsequently adds acetate to give 42. The latter rearranges to the enol acetate 43 

and ultimately into the isomeric imide 44. Intermediates of types 41 and 43 have 

been isolated.82,83 It was discovered that the intermediate enol acetate 43 is an 

excellent acylation agent. A suitable nucleophile, e.g., an amino acid with a 

protected carboxy group becomes acetylated by intercepting 43 before it 

rearranges to the stable amide 44, eq. (5.22). Thus, the isoxazolium salt activates 
the carboxyl group to enter into reaction with a free amino group, as exemplified 

by the synthesis of carbobenzoxyglycyl-D,L-phenylalanylglycine ethyl ester (47) 

from carbobenzoxyglycyl-D,L-phenylalanine (45), glycine ethyl ester and iso- 

xazolium-3'-sulfonate zwitterion (46), which is Woodward’s Reagent K, as 

peptide forming reagent,82 eq. (5.23). Nitromethane and acetonitrile are most 

often used as solvents, and the reaction proceeds with negligible racemization at 

0°C to ambient temperature. A drawback is the high cost of the reagents. The 
procedure is frequently used in peptide synthesis.84 

PhOCONHCH2CONHCHCONHCH2COOEt 

CH2Ph 

47 

5.4 KETONE ANNELATION. REACTIONS VIA 
a~DEPROTONATION OF ISOXAZOLES 

The masked enaminone functionality of isoxazoles has been used in a variant of 

Robinson’s annelation reaction for constructing six-membered rings. Chloro- 

methylation85’86 of 3,5-dimethylisoxazole at C4 to 3,5-dimethyl-4-chloro- 
methylisoxazole (48) alkylation with the pyrrolidine enamine of cyclohexanone 
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and catalytic reduction over Pd/C give the enaminoketone 50, which is cyclized 

to a mixture of A1,9 and A9’10 octalones (51), eq. (5.24).87 The cleavage of the 

isoxazole ring can also be effected by treatment with triethyloxonium 

tetrafluoroborate followed by refluxing with a base, but the yield is poorer, 

eq. (5.25). Mechanistic studies reveal that the C3-methyl is incorporated 

predominantly into 51, which indicates that complete hydrolysis, e.g., to the 

symmetrical compound 52 does not occur but that deacylation (C5'H3CO) 
occurs to a great extent before the cyclization.88 

(5.24) 

(5.25) 

The annelation is particularly useful for the synthesis of terpenoids.89 The 

tetracyclic ring system of the terpenoid 57 is constructed by alkylation of the 

sodium enolate of octalin-2,5-dione (53), delivering the C/D rings, with the 

isoxazole 54, containing the masked A/B ring system, eq. (5.26). The inter¬ 

mediate 55 is reductively cleaved and cyclized to the tricyclic compound 

56, which is converted by reductive methylation and successive treatment 

with dilute acid and hot aqueous methanolic sodium hydroxide to racemic 
D-homotestosterone (57). 

The sesquiterpene (±)-dehydrofukinone (62), eq. (5.27), is prepared by alky¬ 
lation of Hagemann’s ester 58 with the isoxazole 48 followed by removal of the 

ethoxycarbonyl group and reduction to 59. Protection of the methylene group 

at C6 as the isopropylenol ether and methylation at C2 give 60. The protective 

group is removed, and the isoxazole moiety is cleaved by AT-ethylation with 
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triethyloxonium tetrafluoroborate and subsequent treatment with base, which 

gave the cyclized compound 61. Preparation of the isopropylenol ether, methyl- 
ation, and hydrolysis with dilute acid afforded 62.90 

The reaction shown in eq. (5.28) demonstrates that selective manipulation of 

the isoxazole moiety can be done in the presence of very complex functionalities. 

The isoxazole 63, which stores a /1-ketoamide structure, is used as a building unit 
in the construction of ring A in the tetracyclines 66.91 It is added to 64 in a 

triethylamine-catalyzed Michael reaction. Deesterification, decarboxylation, and 
acid-catalyzed aromatization gives 65a. Sodium hydride-promoted Claisen 

condensation followed by reductive isoxazole ring cleavage yield the tetracycline 
derivative 66a. In a similar sequence the Schiff’s base 67 yields 12a-d. 

Alkyl groups adjacent to the isoxazole ring are especially activated in the 5- 

position. This has been used in a number of cases for base-promoted (NaNH2, 

BuLi, LiNH2) introduction of alkyl or acyl groups into the side chain, 

eq. (5.29).29,92-110 The a-protons become still more labile in the quaternary 

isoxazolium salts, and weak bases such as piperidine are sufficient as catalysts. 
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1. EtaN, DMF 

2. A, -C02 . 
3. pilj-OH 

(5.28) 

PhCH. 

.la. 
COOCH3 0CH2Ph 

67 

Curcumin has been prepared from iV-methyl-3,5-dimethylisoxazolium iodide 

and vanillin; cf. Chapter 1, eq. (1.22).111,112 With a sterically small base 3- 

methyl-5-ethylisoxazole is methylated at the 5-position to the 5-isopropyl 

derivative.95 A more space-demanding base such as s-BuLi deprotonates 

selectively the 3-methyl group of 3-methyl-5-pentylisoxazole.110 
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a-Deprotonation of 3,5-dialkylisoxazoles and subsequent electrophilic sub¬ 

stitution is complementary to the doubly deprotonated /?-dicarbonyl procedure. 

/i-Ketoesters are converted by iV-substituted hydroxylamines to isoxazolin-5- 

ones, which similarly are deprotonated at the 3a-carbon atom, eq. (5.30). 

Finally, hydrogenation yields the 4-substituted /I-ketoester.113 

E + =Mel, CgHjCHO. C6H5COOCH3. (CH3)3SiCI 

The masked /1-dicarbonyl system has been used in a synthesis directed toward 

the fungal xanthone bikaverin, eq. (5.31). Compound 68 is obtained as the major 
product via a Wessely-Moser rearrangement. 

A variation of the ketone annelation leads to aromatization. The isoxazolium 

salt 69 cyclizes with pyrrolidine to the tetrahydronaphthalene derivate 70, 

whereas sodium hydroxide-catalyzed cyclization gives 71, eq. (5.32). The latter 

reaction was applied to the synthesis of ferruginol (72), eq. (5.33).114 Additional 
aromatizations are discussed in Section 5.6. 

5.5 1,3-CARBONYL TRANSPOSITION 

1,3-Carbonyl transposition, eq. (5.34), has been realized by using isoxazoles as 

intermediates.115 It was of interest to transfer the readily available a- or /?- 

ionones (73, 74) to the more precious a- and ^-damascones (75, 76). 

p-lonone oxime (74) is oxidatively cyclized to the isoxazole 77, eq. (5.35). 

Reduction with sodium in liquid ammonia gives directly the aminoketone 80, 
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1. NaH, (COOEt)2 

2. A, Glass 

(5.33) 



144 Applications in Synthesis 

which readily eliminates ammonia to give /?-damascone (76). The reduction of 

77 to 80 can also be achieved by catalytic hydrogenation to the enaminoketone 

78 and subsequent treatment with sodium in liquid ammonia. Acid hydrolysis of 

78 gives 79, demonstrating that the reaction shown in eq. (5.35) is also suitable 

for conversion of a,/?-unsaturated enones to /1-diketones. Similarly the simple 

ketone 81 is transposed to the oc,/?-unsaturated aldehyde 82, eq. (5.36). More 

generally, the sequence shown for eqs. (5.35)—(5.37) can be used for regiospecific 

generation of enones (83) from isoxazoles. If the isomeric enone 84 is desired, the 

isoxazole is catalytically reduced to the enaminoketone, benzoylated, reduced 

with sodium borohydride, and hydrolyzed with acid.97 The cleavages have been 

applied in the synthesis of dihydrojasmone (85),116 gingerol (86),117,118 

eq. (5.38), and prostanoids.119 The synthesis of 86, in principle, could now be 

shortened by cycloaddition of 87 with 1-heptene followed by reduction, 
eq. (5.39); cf. Section 5.7. 

(5.36) 

(5.37) 
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In conclusion, combining the Ca-alkylation, eq. (5.29), with the reductive 

cleavage, eq. (5.37), constitutes a useful synthesis of oc,/?-unsaturated ketones 

from isoxazoles; cf. Section 5.8. 

5.6 0-POLYKETONES, PHENOLS, ANILINES 

The preparation of /1-polyketones is of interest in connection with the bio- 

mimetic synthesis of polyketide-based natural products. Reductive cleavage of 

isoxazoles leads to 1,3-diketones. Acylation of the 5-alkyl side chain (Section 

5.4) followed by reductive cleavage and hydrolysis give a /1-triketone, eq. (5.40). 

Linear /1-tetraketones are available by reduction of methylenediisoxazoles, 

eqs. (5.41)—(5.43)102,119-122 or by acylation of 3,5-dimethylisoxazole with 

ethyl 3,3-ethylenedioxybutanoate and subsequent reductive cleavage to give 96, 

eq. (5.44).104 The equivalent of a linear pentaketide (97) is prepared according 

to eq. (5.45).103,104 The unmasked polyketide structures 88, 91, 94 have been 

cyclized to the phenol and aniline derivatives 89, 90, 92, 93, 95. 

The nitrile oxide route to branched C2-acylated 1,3-dicarbonyl derivatives is 

a valuable complement to other acylation procedures. The 1,3-dipolar cyclo¬ 

addition of nitrile oxides to conjugated enaminones, enaminoesters, and 
corresponding enols is remarkably regiospecific in that the carbonyl group is 

directed to the exposition, eq. (5.46).86 123-126 Catalytic reduction gives the 
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RC=N0 
Raney Ni 

H2 

(5.41)102 

R = R1 = Ph, CH3 

R = Ph, R1 = CH3 89 : 90 =4:1 

(5.42)102 

92: 93 = 96 : 4 

92 -100 

Cl 

HO 

NH2 0 

enaminone 98, which can be hydrolyzed into the corresponding ^-tricarbonyl 

derivative. The reaction shown in eq. (5.47) demonstrates the versatility of the 
procedure for synthesizing glutarimide antibiotic (99).127 
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5.7 2-ISOXAZOLINES, THE MASKED ALDOLS. 
SYNTHESIS OF /J-HYDROXYKETONES 

2- Isoxazolines are masked aldols, and this important fact has been emphasized 

by several research groups exploring their synthetic potentialities. The useful¬ 

ness of the isoxazoline route becomes evident when the starting material and 

the simple experimental conditions of the 1,3-dipolar cycloaddition are con¬ 

sidered and when the reaction is compared with another fundamental organic 

reaction—the Claisen reaction (Section 1.5, Scheme 1.2).59 The starting 

materials involved in the isoxazoline route are olefins, aldehydes or primary 

nitro compounds and, in the Claisen route, carbonyl compounds. Furthermore, 

the regioselectivity and reactivity of the cycloaddition are predictable (Sections 

1.7, 1.8). In short, the isoxazoline route has been developed into a standard 

procedure for forming carbon-carbon bonds, intermolecularly as well as 

intramolecularly. This section focuses on principles and preparation of simple 

representatives of /1-hydroxyketones. In subsequent sections further applications 

are discussed, e.g., the synthesis of heterocycles, carbohydrates, alkaloids, and 

various natural products. The reductive cleavage,48'128 as carried out by catalytic 

hydrogenation129 or by metals (e.g., Ti3+ 13°), has been known for a fairly long 

time, but isoxazoline methodology has been fully recognized and appreciated 

only recently.1’58’59’68,76’131-140’673 The synthesis of 1-phenyl-1-hydroxy- 

3- butanone [Table 5.3, entries 2, 3; eq. (5.48)] demonstrates some problems 
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Table 5.3. Synthesis of /?-Hydroxyketones by Reductive Cleavage of 2-Isoxazolines 

2-Isoxazoline Reducing Product (%) Conditions Ref. 

agent yield (solv., temp. 

etc.) 

Pd/C, H2 Et0H/H0Ac,25°C 

3 atm. 
1 

2. Pd/C, H2 EtOH/HOAc,25°C 

1 atm. 5 days 
1 

3. 
Ti 

0 OH 
(-100) Me0H,H20,25°C 

2,5 days 
58 

Ac0H,H20,25°C 

7,5 hrs 
136 

CH3(CH2)5 

:t 

DEt 

(-100) 

EtOH,25°C, 

3 hrs 

1 atm. 
137 

EtOH,25°C, 1 atm. 

4 hrs 
138 

(g7)c Me0H:H20, 5:1, 139 

AICI3, 4eqn. 1 atm 

1/2 h. 



2-Isoxazolines, the Masked Aldols. Synthesis of /?-Hydroxyketones 149 

Table 5.3. (continued) 

2-Isoxazoline Reducing 

agent 

Product (%) 

yield 

Conditions Ref. 

(solv., temp, 

etc.) 

RaNi/H2 
yY 

0 OH 
(95)° 

Me0H:H20, 5:1, 
A1C13 or H3BO3 139,190 

added, 1 atm, 3 h, 

23 °C 

u- Xf RaNi/H2 

or Pt/C 
0 0H 

(70)C Me0H:H20, 5:1 UQ 

AICI3 or H3BO3 

added, 1 atm, 3 h,23 °C 

“The hydroxy compound (as in entry 3) is obtained with RaNi as the catalyst, after 3 h of hydrogenation; yield 
ca. 90%. 
‘The imino compound was first isolated and then hydrolyzed with AcOH to the ketone. 
“No isomerizations occurred at the starred positions in the presence of A1C13 or H3B03. 

involved with the isoxazoline and Claisen routes. The starting materials for 

the isoxazoline route are styrene and nitroethane or propanal oxime, which 

regioselectively give the isoxazoline in high yield. The hydroxyketone is 

obtained in practically quantitative yield by titanous ion reduction at pH 2-4; 

but when the reduction is carried out at lower pH and over 4 days, minor 

amounts of l-phenyl-3-butanone are formed, and this also occurs for catalytic 

hydrogenation over Pd/C (entry 2). With Raney-Ni as catalyst the isoxazoline is 

practically quantitatively cleaved to the hydroxyketone. The Claisen reaction 

starts from benzaldehyde and 2-butanone, eq. (5.48). There are two problems 

connected with this type of reaction that may be difficult to handle. First, 

benzaldehyde may attack the methylene group as well; second, the reaction 

may proceed to the a,/?-unsaturated stage. The a-acylation and the a-cyanation 

procedures of butadiene are more impressive. Formally, compounds 100 and 

101 can be considered as products of a presumed aldol reaction between acrolein 

and a methyl ketone or acetonitrile, respectively, eq. (5.49a, b), but in this case 

101 

CN 
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the Claisen route is not applicable. The compounds are obtained in satisfactory 

yields by the isoxazoline route,59 eq. (5.50). The isoxazoline and Claisen routes 

are complementary, and the choice is a matter of synthetic planning. 

102 

Epimerization at the a-carbon (starred positions in entries 10-12 of Table 5.3) 

has been shown to occur during the catalytic hydrogenation with Raney-Ni. 

Adding A1C13 or boric acid to the medium, which enhances the rate of hydrolysis 

of the imine, prevents epimerization completely.139’140 BF3 • Et20 has also been 

suggested as an additive for the Raney-Ni-catalyzed reduction of 4,5-dialkyl- 
substituted isoxazolines.141 

An isoxazoline-based route to &/?'-dihydroxyketones and aminodiols, which 

is highly stereoselective in the condensation and reduction steps, is depicted in 

eq. (5.51).142 This procedure has been applied to the synthesis of optically active 

gingerol (86), eq. (5.52). Compound 104 (R1 = H, R2 = C5Hn) is first separated 

into its diastereomers and then alkylated with 105 and reduced143 (cf. Section 5.5). 

Reduction of 3-unsubstituted isoxazolines (e.g., 102) gives /Thydroxyaldehydes, 
a reaction exploited in the synthesis of 2-deoxyaldoses60 (Section 5.15). 

1. Diastereomeric separation 

2. R3CH0, base 

(5.51) 
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5.8 a,p-UNSATURATED CARBONYL 
COMPOUNDS, /J-ACYLATED ACRYLIC ESTERS 

AND ACROLEIN, 2-ENE-l,4-DIONES, 1,4-DIONES, 
y- AND (j-KElOESTERS, a-HYDROXYESTERS, 

AND KETONES 

A variety of functionalized alkanes can be prepared via the isoxazole route, and 

many of the products are useful as building blocks in organic synthesis. The 

reduction of isoxazolines gives access to /i-hydroxyketones, as shown in Section 

5.7, and subsequent elimination of water leads to a,/?-unsaturated carbonyl 

compounds in analogy with the general Claisen condensation scheme. Elimina¬ 
ting the water is best done by acetylation and heating, eq. (5.53).57-59,137,138,144 

|RCrNO| 

X - COOR, acyl, vinyl, alkyl, aryl 

1. Ac20 

2. A 

107 

or Raney-Ni, H2 

X 

R 

108 

(5.53) 

If X = COOR, /I-acylated acrylic esters (108) are the products. Vinylketones 

(X = acyl) provide a novel entry into the difficultly accessible ene-1,4- 

diones.58 Butadiene (X = vinyl) or substituted conjugated dienes give a,/?,y,<5-un- 

saturated ketones.59 Compounds 109-112 are obtained according to this route. 

109, R = CH3 

110, R = C2H5 

111, R = C6H13 

112 
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The cycloaddition of silyl nitronates or nitrile oxides to acrolein was not 

successful, but the acrolein acetal gave the anticipated 5-diethoxymethyl-2- 

isoxazolines 113 in good yields,137 145-147 eq. (5.53a). Acid hydrolysis of 113 to 

the free 5-formyl derivative proceeds in poor yield. The isoxazoline nucleus is 

cleaved according to eq. (5.54). The dicarbonyl fragment can be trapped by 

ort/io-phenylenediamine as 2-methylquinoxaline (114). 

,CH(0C2H5)2 

RCNO 

(C2H50)2HC 
X3 O' 

113 

r = h, CH3, ch(ch3)2, C4H9, C5H11, C6H13, (5.53a) 

Ph, CH3CO, (CH2)7C00CH3 

114 

Compounds 113 are useful precursors for several functionalized aldehydes, 
eq. (5.55), such as a-hydroxyacetals 115, /?-acylated acrolein acetals 116, /?- 
acylated acroleins 117, and a-acyloxyaldehydes 118.137 Of interest is the facile 

acid-catalyzed rearrangement of 115 into y-ketoesters 119, which seems to be a 

novel general procedure for this class of compounds. The aldehyde derivatives 

j 12, R3ney-M:i- H? 
- EtOH 

0 119 

115 

(5.55) 
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115-118 are fairly unstable and difficult to prepare by other methods. Thus, the 

cycloaddition and subsequent reduction, eqs. (5.53), (5.55), constitute a general 

procedure for preparing a-hydroxycarbonyl compounds 107, X = acyl, COOR, 

CHO, and CH(OR)2. 

In connection with 1,3-carbonyl transposition (Section 5.5) a regioselective 

reduction of 3,5-disubstituted isoxazoles into oc,/?-unsaturated ketones was 

described, eq. (5.37).115 This work has been extended97 and is depicted generally 

in eq. (5.56). It has been used to synthesize dihydrojasmone (85),116 gingerol 

(86),117-118 eq. (5.38), and prostanoids,119 (e.g., 121), eq. (5.57). 

H3C 

1. Base 

2. E+ 

E+ = Alkyl Halide, Ketone, 

Aldehyde, Bster, etc. 

Na,NH3 

t-BuOH 

120a 

1. Pt,H2 

2. RC0C1 

(5.56) 

1. NaBH4 

2. H+ - ' 

120 b 

2-Isoxazolines undergo ring fission on treatment with lithium diisopropyl- 

amide (LDA) to give a,/i-unsaturated oximes 122, which on subsequent 

reduction with Ti3+ yield the corresponding a,/?-unsaturated ketones 123, 
eq. (5.58).132 The oximes 122 retain the C=N configuration of the starting 

isoxazolines, and the enones 123 have the E-configuration. Equation (5.58) is 

thus an alternative to eq. (5.53). 
Secondary nitro compounds are O-silylated by chlorotrimethylsilane and 

triethylamine in acetonitrile, and the silyl nitronates 124 formed cycloadd 

to acrylonitrile to give the isoxazolidines 125, eq. (5.59). Subsequent heating 
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122 123 

R4 = Aryl, Alkyl 

R3 = H, Alkyl 

R\R2 = H, Alkyl, Aryl 

1. LDA,-78°C -- 
2. H+ 

(5.58) 

ClSi(CH3)3 
Et3N 

R 

=V 
R‘ 0S1(CH3)3 

124 

R1 = R2 = CH3, ca. 50% 

F 

(5.59) 

with solid potassium fluoride causes fragmentation and formation of /?,/?- 

disubstituted oc,/?-unsaturated aldehydes 126.148 The reaction represents’ a 

convenient route to senecioaldehyde (126) for R1 = R2 = CH3 Similarly 

mtrocyclopentane yields the unsaturated aldehyde 127. An isomeric mixture of 

128 and 129 is obtained from methyl 4-nitropentanoate in a total yield of 
ca. 20%. 

The homologation of aldehydes by two carbon atoms into a,/?-unsaturated 

aldehydes 132 is accomplished by cycloaddition of its A-methylnitrone 130 
to vinyltrimethylsilane and subsequent treatment of the isoxazolidine 131 with 
50% aqueous HF, eq. (5.60).149 The overall yield is ca. 50%. 

RCH0 + CH3NH0H 

R = Alkyl, Aryl 

RCH=N 
Si(CH3)3 

\ 
130 

■ch3 

Rch=chcho 

132 
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Substituted isoxazolidines 133 are cleaved to a,/?-unsaturated ketones 

134 in good yields on heating with trimethyl phosphate in a Hofmann-like 
elimination reaction, eq. (5.61).150 

ArCH=N: 

ch3 

Ar 

r (CH30)3P0 

Ar 

. ~U 
R^0 N(CH3)3 

(CH30)2P02" 

. A 
0 CH3 

133 

ArCH=CHCOR 

134 

R = Alkyl, Aryl 

^Ar 

I £H3 

H ch3 

(5.61) 

(5-Functionalized a,/?-unsaturated aldehydes 135 are produced by adding ni¬ 

trile oxides to 1 -phenylthio-1,3-butadiene and subsequent reduction, eq. (5.62).151 

Most likely 1-acetoxy- and 1-dialkylamino-1,3-butadienes could serve the same 

purpose and act as precursors for 1,5-diones by reduction and hydrolysis. 

1. LiAlHif OHC 

2. (CF3C0)20,Na2C03 

3. HgCl2, CH3CN 
135 (5.62) 

1,4-Diones are important starting materials for cyclopentanoids, and useful 

syntheses are always in demand.152 As demonstrated earlier 

[cf. eqs. (5.52),(5.53),(5.55)] the reduction of 5-acyl-2-isoxazolines 136 by Ti3 + 

or Raney-Ni, H2, leads to 2-hydroxy-1,4-diones 137. The reaction shown in 

eq. (5.63) is a facile, high-yielding procedure. It was observed that zinc powder in 

the presence of Ti3+ ions also caused rupture of the C5—O bond to give the 1,4- 

diones 137.58,145 This elimination of the 2-hydroxy group was utilized in a 
short synthesis of dihydrojasmone (85) from methyl vinylketone and hep- 

tanaloxime or, alternatively, from nitroheptane,145 eq. (5.63). It was also 

R 

0 

(5.63) 

OH 
85 R = CH3, R1 = C6Hi3 

0 

138 
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observed that Ti3+ reduction of the isoxazoline acetals 113 gave a low yield 

(ca. 30%) of 4-ketoaldehydes 139, eq. (5.64),145 whereas catalytic hydrogen¬ 

ation over Raney-Ni gave the expected 2-hydroxy derivatives 115.137,147 

113 

Raney Ni 
H2, Et0H,H20 

115 

139 (5.64) 

The 1,4-dione 138 (R = CH3, R1=C6H13) has been prepared from the 
isoxazoline 140 and cyclized to 85,119 eq. (5.65). 

5-Keto-3-hydroxyesters 141 are available from the reaction shown in 

eq. (5.66).137 Oxidation of the isoxazoline nucleus to isoxazole and subsequent 

catalytic hydrogenation should, presumably, give the corresponding 3,5- 
diketoester. 

Silylation of primary nitro compounds normally stops at the silyl nitronate 

stage. However, excess of the reactive trimethylsilyl triflate (142) gives further 

silylation with migration of the trimethylsilyloxy group, leading to trimethyl 

silylated a-hydroxyaldoximes 143, eq. (5.67).153 a-Oxygenation of aldehydes 

and of some ketones is accomplished by acylation and rearrangement of their 
nitrones to a-acylimines 144, which are hydrolyzed to aldehydes, eq. (5.68).154 

rch2ch2no2 
142 

Et3N 

/ 
N)Si(CH3)3 

142 

Et3N 

/0Si(CH3)3 

XISi(CH3)3 

RCHCH=N0Si(CH3)3 

OSi(CH3)3 

143 

(5.67) 
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(5.68) 

OCOR 

J 
>:-cho 

5.9 FURANS, 3-(2//)-FURANONES, AND 
PYRONES 

Nitrile oxides cyloadd to a- and /J-hydroxysubstituted acetylenes to give 5- 

hydroxyalkylisoxazoles 145, which on catalytic hydrogenation spontaneously 

cyclize to 3-(2//)-furanones 146 and 2,3-dihydro-y-pyrones 147, respectively, 

eq. (5.69).120,155,156 The 3-(2H)-furanone nucleus occurs in several naturally 

occurring compounds, such as the antitumoral jatrophone157 and related 

eremantholides,158 geiparvarin159 and its dihydro derivatives,160,161 bullaten- 

one162 (146, R = Ph, R1 = R2 = CH3), and several simple alkyl-substituted 3- 

furanones,163 giving flavor to berries, soy sauce, bread, onions, and coffee. 

= — (ch2)cr1r2oh 
n 

n = OX 

RCNO 

,2^ 
1.Raney Ni,H2 

2. H+ 

(5.69) 

Equation (5.70) represents another simple route to 3-(2//)-furanones 146. It 
was discovered that 2-hydroxy-1,4-diones, which are readily prepared from 

vinylketones and nitrile oxides or silylnitronates, rearrange to 3-(2T/)-furanones 
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when heated in acetic acid in the presence of sodium acetate.58,59,138-145. Two 

related reactions start from vinyl ethers,164 eq. (5.71a), and from 2,4-di- 

oxoalkanoates,1653 eq. (5.71b). In the first reaction the vinyl ether is lithiated to 

147 and treated with a carbonyl compound to give the alcohol 148. Dipolar 

cycloaddition of 148 with a nitrile oxide followed by reduction and cyclization 

give the 3-(2//)-furanone 146. In the procedure shown in eq. (5.71b) the 

2,4-dioxoalkanoate is regioselectively treated with hydroxylamine to give the 

isoxazole 149, which is alkylated, reduced, and cyclized to 146. 

The 3-(2//)-furanone portion of geiparvarin (153) is prepared by cyclo¬ 

addition of the acetylene 150 to the nitro compound 151. Coupling of the 

isoxazole derivative with umbelliferone (152), reduction with molybdenum 

hexacarbonyl, followed by acid-catalyzed cyclization provide the natural pro¬ 
duct 153,1656 eq. (5.72). 

When the 2-hydroxy-1,4-dione 154 is heated in toluene with p-TsOH, neither 

the anticipated furanone nor the enedione are formed. Instead the 2,5- 

disubstituted furan 155, formed by migration of the double bond, is isolated in 
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COOCH3 

155 

good yield.58 In connection with derivatization of butadienes a novel furan 
synthesis was discovered.59 Butadiene cycloadds to two moles of nitrile oxide. 
Reduction of the bisadduct 156 gives the 3,4-dihydroxy-1,6-dione 157, which 
cyclizes to the furan 158 in an acid-catalyzed reaction, eq. (5.73). The cyclo¬ 
addition can be performed stepwise so that different R groups are introduced. 

(5.73) 

Ethyl formylacetate can be oximated and chlorinated to hydroximoyl 
chloride 159. Cycloaddition of the derived nitrile oxide to olefins and 
subsequent reduction of the isoxazoline 160 give the /Tketoester 161, which 
cyclizes to ethyl 2-furylacetate (162)166 when treated with acid. The a-pyrone 
derivative 163 was not observed. 



160 Applications in Synthesis 

5.10 PYRROLE AND INDOLE DERIVATIVES 

Nitrile oxides, generated in situ, add to allyl acetamide, giving 5-(N-aceto- 

aminomethyl)-2-isoxazolines 164. Reduction by Ti3+ and cyclization of the N- 

acetylaminoalcohol by heating with sodium acetate in acetic acid give pyrroles, 

eq. (5.74).145 The reaction seems to be general, and by using substituted allylic 

amines, one should be able to prepare 3,4- or 5-substituted pyrroles. 

rc=no; 

NHflc 

HOflc , 

NaOAc, A 

Ac 

165 

164 

R = C6H13 

R = CH(CH3)2 

Reductive ring opening of isoxazoles and subsequent intramolecular reaction 

of the generated enamino function with suitably located functional groups in the 

side chain is a general principle for the synthesis of new heterocycles, which have 

been applied to the preparation of pyrroles, eqs. (5.75),(5.76). 

o 

(5.75)167 

(5.76) 167,168 

The reaction is of special interest in conjunction with synthetic approaches to 

the corrin skeleton.169-175 It was visualized that all of the essential features of 

the A/D-seco-corrin molecule 167 could, in principle, be assembled in the 

triisoxazole 166 by 1,3-dipolar coupling of the four corner stones A-D, 

eq. (5.77). The novel strategy was first investigated in model studies,170-173 and 

then additional reactions were performed with the naturally occurring building 
blocks.174,175 

The semicorrin 168 was prepared by cycloaddition of the nitro compound 170 
to the acetylene 169. Reduction of the isoxazole 171 gave the enaminoketone 

172, which spontaneously lactamized. Compound 168 was formed by treatment 

with ammonia and subsequently by potassium f-butoxide, eq. (5.78). Two 
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1. NH3 

(5.78) 

2. K+0-t-Bu 
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PhNCO 

EtjN 
C„H6, 50° 

24 hr, 89% 

lOt HCl, THf, rt 
6.5 hr 

HHjOH-HCl/pyr 

rt. 5 hr. 961 

10% HCl, THF, rt 

NHjOH.HCI, pyr. 
rt, 5 hr, 95% 

NaOMe, MeOH 

CH3CN; 

NI(CI04)2.6H20 
rt 30 min, 93% 

NH.OAc 
MeOH 

rt 19 hr, 100% 

b R = CH3 

cR = COCH3 

t-BuOK 

t-BuOH ‘ 

65°, 1.5 hr 
>90% 

(5.79)* 

> 

molecules of 168 have previously been converted into corrin derivatives.176 The 
stepwise synthesis of a seco-corrin analogue 173 was carried out according to 

eq. (5.79), demonstrating the power of the isoxazole approach.175 

*The formulae in eq. (5.79) are reprinted with permission from Pergamon Books, Ltd. 
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4-Alkylideneisoxazol-5-ones rearrange on pyrolysis into pyrroles via the 

azene intermediate 176, eq. (5.80). At the high temperature the dimethylpyrroles 

174 and 175 interconvert. The cyclopentylidene derivative 177 is pyrolyzed to 
178.177 

6-700 °C 

10”3 mmHg 

H 

175 

(5.80) 

(5.81) 

3-Acyl-2,4-pyrrolidones 180 (3-acyltetramic acids) are obtained by cleavage 
of isoxazolium salts 179 with weak bases, eq. (5.82).178 

BrCH2C00C2H5 

AgBF4 

HC0o 

n2g 

COOC2H5 C2H500C 

C2H5°- 

CjH-OH 

179 

180 
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The addition of silyl nitronates 181 to methyl acrylate gives the N-silyloxy- 

isoxazolidine 182, which on catalytic reduction and cyclization is converted 

to the pyrrolidone 183, eq. (5.83).57,148 The addition of acrylonitrile to 181 
takes a different course, eq. (5.84).57 The fragmentation of 184 into the 5- 

silyloxyxazoline 185 is the major reaction (5.84 route a), but a considerable 

amount of 186 is also formed according to 5.84 route b. 

ch3ooc 0^ 'NOSi(CH3)3 

181 

_ 

CH3OOC 0 OSi(CH3)3 

182 

RaNi,H2 

NH2 
Her C00CH3 

(5.83) 

4-Isoxazolines, which are obtained by cycloaddition of nitrones to alkynes are 

characteristically unstable and undergo thermal rearrangement.179-188 The 

nitrone 187 gives, e.g., with methyl propiolate the 4-isoxazoline 188, which on 

heating is converted to a mixture of pyrroles 189, 190.181,182 The former is 

derived via a hetero-Cope rearrangement (5.85 route b), and the latter pyrrole via 

the 2-acyl-aziridine route (5.85 route a). In a similar fashion the 4-isoxazolines in 

reactions shown in eqs. (5.86),(5.87) are converted to pyrrol derivatives 191184 



Pyrrole and Indole Derivatives 165 

CH3OOC 

CH3 

187 

CH3OOC\_^cooch3 

C^OdC^N^ 

i 
ch3 

189 

COOCH3 

/ ^0 CH300C- 

0U 
/S^C00CH3 

N* 

H3C" H 
188 

ch3ooc 

CH300C N' C00CH3 

I 
ch3 

(5.85) 

CH300C ' 

CH3OOC ^ C00CH3 

ch3 

190 

and 192.187 The reaction has been extended to a number of phenyl-substituted 

pyrroles by cycloaddition of nitrones to phenylacetylene.188 

The cycloaddition of nitrones with allenes leads to 3-pyrrolidinones,189-191 

eq. (5.88). For allene (R3 = R4 = H) and nitrone (R1 = R2 = Ph) two regiochem- 
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V 

ical modes of addition are observed leading to 193 or to a mixture of 194, formed 

as shown in eq. (5.88), and 195, formed by ring closure involving the iV-phenyl 
group.191 

iV-Aryl-substituted nitrones are acylated by ketenes or keteneimines and 

rearrange in a hetero-Cope-type reaction to indole derivatives192-200 196. The 

reaction with dichloroketene (R1 = R2 = Cl) gives, after hydrolysis, isatins (196: 
R1, R2 = O) in good yields,195 eq. (5.88a). 

(5.88a) 

Certain 4-phenyl-substituted isoxazoles rearrange into indoles when ir¬ 

radiated or heated,201 eq. (5.89). Indoles are effectively synthesized from a- or 

/2-allylpyrroles and nitrile oxides. Hydrogenation of the isoxazoline and cycli- 

zation of the intermediate /1-hydroxyketone with zinc or magnesium triflate give 
4- or 7-substituted indoles, eq. (5.90).202 The reaction has been used in the 

synthesis of Lyngbyatoxin A. A number of condensed systems, such as 

benzothiophenes, benzofurans, and naphthalines, etc. could conceivably be 
synthesized by this procedure. 
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5.11 AZIRIDINES AND 1-AZIRINES 

Reduction of 2-isoxazolines with lithium aluminum hydride is a convenient 

route to 1,3-aminoalcohols, but, depending on substituents and reaction con¬ 

ditions, aziridines can be produced and, occasionally, constitute the major 

product. Lithium aluminum hydride reduction of 3,5-diphenyl-2-isoxazoline 

(197) in ether gives l,3-diphenyl-3-aminopropanol (198) in 62% yield,203 but 
when tetrahydrofuran is used as the solvent, 198 (26%) is accompanied by cis-2- 

phenyl-3-benzylaziridine (199) in 31% yield,204 eq. (5.91). Similarly 200 gives a 

mixture of cis-aziridine 201 and aminoalcohol 202, eq. (5.92). Since both 

(5.91) 

(5.92) 

203 204 
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methylbenzylketoxime (203) and phenylvinylketoxime (204) give ds-aziridine 
201, it is likely that the aziridine formation from 2-isoxazoles starts with a 

base-catalyzed hydrogen abstraction at C4 followed by ring opening. Hydride 

addition and recyclization complete the reaction shown in eq. (5.93). This 

mechanism is further substantiated by the observation that anion stabilizing 

substituents at C4 (e.g., R2 = phenyl) favor the formation of arizidines. When 

R2 = methyl, only minute amounts of the aziridine are formed. The formation of 

ds-aziridine via the azirine intermediate 205 is guided by steric factors. 

H 

Isoxazolin-5-ones rearrange to aziridines on reduction with lithium alu¬ 
minum hydride,205 eq. (5.94). 

Ph 

2-Acylaziridines are suggested as intermediates in the rearrangement of 4- 

isoxazolines to pyrroles (Section 5.10). They have been isolated in good yields in 
several cases,180,206-212 eqs. (5.95),(5.96). 

1-Azirines 206 having various substituents at C1 and C3 are obtained by 

thermolysis or photolysis of isoxazolines in moderate to high yield,2 n-213-228 
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206 

X = OR, SR, NHR, Ar 

R = Aryl, Alkyl 

(5.97) 

eq. (5.97). They can be reduced to the corresponding cis-aziridines with sodium 

borohydride.220 The reactions of lithio compounds generated in situ from 2- 

[(trimethylsilyl)methyl]pyridine (207), N,iV-dimethyl(trimethylsilyl)-acetamide 

(208), ethyl(trimethylsilyl)acetate (209), and lithium diethylamide in tetrahydro- 

furan with N-alkylnitrones give aziridines 210, eq. (5.98). The N-arylnitrones 

give jE-alkenes in a Peterson-type elimination reaction, eq. (5.99).229 

RCH2Si(CH3)3 + 

207 

R = C0N(CH3)2 

208 

R = -COOC2H5 

209 

Ar 
\ n 

-‘-NT 

rcr) ( 
Nl- 

Si (CH3 )3 

ArN OSi(CH3)3 

(5.98) 

(5.99) 

5.12 PYRAZOLES, IMIDAZOLES, OXAZOLES, 
AND ISOTHIAZOLES 

The reaction of hydrazines with 1,3-difunctional compounds is a standard 

method for the synthesis of pyrazole derivatives. Thus, reductive cleavage of 

isoxazoles followed by treatment with hydrazines constitutes a general pyrazole 

synthesis from olefinic or acetylenic compounds and nitrile oxide pre¬ 

cursors,230-233 eq. (5.100). There are several reports on the conversion of 

isoxazoles into pyrazoles226,234-249 by direct nucleophilic attack of hydrazines 

at the C3 and C5 carbon atoms of the ring, eqs. (5.101), (5.102), or by a preceding 

conversion of the C4 acyl group to the corresponding hydrazone, eq. (5.104). 
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R 

RaNi 

H2 

ArNHNH2 jS ,5',oo, 

230 

Ar 

PhNHNH2 

(5.101)241 

NH2NH2 
(5.102)245 

✓'NH2 

(5.103) 234,235 

Ring cleavage to cyanoketones followed by cyclization with phenylhydrazine 

gives 3-aminopyrazoles, eq. (5.103). 5-Trimethylsilyloxy-2-isoxazolines 211, 
prepared from acrylonitrile and silyl nitronates, react in an acid-catalyzed 

reaction with hydrazines to form pyrazoles 212,213 in high yields,250 eq. (5.105). 

It is to be expected that addition of nitrile oxides to silyl- or alkylvinyl ethers and 

subsequent treatment of the 5-trimethylsilyloxy- or 5-alkoxyisoxazolines with 
hydrazines, should give general access to a number of pyrazoles. 

rch2no;> 

minor major 

212 213 
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The isoxazolium salt 214 gives with phenyl hydrazine the pyrazoles 215- 
217, depending on the site of nucleophilic attack and reaction conditions, 

eq. (5.106).251,252 Imidoyl-substituted oxosulfonium ylides react with nitrile 
oxides to give pyrazole 2-oxides.253 

(5.106) 

A few examples of the synthesis of imidazoles from nitrones are given in 

Section 3.2.E. Thermolysis of 5-amino-3,4-dialkylisoxazoles 218 affords 4,5- 

dialkylimidazolones 219, eq. (5.107).254 5-Imino-2,3-diphenyl-4-aryl (or alkyl)- 

isoxazolines 220 similarly rearrange photolytically to the imidazolinones 221, 
eq. (5.108).255'256 

R = Aryl,Alkyl 

A general synthesis of 4(5)-acylimidazoles 224 has been accomplished from 

4-acylaminoisoxazoles 222, which are available by nitration, reduction, and 

acylation of isoxazoles, eq. (5.109).257 Treatment of the enamine 223 with an 

excess of a primary amine gives selectively the N ^substituted compound 225. 
^-substitution can be accomplished by N-alkylation of the intermediate 

4-aminoisoxazole before acylation. 

Isoxazoles are transformed into oxazoles by thermolysis or by irradiation 

with UV light in the 3000-A region.213,215,216,219,220,223,224,227,258-268 It has 

been demonstrated that the reaction proceeds via azirines, which often have 
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been isolated; cf. Section 5.11. The photolytic reaction, initiated by homolytic N- 

O-fragmentation, is quite general and appears to be reversible, eq. (5.110). It can 

also be formulated as an intramolecular (photo) Beckmann rearrangement; the 

true nature of the reaction is not completely known. The reaction can be used to 

prepare condensed isoxazoles,269-276 such as benzisoxazolin-3-one 226, which 
gives benzoxazolin-2-one 227, eq. (5.111).269 

(5.110) 

The 1,3-dipolar addition of nitrones with ketenes leads occasionally to oxa- 

zolidones, depending on the regioselectivity of addition. N-Alkylnitrones chiefly 

give isoxazohdones 228 and iV-arylnitrones give oxazolidones 230 via the 
dioxazoles 229, eq. (5.1 12).193-277"281 

(5.112) 
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The cycloadduct 231 obtained from t-butylnitrone and dimethyl acetylene- 

dicarboxylate rearranges at 80°C to 4-oxazoline 233,180 presumably via the 
2-acylaziridine 232, eq. (5.113). 

- cooch3 

^t^cr/N;oocH3 

231 

Acyl-N-benzylnitrones undergo base-catalyzed intramolecular cyclization to 

oxazoles.282 As masked enaminones, isoxazoles serve as starting material for the 
synthesis of isothiazoles,283,284 eq. (5.114). 

1. Ra-Ni,H2 

2. P4S10 

R1 = R3 = Alkyl, Aryl 

R2 = H, Acyl, CN 

(5.114) 

5.13 SYNTHESIS OF HETEROCYCLES BY RING 
TRANSFORMATION INVOLVING THE SIDE 

CHAIN OF ISOXAZOLES 

There are many examples of heterocyclic ring transformations involving the side 

chain denoted in eq. (5.115)265,266,285,286; however, certain requirements have 

to be met: (a) the rearrangements are limited to heterocycles with D=0 and S; 

(b) Z must be a good nucleophile, such as O, S, N, or C; x = y can be N =C, 

C =N, C =C, N =N. The reaction is reversible only when Z — O. The known ring 

conversions of isoxazoles, i.e., A=B is equal to C=C are systematized in 

eq. (5.116), demonstrating the usefulness of isoxazoles for the generation of other 

heterocycles. The atoms over the arrows represent x, y, and z of the side chain. 

Thus, NCN depicts an amidine side chain, C3—N =C—NR, which cyclizes to the 

1.2.4- triazole; CNO could depict an oxime, C3—C=NOH, which cyclizes to the 

1.2.5- oxadiazole, etc. 

It has been reported that heating the oximes of 3-acylisoxazoles 234 with 

aqueous or alcoholic potassium hydroxide287^289 or with copper powder290 

/ 
ZH 

-) 1 W 
HD 

(5.115) 
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1,2,4-0xadiazole 1,2,4-Thiadiazole 

R 

1,2,3-Triazole 

gives 1,2,5-oxadiazole derivatives 235, eq. (5.117). Related ring transformations 
also afford the 1,2,5-oxadiazole nucleus.291 

The benzisoxazoles 236 and 238 are reported to rearrange into the 1,2,4- 

oxadiazole derivatives292’293 237, eq. (5.118), and pyrazole derivatives294 239, 
respectively, eq. (5.119). 

(5.117) 

(5.118) 

(5.119) 

X = H, Cl 
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3-Diazoamino-5-methylisoxazole rearranges readily in the presence of base 

to the tetrazole 240, eq. (5.120),295 and 3-Af-(arylformamidino)aminoisoxazole 

rearranges in refluxing ethanol with sodium hydroxide to the 1,2,4-triazole 

241,296 eq. (5.121). The tetrazoles 242 and 243 have been obtained by treatment 

of 4-ethoxycarbonyl-2-methyl-3-isoxazolin-5-one297 and 2-methyl-5-phenyl- 
isoxazolium methylsulfate,298 respectively, with aqueous sodium azide. 

h3c 
COOEt 

242 243 

(5.120) 

(5.121) 

A number of 1,2,3-tirazoles 245 are obtained by rearrangement of the 

hydrazones of 3-acylisoxazoles 244 with or without copper powder,291,299-303 

eq. (5.122). Diazotization of 4-amino-5-f-butylisoxazole (246) gives 1-hydroxy- 
1,2,3-triazole 247,304 eq. (5.123). 

(5.122) 

oc- 

247 
OH 

(5.123) 

3-Amino-5-methylisoxazole (248) reacts with phenylisothiocyanate to give 

the 3-thioureido derivative 249, which cyclizes on heating to the 1,2,4- 

thiadiazole 250,305 eq. (5.124). 
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248 249 250 

5.14 PYRIDINES, PYRIMIDINES, 
PYRIDAZINES, OXAZINES, QUINOLINES, AND 

QUIN OX ALINES 

Catalytic reduction of 4-(3-oxoalkyl)isoxazoles and subsequent controlled 

cyclization of the /?-enaminone afford 3-acylpyridines, eq. (5.125).306,307 3- 

Acyl-y-pyridones are prepared by a similar pathway,308'309 eq. (5.126). a- And 

y-pyridones are obtained from the base-catalyzed reaction of isoxazolium 

252 
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X = H, OH 

salts with alkyl malonate, eq. (5.127),310 and from the reaction of diphenyl- 

cyclopropenone with isoxazoles.311 It has been reported that hexacarbonyl- 

molybdenum induces formation of pyridines from isoxazoles and dimethyl 

acetylenedicarboxylate, which adds across the C4—C5 double bond,312 
eq. (5.128). 

R^R2, R3=Ph 

R1,R3=Ph;R2=H 

R^ = Ph; R2 R3= H 

CH3OOECOOCH3 

Mo(C0)6 

CH3OOC 

CH3OOC 3 "0 \ 
R Mo(C0)5 

(5.128) 

Unlike simple isoxazoles, 2,1-benzisoxazole behaves as a diene, giving rise to 

quinoline derivatives,313-315 eq. (5.129 route a). The reaction with active 

methylene compounds gives quinoline-W-oxides,316 eq. (5.129 route b). Reduc- 

i 
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tive cleavage of the isoxazole 253 leads to the quinoline 254,120 eq. (5.130). Several 

other examples of using isoxazoles for preparing certain pyridines and quinolines 

as well as various heterocycles are reviewed in Ref. 243. 

(5.130) 

A few pyrimidines have been prepared by the catalytic reduction of 5-acyl- 

aminoisoxazoles followed by base-catalyzed cyclization, eq. (5.131).317,318 The 

jS-eneaminones obtained by reductive cleavage of isoxazoles react with N- 

substituted ureas to give a mixture of 2-pyrimidinones, eq. (5.132).319 

Catalytic hydrogenation of 5-methylisoxazole-3-carboxhydrazide (255) and 

the condensed isoxazole 257 afford directly the corresponding pyridazones 

256 and tetrahydrocinnolone 258, eqs. (5.133),(5.134).320-322 

Pyridazines 260 are prepared by the general route depicted in 

eq. (5.135).58,137 The intermediate 5-acyl-2-isoxazoline 259 can also be directly 

transformed into 260 in a low-yielding process in eq. (5.135), route a. 

5-Acyl-2-isoxazolines 259 are fragmented into a-diketones and nitriles in 
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r2cno 

0 

R1 ,R2 = Alkyl.Aryl 

(5.135) 

260 

a base- or acid-catalyzed process.145,323,324 In the presence of o-phenyl- 
enediamine, quinoxalines are produced, eq. (5.136). 

The 1,3-oxazine ring system is obtained by reacting isoxazolium salts with a 

base, eq. (5.137).325 Ring cleavage has been used to synthesize curcumin.112 

Related are the thermal rearrangements of 3-benzoyl-2,l-benzisoxazole, 

eq. (5.138),326,327 the reaction of 2-ethyl-l,2-benzisoxazolium tetrafluoroborate 

with cyanate, thiocyanate, and thiourea,328 and the transformation of the 

isoxazolidine 261 with t-C4H9OK to the 1,3-oxazine 262,329 eq. (5.139). 

(5.137) 

(5.138) 

261 

r\r2 = h,ch3 

(5.139) 
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5.15 AZETIDINES, 0-LACTAMS, AND 
0-LACTONES 

Reduction of 3,5-dimethylisoxazole with sodium in 1-pentanol followed by 

tosylation gives a stereoisomeric mixture of the aminoalcohol derivatives 263, 
from which the threo-isomer separates. It gives the cis-azetidine 264 on 

treatment with sodium ethoxide, eq. (5.140).330 The unstable azetinone 266 
is formed by base-catalyzed ring cleavage of benzisoxazolium salt 265,331 
eq. (5.141). 

Routes to /1-lactams are of outmost interest since this functionality is essential 
to a number of potent antibiotics. Copper acetylide reacts with nitrones to give a 
mixture of cis- and trans-fi-lactams, eq. (5.142).332,333 

RC = CCu + R1CH=NR2 

I 
0 

R, R1, R2 = Alkyl,Ary 

Nitrones add to trans- l-cyano-2-nitroethylene to give a mixture of the 

regioisomers 267 and 268. The major isomer 267 is thermally or photolytically 

contracted to the cis- and trcms-/1-lactams 269 and 270 respectively 
eq. (5.143).334 

Several research groups have explored nitrone and nitrile oxide-based routes 

to preparing thienamycin (271) and analogues. In model reactions the problems 

concerning the relative stereochemistry at C5, C6, and C8 and the synthesis of 

the gross structure of the bicyclic system have been solved. The isoxazolidine 

272 is obtained as the major isomer by adding methyl crotonate to 1-pyrroline- 

V 
2 ir-c^cr 

H20 (5.142) 

V yr1 

<r~ 0 -V 
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PhCH=N / 
NC 

X 

X "X. 
N02 

NC". 

O2N 

r 

02M,, 

■r 

x 1 NC > 

267 

(major) 

^CH30H 

nc ^ 

268 

COOH 
271 269 

(5.143) 

1-oxide, eq. (5.144).335 Catalytic reduction and cyclization give the /Mactam 

skeleton 273. The functionalized /1-lactams 278 and 279 are obtained along 

similar lines, eq. (5.145).336 The isoxazolidines 276 and 277 are formed in a ratio 
of 5:1. 

cooch3 

„< V 
HMDS= Hexamethyldisilazane 

TMS = Trimethylsilyl 

CH3OOC 

h3c" 

1. HMDS (5.144) 
2. EtMgBr 

TMSO 
h3c 

273 

X00CH2Ph 

PNC" 

274 

R PhCH200C 

( - f\ 
cX^CH2Ph H3CX\oyX 

275 

R PhCH200C 

CH2Ph 
276 

1. Pt, h2 

2. DCC 

Xh 
H3C 'X _ y R 

X 
NH 

H3C 0 
^}lCH2Ph 

277 

(5.145) 

H3C ^C,„ 

_NH 

278 279 

R = CH2CH(0CH3)2 
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Catalytic reduction and cyclization with dicyclohexylcarbodiimide (DCC) 

afford a mixture of /1-lactams, from which the desired isomer 278 was isolated by 

chromatography. By using nitrone 280 researchers have prepared the appro¬ 

priate precursor 281 for carbapenem antibiotics, eq. (5.146).337 

281 COOEt 

Formal syntheses of thienamycine (271) and analogues have been developed 

by employing 1,3-dipolar addition of the nitrile oxide from 3-nitropropanal 

dimethyl acetal (282) to methyl crotonate, eq. (5.147).338-340 Chiral /1-lactams 

are obtained by using menthyl crotonate or chiral nitrones.341,342 The conver¬ 

sion of four-membered cyclic nitrones into /1-lactams has been reported.343 

PhNCO 
02NCH2CH2CH(0CH3)2 -7——*- |oncch2ch(och3)2| 

EC3N 1 

282 

.. 

h3c 

och3 

:h3 

major 

H3C„ 

ch3ooc^ ^cr 

minor 

CH3 

OCH3 

1. Pt,H2 

2. CH3MgI 

271 

(5.147) 

3,4-Diphenylisoxazole fragments into benzonitrile and lithium phenylethyno- 

late (283) on treatment with butyl lithium, eq. (5.148). The ethynolate 283 can be 

trapped with chlorotrimethylsilane to give the ketene 284. It also reacts with 
aldehydes and ketones to give (1-lactones 285.344 
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(5.148) 

5.16 MISCELLANEOUS HETEROCYCLES. 
CONDENSED SYSTEMS. CYCLOADDITIONS 

TO HETERO DIPOLAROPHILES 

Sections 5.9-5.14 demonstrate the power of the reductive ring cleavage of 

isoxazoles for constructing various basic heterocyclic ring systems. This prin¬ 

ciple has been extended to isoxazoles replaced with heteroaromatic substituents 

to allow formation of condensed systems by intramolecular reaction of the 

j8-enaminone and the substituent. A selection of ring systems that have been 

synthesized is shown in eqs. (5.149)—(5.152). 

1. (CH3)2C0 

2. N0+ 

0 0 

(5.149)345 

A different approach to heterocycles involves adding nitrones or nitrile oxides 

to hetero dipolarophiles. Their reactivities decrease in the order C=S > C—C, 

C=N > C=0, and the orientation of the cycloaddition agrees with that predic¬ 

ted by frontier orbital calculations.349 Highly polarized hetero atomic multiple 

bonds, such as sulfur or phosphorus ylides, probably undergo stepwise 

reactions. 
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1. RCOCHR1CN 

2. Ra-Ni,H2 

Ph 

(5.150) 346 

Ph 

7-Oxopyrazolo[1,5a]pyrimidine 

H2NNHC 
ll 
0 

h3 
1. CSp.OH 

2. CH3I 

CH3S 

CNHNHC 
X 

/CH3 

CH3 

1. Ra-Ni,H2 

2. Cycl. 

S-Triazolo[4,3b]pyridazine 

(5.151) 347 

Py rrolo[ 3,4b ]pyridine-4-one 

Nitrones react very sluggishly or not at all with nitriles. It has been reported 
that 1-methylbenzimidazole-jV-oxide (286) reacts with benzonitrile to give the 
amide 288, supposedly via the cycloadduct 287, eq. (5.153).350 Activated nitriles 
occurring in cyanic esters ROCN or tetracyanoethylene give A4-1,2,4- 
oxadiazolines, as shown in eq. (5.154).351 Nitriles cycloadd easier to nitrile 
oxides than to nitrones,125,352 383 eq. (5.155). Nitriles are generally consider¬ 
ably less reactive than structurally related olefins and acetylenes, but more 
reactive than carbonyl compounds.380,381 The reactivity of the cyano groups 
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RCNO + R*CN 

R,R*= Alkyl,Aryl 
(5.155) 

increases if they are attached to an electron withdrawing group or complexed 

with BF3 etherate.358,360 The competition between the C=C and C=N bonds 

has been studied in /Taminocinnamonitriles. Cycloaddition of the nitrile oxides 

to the C=N bond predominates in non- or weak-hydrogen bond acceptor 

solvents, such as benzene, whereas in methanol addition to the C=C bond is 

what predominates.356'357 

The reactivity of the C=N bond in isocyanates, isothiocyanates, carbo- 

diimides, oximes, amidines, and imino esters is, on the whole, comparable to 

that of the corresponding olefinic bond towards nitrile oxides and nitrones. 

Borontrifluoride etherate catalysis is often needed to achieve satisfactory yields, 

which indicates a two-step polar process. See Refs. 125 and 383-385 for a review 

of this area. Imines (Schiff’s base) yield A2-l,2,4-oxadiazolines353,355,386-402 

with nitrile oxides, eq. (5.156). There are no reports on the cycloaddition of 

nitrones to simple imines. 

R 

(5.156) RCNO + r‘n=C < 
N4-Hydroxy-1,2,4-oxadiazolines 290 or related 1,2,4-oxadiazoles 291 are 

formed from oximes and nitrile oxides, eq. (5.157).353,355,403-409 The C=N 

bond in 2-isoxazolines reacts analogously forming condensed systems, 

eq. (5.158).410-417 

RR1C=N0H + R2CN0 

RR1 = H, Alkyl, Aryl 

R2 = Alkyl, Aryl 
290 

R=H 

291 

(5.157) 

RCNO (5.158) 
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Imino esters 292 and amidines 293 form 3,5-substituted 1,2,4-oxadiazoles 

294 with nitrile oxides, eq. (5.159);125,358,389’418-421 oximes give rise to 
l,2,4-oxadiazol-./V4-oxides.422 

292, x = OR, SR 

293, X = NR2 

The cumulated C=N bonds in isocyanates and carbodiimides react slug¬ 

gishly with nitrile oxides, giving rise to l,2,4-oxadiazolin-5-ones and 1,2,4- 

oxadiazolin-5-imines, eq. (5.160).353’387’395’423-425 The 5-imino compound 

rearranges in an acid-catalyzed reaction into the l,2,4-triazolin-5-one 295 424 

RN=C=X + R^NO 

X = 0, NR 

Nitrones react quite easily with isocyanates and produce rather stable 1,2,4- 

oxadiazolidin-5-ones,426 447 which, during thermolysis, eliminate carbon 

dioxide and yield amidines 296, eq. (5.161). 

R^Nt1 
r4nco 

r4ncs 

(5.161) 

Isothiocyanates are less prone to react with nitrones. Unstable 1,2,4- 

oxadiazolidine-5-thiones are formed, which undergo further fragmentations 

eq. (5.161) 428,431'439’448~450 The addition often takes place at the C = S bond, 

giving rise to thioamides. The cycloaddition of nitrones to carbodiimides leads 
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to l,2,4-oxadiazolidin-5-imines, which subsequently rearrange to triazolidin-5- 

ones 297 or amidines, eq. (5.162).451,452 The cycloaddition of nitrile oxides to 

imidazoles,421 2-pyrazolines,453 and 1,2-diazepines454,455 gives rise to new 

condensed heterocyclic systems. C-Aryl nitrones react in a BF3-catalyzed 

reaction with nitrile oxides to give the 2,3-dehydro-1,4,2,5-dioxadiazine ring 
system 298.456 

(5.162) 

Nitrile oxides cycloadd to aliphatic aldehydes and ketones activated 

by electron withdrawing groups, such as a-keto esters, chloral, aromatic 

aldehydes, a-diketones, and quinones to form 1,3,4-dioxazolidines, 
eq. (5.163).355,360,380,390,396,397,457-469 Simple aliphatic aldehydes do not react 

but can be brought into reaction as BF3 complexes: however, the ester function 

is inert. 

(5.163) 

Only one report has been published on the cycloaddition of a nitrone to a 
carbonyl compound. It has been shown that 2,5-di-t-butyl-4-phenyl-l,3,4- 

dioxazolidine (299) undergoes cycloreversion, eq. (5.164) 470 

-cho + (5.164) 
Ph 

299 

The high reactivity of the C=S bond in thioaldehydes, thioketones 471-481 

thiono esters,471,472,482-484 thioamides,485,486 thioketenes 487-490 isothiocyan¬ 

ates,428,439,491,492 and carbon disulfide428,434,438,439,493-495 with nitrile oxides 

and nitrones is well documented, eqs. (5.165),(5.166). 

The 1,4,2-oxathiazolines 300 and 1,4,2-oxathiazolidines 301 are unstable 
and fragment spontaneously or when heated. The fragmentation of 300, 
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s=c / 
V 

RCNO (5.165) 

R' 

R1 

S 

s=c 

^R2 

= R2 = H, Alkyl, Aryl 

R1^ 
-2 

301 

? R 
= Alkyl, Aryl; R = OR, OS, 

/R' 
2 = thioketene, thioisocyanate, 

R 
carbondisulfide 

(5.166) 

eq. (5.167), is used to convert thiones into carbonyls.496 Compound 301 gives 

imines or thioamides, depending on the nature of the R group, eq. (5.168). 

R= Aryl 

R= Alkyl 

(5.167) 

(5.168) 

Cycloadditions of nitrile oxides or nitrones to C = P,497 506 C = Se 507 N = P 423 
N=N5508-510 N = B511N=S?512-52landS=O522-525 bondshavebgencar;ied 

out to give several unusual, more or less stable, heterocycles, such as 1,2,5- 

oxazaphosphole 302, 1,2,5,3-oxadiazaphosphole 303, 1,2,3,5-oxatriazole 

304, 1,3,5,2-oxadiazaborole 305, 1,2,3,5-oxathiadiazole 306 and 1,3,2,5- 

dioxathiazole 307. They frequently undergo spontaneous ring fission and form 
various products.125,383-385,526 

\l 1 
XN-1 

>}x<K^\ 
Yn 

302 303 304 

i l 
/V x 

0-1 

0AA 
305 306 307 
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5.17 REACTIONS WITH a-CHLORONITRONES 
AND a,0-EPOXYNITRONES 

The a-chloro- and a,/5-epoxynitrones have recently been introduced as useful 

reagents in organic synthesis.527-536 a-Chloronitrones are prepared either by 

chlorination of alkylnitrones with iV-chlorosuccinimide (NCS) or by reaction of 

a-chloroaldehydes with /V-alkylhydroxylamines.527 The a,/5-epoxynitrones are 

prepared from a,/?-epoxyaldehydes with /V-alkylhydroxylamines, eqs. (5.169), 

(5.170).536 Cyclohexylhydroxylamine is commonly chosen as reaction compon¬ 

ent because it gives reasonably stable nitrones. 

o 

H 
F^NHOH 

R = H, Alkyl 

R* = t-Bu, £-Hexyl 

NCS (5.169) 

(5.170) 

Reaction of nitrone 308 with silver ions produces the N-alkyl, /V-vinyl- 

nitrosonium ion 310, which participates smoothly in a ds-1,4-cycloaddition 

with olefins to give the 1,2-oxazinium ion 311. Treating 311 with potassium 

cyanide gives the stable nitrile 312.527 The diastereoisomeric mixture 312 
undergoes base-promoted ring contraction to the y-lactone 313.528 If R = 

CH2C1, a-methylidene-y-lactone 313 (R = CH2=) is obtained.530 Deprotona¬ 

tion of 311, cycloreversion of the intermediate 314, and hydrolysis lead to 

cleavage of the olefinic bond and formation of the functionalized a,/?- 

unsaturated aldehyde 315, eq. (5.171).529 When the addition of 310 to olefins is 

carried out in a polar solvent, substitution takes place to give stereospecifically 

the /5,y-unsaturated nitrone 316, eq. (5.172).531 The cycloaddition products 317 
from the nitrosonium ion 310 and acetylene fragment along a different pathway. 

The basic reagent adds to the oxazinium ion 317, and the acetylene is eventually 

transformed into an a,/5-unsaturated ketone 318, eq. (5.173).532 

a,/5-Epoxynitrones 309 can be transformed into N-alkyl, N-vinylnitro- 

sonium ions 319 with trimethylsilyl triflate, eq. (5.174).536 They undergo 
1,4-cycloadditions with olefins and rearrange in analogy to the reaction shown 

in eq. (5.171). 

The interest in the synthetically useful 1,2-oxazines is manifested in the search 

for other routes to these compounds, i.e., alkylation of 1,2-oxazines536,537 or 

Diels-Alder reactions with nitrosoalkenes.538,539 



190 Applications in Synthesis 

(5.173) 

(5.174) 
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5.18 CYCLOADDITION OF OXIMES WITH 
OLEFINS 

There are some reports in the literature on the cycloaddition of oximes to olefins 

or acetylenes.540 550 Acrylonitrile and methyl acrylate react with formaldoxime 

to give a mixture of the isoxazolidines 320 and 321, eq. (5.175).540 The formation 

of 320 is explained by the supposition that the oxime reacts in its tautomeric 

nitrone form, which may be present in minute amounts. The order of events in 

the reaction leading to the 2:1 adduct 321, eq. (5.175), is not fully known, but 

route b seems to be the most favored pathway.547 Since formaldoxime is prone 

to polymerize and this process passes a nitrone stage 323, it is quite conceivable 

that 320 is formed as depicted in eq. (5.176). This mechanism is supported by the 

isolation of compound 324.545 A number of 2,3,5-substituted isoxazolidines are 

prepared from various aldoximes or ketoximes and olefins substituted with 

electron withdrawing groups. It is suggested that the acid catalyzed intra¬ 

molecular cycloaddition eq. (5.177) proceeds via a cationic intermediate, since the 

thermal cycloaddition fails. The corresponding phenyl derivative does not give 
any cycloadduct.550 

hcK 

ch2 

N 

b 

322 

(5.175) 

R = CN, C00CH3, COCH3 

jjH2 + H2C—n 

r h 

^0H 

(5.176) 

324 
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(5.177) 

5.19 CYCLOPENTANE DERIVATIVES, 
PROSTAGLANDIN PRECURSORS, AND 

TERPENOIDS. RING ANNULATION, 
INTRAMOLECULAR CYCLIZATION, 

BRIDGED CYCLOALKANES 

Numerous routes are available for preparing cyclopentane derivatives, but 

simple procedures are always in demand because cyclopentanes are structural 

units in many important natural products, such as rethrolones (insecticides), 

prostaglandins (hormones), and cyclopentanoid terpene derivatives.551 One 

method for synthesizing 2-cyclopentenones is based upon the base-catalyzed 

cyclization of 1,4-diones, which now are available via cycloaddition of silyl 

nitronates or nitrile oxides to vinyl ketones and subsequent reduction of the 3- 

alkyl-5-acyl-2-isoxazolines produced.58,136,137 145,552 Allethrolone (325) is 

synthesized from 5-nitro-l-pentene and methyl vinyl ketone according to 

eq. (5.178).58 In an analogous way calythrone (326),58 eq. (5.179), dihydrojas- 

mone (327),145 tetrahydrorethrolone (328),145 and dihydrocinerolone (329)552 
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are prepared, eq. (5.180). This methodology opened a novel route to prostan¬ 

oids, and this was borne out in practice by the synthesis of the prostaglandin 

intermediates 330,136,145 and 331,137,552 eqs. (5.181),(5.182). 

EtO' 

CH300C(CH2)7CN0 

The lower /Tchain of prostanoids has been elaborated via isoxazole deriv¬ 

atives,119 eq. (5.183). Isoxazoles have also been applied as intermediates in the 

synthesis of 8-aza-ll-deoxyprostaglandins.553 
Intramolecular cycloaddition of C-alkenyl nitrones554-558 and alkenyl nitrile 

oxides555,559-561 is an efficient and general route to 5-, 6- and higher-membered 

carbocyclic and heterocyclic rings. This methodology has been used to syn¬ 

thesize prostanoids, terpenoids, various bridged and condensed cycloalkanes, 

alkaloids (Section 5.20), carbohydrates (Section 5.21), and miscellaneous 

natural products (Section 5.23). 
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Chiral cyclopentanoles have been prepared by reductive cleavage of 6-bromo- 

6-deoxy- and 6-iodo-6-deoxyglucosides with zinc followed by ring closure with 

iV-methylhydroxylamine and catalytic reduction, eq. (5.184).562-565 The tosy- 

lated isoxazoline 332 is directly hydrogenated over Raney-Ni to the aziridine 

333, which in subsequent steps can be transformed to the chiral epoxy lactone 

334, a prostaglandin intermediate.563-565 The cyclization is characterized by 

being highly diastereoselective. The large groups at C6,8 are located on the less 

congested convex side.566 

V =_ 

'O 

334 

The cyclopentane ring of sarcomycin 336567 and of the prostaglandin 

F2a intermediate (337)568 are assembled according to the same principles, 
eqs. (5.185),(5.186). 

The configuration at C5,6 in 335 is controlled by steric interactions in the 
transition state, as demonstrated in eq. (5.187).569 

Intramolecular cycloaddition of C-alkenyl nitrones 338 with a propylene 

chain gives the cis-fused bicyclo [3.3.0] octanes (339, route a), which are less 
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(5.185) 

PGF 
2a 

preferred 

strained than the trans-fused isomers (340, route b). When both R1 and R2 are 

alkyl groups, steric interaction in the eclipsed transition state favors formation 

of the bridged products (341, route c), eq. (5.188).554 The configuration of the 

olefin is retained in the product 339 with R1 and R3 in the trans-position. The 

homologous nitrone 342 gives a cis-trans mixture of [4.3.0] nonanes 343, 344 

and minor quantities of the bridged [4.2.1] nonane derivative 345, eq. (5.189). 

This result is explained by the higher flexibility of the six-membered ring in the 

transition state.570-575 It is difficult to predict the steric outcome of the reaction 

because of uncertainty about the stability of the syn-anti forms of the nitrone, 

but if this barrier of rotation is higher than the activation energies for the 

transition states represented by 342, the ratio of 343:344:345 is determined 

kinetically by the conformational energies of 342. At higher temperatures 

(200-300°C) considerable retro condensation occurs, which is evident from the 

observation that the composition of the products 343-345 slowly changes to the 

thermally most stable mixture. 
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The usefulness of the intramolecular nitrone cyclization is demonstrated by 

the syntheses of a variety of polycyclic structures,555 eqs. (5.190)—(5.221). 

Selective reduction of the N—O bond produces a skeleton functionalized with 

hydroxy and amino groups. If the alkenyl group is attached to the nitrogen 
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atom, it is built into the ring. This case is treated in more detail in connection 

with the synthesis of alkaloids (Section 5.20). 

(5.195)571 
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(5.201)580 
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(5.202)581 

/ 
✓ 

CHz)^ 

(5.203)582 

ITS 
OH 

0 
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| | (5.207)586 



Cyclopentane Derivatives, Prostaglandin Precursors, and Terpenoids 201 

R 

CH3NHOH 

110 °C (5.211)549,588 

R = H, CH3,Ph, COOCH3, CH2C1 
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a: PhNHOH 

RNHOJH 

X = CH, N; y = (CH2) , n = 0,1 

R = Alkyl n 

(5.218)593 
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(5.220)593 

The nitrone cycloaddition has been used as key step for constructing the 

linearly fused tricyclopentanoids hirsutene (346) and coriolin (347) and the 

bridged sesquiterpene 7,12-secoishwaran-12-ol (348),593,594 eqs. (5.222),(5.223), 

and cf. eq. (5.218). 
OH 
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1. PBA 

2. LiAlH4 

348 

The diastereomeric racemic (6S, 7S-6R,7R)-a-bisabolol (351) and (6S,7R- 
6R,7S)-a-bisabolol are stereospecifically synthesized from (6Z)- and (6£)-farnesol 

(349), respectively, using intramolecular cycloaddition of the corresponding 

N-methylnitrones as the key step controlling ring formation and stereochemis¬ 

try, eq. (5.224).595,596 The isoxazolidine ring is cleaved by quaternization of the 

nitrogen atom with methyl iodide. Treating the salt with a base affords the 1,3- 

oxazine 350. Subsequent quaternization with methyl iodide and reductive 

deamination with lithium in ammonia gives a-bisabolol (351). In initial ex- 

(5.224) 

351 350 
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ploratory work citral was transformed into a-terpineol (352),595 eq. (5.225). In 

an analogous way diterpenes a- (353) and /?-eudesmol (354) and their dia- 

stereomers have been synthesized from methyl farnesate, eq. (5.226).597 

(5.225) 

352 

The remote chiral center at C25 in la,25S,26-trihydroxycholecalciferol (359) is 

introduced regio- and, to a certain extent, stereoselectively by cycloaddition of 

the C23-nitrone 355 with methyl methacrylate. The diastereoisomeric (23S, 

25S)-isoxazolidine 356 is obtained in 36% yield, but after separating the 

desired 356 the remaining diastereomeric mixture can be thermally equilibrated 

to give a total yield of 71 % of 356. Compound 356 is transformed into 358 via 

357 by conventional procedures,598 eq. (5.227), and finally into 359. 
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1. Hofmann 

2. Pd H2 

H 

H.CH3I 

2.LiAlH4 

degradation 
3.(CH3)2C(0CH3)2 

The attempt to construct the carbocyclic skeleton of the antitumor ses¬ 

quiterpene quadron (360) by intramolecular nitrone cyclization,599 eq. (5.228), 

met with failure, possibly as a result of congestion around the double bond. 

Ring annulation by intramolecular nitrile oxide cycloaddition is used to 

construct the basic iridodial ring skeleton 361 with steric control,560,600 
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361 

eq. (5.229). The hydroazulenenone ring system 362 is prepared analogously,601 

eq. (5.230). Via tandem Diels-Alder dipolar cycloadditions, multiply fused 

carbocyclic systems can be constructed with regio- and stereochemical con¬ 

trol.602 The initial Diels-Alder reaction generates a double bond suitably 

located for the subsequent dipolar addition, eqs. (5.231),(5.232). The inter- 

362 

(5.230) 

cooch3 

365 364 
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mediate 363 offers two reactive sites for capturing the nitrile oxide. The 

preference for forming the more-strained eight-membered ring product 364 
reflects the higher reactivity of the a,/?-unsaturated carbonyl system. When this 

bond is reduced, the anticipated six-membered ring system 365 is formed. Then 

reactions shown in eqs. (5.233)—(5.235) provide further examples of construction 

of five- and six-membered carboxylic rings via intramolecular nitrile oxide 

additions serving as key steps in the synthesis of a-methylene-y-lactones 

366,603 <5-lactones 367,68 and the hexahydronaphthalene moiety of compact- 
in (368).68,735 

OTHP 

R1 = R2 = CH3, (CH2)3, (CH2X 

R1 = H 

R2 = C6Hi3, Ph 

THP = tetrahydropyranyl 

1. TsOH 

2. Mnd2 

Compactin 

(5.235) 
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The oxidative homolytic fragmentation of /i-stannyl oximes by the action of 
lead tetraacetate at — 60°C leads to stereospecific formation of unsaturated 
nitrile oxides. It offers a new approach to isoxazolines involving ring contrac¬ 
tion, eq. (5.236). A variety of oxygen-containg ring systems have been 
prepared,559-605 eq. (5.237); cf. eq. (2.28). 

R = H,Ph 

5.20 1,3-AMINOALCOHOLS. ALKALOIDS. 
INTRAMOLECULAR CYCLIZATION 

The 1,3-dipolar cycloaddition of nitrones, nitronates, and nitrile oxides to 
olefins is especially suited for the synthesis of alkaloids because the introduction 
of the nitrogen atom occurs simultaneously with the assembly of the carbon 
skeleton. When intramolecular cyclization of C-alkenyl-substituted nitrones 
occurs, the nitrogen atom becomes a substituent of the carbocyclic ring (cf. 
Section 5.19), whereas iV-alkenyl nitrones give rise directly to the A-heterocycle. 
The oxygen atom of the dipole is incorporated as a highly desirable hydroxy 
function, which either can be oxidized to a carbonyl group or eliminated to give 
unsaturation. Finally, both the regio- and stereoselective characteristics of the 
cycloaddition are to a great extent known, which enables us to make important 
predictions about the steric outcome of the reaction. 

The isoxazolidines and isoxazolines are masked 1,3-aminoalcohols, and 
therefore valuable intermediates for a general synthesis of this class of com¬ 
pounds and the potentialities of the procedure were rapidly realized. The 
reductions of isoxazolidines and 2-isoxazolines proceed smoothly with lithium 
aluminum hydride to 1,3-aminoalcohols, whereas isoxazoles are hardly affected 
by this reagent. Catalytic hydrogenation and reduction with titanous ions cleave 
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selectively the N—O bond. The reductions of the isoxazole and their hydrogen¬ 

ated derivatives are discussed and referenced in Sections 1.4-1.6. Amino acids 

and carbohydrates, which contain the 1,3-aminoalcohol functionality, are 

discussed separately in Sections 5.21 and 5.22. 

The steric structure of the 1,3-aminoalcohol is already embedded in the 

isoxazolidine to be reductively cleaved and is determined by the structure of the 

interacting dipole and dipolarophile and, to a minor extent, by the cyclization 

conditions. Furthermore, it should be kept in mind that the cycloaddition is 

strictly a cis-addition; thus (Z)- and (F)-olefins give entirely different products. 

The reduction of 2-isoxazolines creates a new asymmetric center at C3, and the 

diastereomeric ratio is controlled by the reducing agent and the substituents 

at the C4-, C5-, and C3-Ca-carbons. Since 2-isoxazolines 369 are readily avail¬ 

able, it is important to find experimental conditions allowing steric control 

in the reductive step, eq. (5.238). It is shown that BH3:S(CH3)2, NaBH4, 

Zn/HOAc, Na,Hg/H20, Na/C2H5OH, Na/t-C4H9OH, Pd/H2, and 

NaAlH2(OCH2CH2OCH3)2give poor stereoselectivity,608-612 whereas Li A1H4 or 

diisobutyl aluminum hydride (DIBAL) in ethyl ether turn out to be suitable 

reducing agents both with regard to yield (ca. 80-90%) and to steric discrimina¬ 
tion,203,606,607’613 (ee ca. 70-90%),606,607 giving the erythro-isomer 370 as the 

major product. 

R1, R3 = H 
R1, R3 = H 
R1, R2 = CH3 
R1 = CH3 
r1 = Ca = Ph 

R2 = CH3 
R2 = i-C3H7 
R3 = H 
R2, R3 = H 
R2, R3 = H 

Ca — Ph 
Cx = Ph 
Ca = Ph 
Ca = CH3 

371 

370:371 
69:31 
85:15 
90:10 
85:15 
95:5 

(5.238) 

It is observed that the asymmetric induction of the C5-substituent R1 is 

stronger than that of the C4-substituent R2,3. The related acyclic /?-hydroxy-0- 

benzyloximes are stereoselectively reduced by LiAlH4 in THF, eq. (5.239).615 

The syn-oxime gives throughout higher enantiomeric ratios: for R1 = R2 = Bu, 

372:371 (from syn) = 95:5, (from anti) = 79:21; for RJ = Ph, R2 = CH3, 
372:371 (from syn) = 88:12, (from anti) = 85:15. 

THF, 25 °C 

/OBn 
)H N, 

(5.239) 

R 
,2 372 373 
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Replacement of ether by THF as solvent for the LiAlH4 reduction of 2- 

isoxazolines strongly influences the product composition in that aziridines 
become the major product.204 

Phytosphingosin (374) is prepared as depicted in eq. (5.240).616 Hydroxyla- 

tion at C4 and reduction of the C3=N bond occur predominantly trans to the 

C5-alkyl chain. Stereospecific reduction and cleavage of the isoxazoline 375 have 

been used as one of the key steps in the synthesis of the antibiotic ( —)- 
vermiculine,614 eq. (5.241). 

H29CU PhNC0,Et3N 

H29C14 

1. LDA, -70 °C 

2. b(och3 )3 (5.240) 
3. H2O2, Et3N 

HO/. 
1. LiAlH4 
2. H+ 

H29C14' 

"OTHP 

ca.100% 2-BU2AIH 

THE 
(5.241) 

A route to homoallylamines is shown in eq. (5.242).617 Allyltrimethylsilane 

adds regioselectively to nitrones and nitrile oxides to give 5-substituted 

isoxazolidines and isoxazolines. The 1,3-aminoalcohols obtained by reduc¬ 

tive cleavage are readily converted into homoallylamines by Peterson-type 

elimination. 
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Si(CH3)3 

r'ceno R*= Alkyl, Aryl 

R2,R3= H,Alkyl, 
, Aryl 

RaNi or 

Pd/C,H2 

Si(CH3)3 

LiAlH4 

Ti4 + 

Si(CH3)3 

H+ or 

Base 

H+ or 

Base 

(5.242) 

The hepatotoxic pyrrolizidine or Senecio alkaloids were early target mol¬ 

ecules for the nitrone-based methodology. Methyl 3-hydroxycrotonate cy- 

clo adds regio- and stereospecifically to 1-pyrroline-l-oxide to give the adduct 

376, eq. (5.243). Reductive cleavage of the mesylate and concomitant cyclization 

leads to the hydroxypyrrolizidine 377, which on dehydration and reduction with 

the lithium aluminum hydride-aluminum chloride couple gives (±)-supinidine 

(378).618 Minor products from the final reduction step are presumably ( + )- 

trachelantamidine (379) and (±)-isoretronecanol (388). 

R = OSO2CH3 

Pd/C- H2 (5.243) 

379 378 377 
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This work was extended to the syntheses of (±)-retronecine (383) and ( + )- 

croalbinecine (384)384 619 by using the functionalized ketal nitrone 380 as 

starting material, eq. (5.244). The pyrrolizidine 381 is readily dehydrated, 

hydrolyzed, and reduced to 383. The synthesis of (±)-croalbinecine (384) 

involves an ester epimerization, reduction, and acetylation to 382 before final 
hydrolysis and reduction to 384. 

och3 

0 

380 

(5.244) 

(+ )-Isoretronecanol (388) is stereoselectively synthesized by the 1,3-dipolar 

addition of 1-pyrroline-l-oxide to dihydrofuran, eq. (5.245). The exo-transition 

state 385 is highly favored over the endo-transition state 386 and gives the 

adduct 387. Reduction with lithium aluminum hydride in THF followed by 

silylation, selective iodination, and fluoride ion-induced cyclization give 388.620 

H H 

F I 
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Nitrone methodology has successfuly been used to synthesize indolizidine 

alkaloids occurring in Elaeocarpus species of the rain forests of New Guinea. 

The readily available 1-pyrroline-l-oxide, which turns out to be useful in a 

number of alkaloid syntheses, is added to the styrene 389. The isoxazolidine 

390 is reductively cleaved. Oxidation of the hydroxy group gives the amino- 

ketone 391, which on treatment with acrolein and base-catalyzed cyclization 

is converted to 392. Demethylation and subsequent spontaneous Michael 

ring closure form a separable mixture of (±)-elaeocarpine (393) and (+)- 

isoelaeocarpine (394),621 eq. (5.246). (±)-Elaeokanine-A (396) and (±)-elaeo- 

kanine-C (397) are synthesized analogously from 1-pentene and 1-pyrroline-l- 

oxide,622 eq. (5.247). The stereostructural relationship at C3 and C5 in 390 and 

(5.247) 
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395 demonstrates that the reactants are predominantly exo oriented in the 

transition state.623 (±)-Eleaokanine-A (396) and -C (397) have also been 

synthesized by a slightly different route,624 eq. (5.248). 

1. N-alkylation, R= mesyl 

2. Zn,H+ 

396 + 397 

1-Pyrroline-l -oxide is added to the a,/?-unsaturated ketone 398 to give the 

isoxazolidine 399, which is converted into 396 and 397 by intramolecular N- 

alkylation by the mesylate and reductive ring cleavage with zinc powder in 

acetic acid. 

(±)-Septicine (403), isolated from Ficus septica, is prepared by cycloaddition 

of 1-pyrroline-l-oxide to 2,3-bis(3,4-dimethoxyphenyl)butadiene (400) to give 

a 1:2 mixture of the isoxazolidines 401 and 402, eq. (5.249). The latter com¬ 

pound is processed further to 403,625 which changes into the antitumoreactive 

tylophorine (404) by UV irradiation. An alternative synthesis of 403 and of 

the photocyclization product 404 is shown in eq. (5.250). Cycloaddition of 

(5.249) 
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1-pyrroline-l-oxide to 3,4-dimethoxystyrene and sequential reductive ring 

cleavage and acylation affords 405. Chromic acid oxidation, aldol condensation, 

photocyclization, and LiAlH4 reduction complete the synthesis of 404.626 
(±)-Ipalbidine (406), the aglycone of ipalbine and ipomine, isolated from 

seeds of Ipomoea species, have been synthesized analogously to eq. (5.250) from p- 

allylanisole and 1-pyrroline-l-oxide.627,628 

The tropane skeleton 407 is available by intramolecular cycloaddition of 5- 

allyl-1-pyrroline-l-oxides eq. (5.251).629,630 The addictive alkaloid cocaine, 

found in Erythroxylum coca, which is indigenous to South America, has been 

synthesized with a high degree of stereochemical control by initial cycloaddition 

of 1-pyrroline-l-oxide to methyl 3-butenoate in refluxing toluene and subsequent 

peracid cleavage570 to a second nitrone 408,631-633 eq. (5.252). Since elimina¬ 

tion of water cannot be achieved in the presence of the nitrone moiety in 408, this 

function is protected with methyl acrylate as the isoxazolidine 409. Thermal 

cycloreversion and intramolecular cycloaddition give 410, which is converted to 
(+ )-cocaine (411). 

The bloom-forming cyanophyte Anabaena flos aquae produces a highly toxic 

alkaloid, anatoxin-a (412), causing losses of cattle. This alkaloid is structurally 

related to the tropane alkaloids, and the synthesis is carried out analogously to 

eq. (5.252) from 1-pyrroline-l-oxide and the dienol 413,634 eq. (5.253). 
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1. Addition 

2. PBA 

COOCH3 

I.CH3I 

1. Methyl acrylate 

2. -H2O 

H 

[ox] (5.253) 

bH 

A major constituent of the poison gland secretion of the Solenopsis thief ants 

is the trans-dialkylsubstituted pyrrolidine 414. The synthesis of the trans-isomer 

is achieved by double nitrone cycloaddition, eq. (5.254).384 
A number of alkaloids have been prepared by utilizing A1-piperidine-1-oxide 

(415) as a building block, which gives an entrance to the six-membered ring 

alkaloids of the piperidine and quinolizidine groups. The methodology is the 

same as developed for the pyrrolidine analogues. The structurally simple Sedum 

alkaloids (±)-sedridine (416) and (+)-allosedamine (417) are constructed 

stereoselectively according to eq. (5.255).623 
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2. Rany-Ni, 

3. Dehydroxylation 
(5.254) 

trans:cis, 9:1 

414 

41_7 R= Ph, 78% R = Ph, 22% 

If A1 -piperidine-1 -oxide (415) is substituted for 1-pyrroline-l-oxide in the 

reaction shown in eq. (5.250), the closely related alkaloids (±)-julandine (418) 
and (±)-cryptoleurine (419) are obtained,635 eq. (5.256). 

(+)-Lupinine (420), a constituent of several Lupinus species, is prepared 

analogously to 388 from 415 and dihydropyran,620 eqs. (5.245) and (5.257). 

Another route to 420 and (±)-epilupinine (423) starts from 415 and methyl- 

(£)-5-mesyloxy-2-pentenoate to give the salt 421, which is reductively cleaved 
and dehydrated to the ester 422, which is reduced to 420,636 eq. (5.258) 

A route to 4-substituted quinolizidines 424, 425 has been devised,384’637 

eq. (5.259). Under equilibrating conditions 424 converts into the more stable 425 
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415 + 

R = Ph,CH3 

425 424 

(Myritine, R = CH3) 

(5.259) 

(R = Ph). Similar nitrone methodology has been applied in the synthesis of 4- 

aryl-2-hydroxyquinolizidines (426, 427),638 (+ )-lasubine I,II (428, 429),639 (±)- 
decaline (430), and (±)-vertaline (431),640 having a unique macrolide structure. 

The synthesis of 426 and 427 is shown in eq. (5.260). On refluxing the 

homoallyllic alcohol 432 with 415 in toluene, one obtains the isoxazolidine 433 
as a diastereomeric mixture, which is mesylated, cyclized, and reduced to the two 

quinolizidines 434 and 435. They could be separated as the acetates. Compound 

435 is hydrogenolyzed to the naturally occurring alkaloid 426. Compound 434 is 

converted into 427 by inversion of its C2 center by using the Mitsunobu 
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(5.260) 

reaction, (Ph3P, diethyl azodicarboxylate, and benzoic acid) and subsequent 

hydrogenation to remove the protecting benzyl group in the aromate. 

A stereo controlled synthesis of (±)-porantheridine (436) and the related 

alkaloid (±)-porantherilidine (437), isolated from Poranthera corymbosa 

(Euphorobiaceae), has been reported,641 eq. (5.261). The nitrone 438, prepared 

1. Mitsunobu 

2. H+ 

3. Cr03 

A.Na2C03 

(5.261) 

436 437 
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from 415, is condensed with 1-pentene to give the frans-alkylated adduct 439 on 

subsequent catalytic reduction over Raney-Ni. Inversion of the C2 center by 

using the Mitsunobu reaction, elimination of the benzyl group by catalytic 

hydrogenation, chromic acid oxidation, and enamination give 440, which finally 
is cyclized to 436. 

(±)-Adaline (441), extracted from the ladybug Adalia bipunctata, has been 
synthesized according to eq. (5.262).642 

A stereoselective synthesis of a-isospartein (442), found in several species of 

the Leguminosae family, has been achieved by adding 2 moles of nitrone 415 to 

4H-pyran,643 eq. (5.263). Catalytic reduction of the adduct 443 gives the natural 
product directly. 

H H H H 

H H 

m (5.263) 

|Pd,H2,CH30H 

H d H H 

442 

The electrophysiologically active histrionicotoxins, isolated from the skin of 
poisonous Columbian frogs,644 have an unusual spiropiperidine skeleton with 

acetylenic or allenic functions in the side chain 444a,b. The alkaloid skeleton has 

been assembled from the nitrone 445, which chiefly gives the adduct 446 and 

minor amounts of the desired isomer 447. When 446 is refluxed in toluene, it 

rearranges slowly into 447. Catalytic reduction over Raney-Ni gives the model 

spiro compound 448,645 eq. (5.264). Unfortunately the nitrone 449, which is 

suitably substituted to be elaborated to perhydrohistrionicotoxin itself, gives the 



Ra-Ni 

H2 (5.264) 

wrong cycloadduct 450, which refuses to equilibrate to the desired isomer 
451?645,646 eq (5 265). 

Attempts to assemble the skeleton of certain Amaryllidaceae alkaloids by the 

nitrone route have also been met with resistance. It was assumed that the 

antitumor agent pretazettine (452) could be prepared from the nitrone 453 by 

retrosynthesis, as shown in eq. (5.266).647 Model reactions show that 5- and 6- 

alkenylnitrones give predominantly the desired fused isoxazolidines 454,455,456, 
but when 6-alkenylnitrones carrying an aryl group at C6 are tested only bridged 

isoxazolidines 457 are obtained. Thus, these Amaryllidaceae alkaloids are not 

directly available by this particular method of cycloaddition, eqs. (5.267),(5.268). 
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Rl 

454 : 455 = 99 : 1 

456 : 457 = 99: 1 

r‘= CO2C2HS, R2= H, R3= Ph, r4= ch3 

456 : 457 = 1 : 99 

(±)-Pumiliotoxin-C (458), another venomous metabolite in the skin of 
Columbian frogs, has been synthesized according to eq. (5.269).557 

PhS02^\. 

C-Alkenylnitrones have been used in most of the intramolecular cyclo¬ 

additions described in the preceding sections. The research on intramolecular 

cycloadditions of N-alkenylnitrones [cf. eqs. (5.251) and (5.269)] is of some¬ 

what later date,629 630 648 but the characteristic features of these reactions 

are now known to a great extent.649 In connection with the synthesis of the 

Lycopodium alkaloid luciduline (459), it was found that the nitrone Ca-carbon 

attacked exclusively the nearest olefinic carbon atom,650 eq. (5.270). The 

regioisomer 461 was not observed. Steric factors and electronic factors as 

controlled by frontier orbital overlap are delicately balanced in these cyclo¬ 

additions. Table 5.4 shows intramolecular cycloadditions of 1-alkenylnitrones. 



224 Applications in Synthesis 

The observed regioselectivity grossly agrees with the assumptions that in the 

transition state the carbon-carbon bond is slightly more developed than the 

carbon-oxygen bond, and that the ring strain is higher in five- and seven- 

membered transition states, leading to structures 461, 463, 465, 472 (n = 1), 475 
(n=l), 479, and 482, than in six-membered transition states, leading to 

structures 460, 462, 466, 471, 474, 480, and 483. However, in nitrone 464 with an 

end double bond (R1 = H), ring strain effect is counterbalanced by the more 

favorable frontier orbital overlap in the transition state, leading to 465. The 

outcome of the reaction agrees with the general observation that monosub- 

stituted olefins cycloadd to nitrones and nitrile oxides to give 5-substituted 

isoxazolidines and isoxazolines. In the nitrone 461 both effects cooperate. 

The isoxazolidine 472 (n — 2) has been reduced to the alkaloid (+)-nitramine 
(487),651 which is structurally related to histrionicotoxin, eq. (5.271). 

Isonitramine (488a) and sibirine (488b) have also been obtained in modest 

yields by the nitrile oxide route,653 eq. (5.272). 
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Table 5.4. Intramolecular Cycloadditions of A-Alkenylnitrones 

Nitrone Cycloaddition products 
Yield (%) 

Refs. 

r^JL 
461 

ch2) 

473 

K 

462 
R = Ar, R1 = H (72) 

R = Ar, R1 = CH3 (85) 
R = H, R1 = CH3 (76) 

R, R1 = H, R2 = CH3 (77) 
R, R1, R2 = H (23) 

R = Ar, R1 = H, R2 = CH3 (93) 
R, R2 = H, R1 = CH3 (-) 
R, R1 = Ar, R2 = H (—) 

n= 1, R = H (74) 
n= 1, R = Ar (97) 
n = 2, R = H (20) 

RyhtH2)n 

474 
n= 1, R=Ar(64) 
n = 2, R = Ar (48) 

463 

(-) 

(-) 

(-) 

(10) 

(48) 

(-) 
(95) 
(95) 

648 
649 
649 

649 

649 

(-) 
(50) 

Q/,|''(CH2)r 

649 
649 
651 

475 

(-) 
(32) 

649 



226 Applications in Synthesis 

Table 5.4. (continued) 

Nitrone Cycloaddition products 
Yield (%) 

Refs. 

1. HS(CH2)2SH,H+ 

2. Bu3Sn H (5.272) 
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The 3-pyridylnitrone 489 adds to methyl acrylate to give the isoxazolidine 
490, which has been transformed into the hydroxycotinine (491), a metabolite of 

nicotine, isolated from urine,654 eq. (5.273). Acetylnornicotyrine (492) is pre¬ 

pared from 3-formylpyridine and allylacetamide according to eq. (5.274).166 

.OH 

N" '0 
I 
ch3 

,cooch3 

1. MsCl,Py 

2. NaOAc 

3.0H~ 

Ra-Ni,H2 

..OH 

.N^o 
I 
ch3 

(5.273) 

491 

1. NH2OH 

2. NCS 

3. Allylacet¬ 
amide 

2.AcOH,A 

In a search for a new analgesic several analogues of /Tprodine (493) have been 

synthesized by utilizing nitrone cycloaddition methodology.655 Methylene- 

nitrone is added to esters of the general structure 494, and the isoxazolidines 

produced are then reductively cleaved and cyclized to tricyclic prodine ana¬ 

logues 495, eq. (5.275). 
The (— )-enantiomer of the antimicrobial and cytotoxic metabolite ptilocaulin 

(496), isolated from the orange Caribbean sponge Ptilocaulis off. P. spiculifer, has 

been synthesized by employing intramolecular cycloaddition as the key step, 

eq. (5.276). Guanidation of 497 with l-guanyl-3,5-dimethylpyrazole nitrate at 

ca. 150°C gives 496 as the major product.656 

The pharmacologically highly active ergot alkaloids first isolated from 

Claviceps-type fungi have a structure ideally suited to be assembled by nitrile 

oxide or nitrone cyclization as the key step. Chanoclavine I (498), iso- 

chanoclavine I (499), 6,7-secoagroclavine (500), paliclavine (501), chanoclavine 

II (502), and costaclavine (503) have been synthesized by nitrone method¬ 

ology.657 In reaction eq. (5.277) the synthesis of chanoclavine I (498) is depicted. 

Indole-4-carboxaldehyde (504) is subjected to a Wittig reaction, giving the 

unsaturated ester 505. The conventional Manich reaction, cyanide displacement 

and selective reduction of the nitrile with Raney-Ni and sodium hypophosphite 
give the aldehyde 506. Treatment of 506 with N-methylhydroxylamine hydro- 
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494 

m = 0,1 

n = 1-3 

ch3 

ch3 

1. Ra-Nl,H2 

2. A 
(5.275) 

ch3 

495 

NH2 + 

496 

(5.276) 

chloride leads to an isomeric mixture of isoxazolidines 507 and 508 in a ratio of 

4.1. Each isoxazolidine cycloreverts into the same equilibrium mixture in 

dichlorobenzene at reflux. Reduction of the ester group in 507 with lithium 

aluminum hydride, cleavage of the N—O bond by catalytic reduction over 
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1. LiAlHi* 

2. Ra-Ni,H2 

3. (t-Bu 0C0)20 

4. NaI04 

498 509 

(5.277) 

Raney-Ni, introduction of a protecting group, and periodate cleavage of the diol 

give the ds-aldehyde 509, which slowly epimerizes to the more stable trans-form. 

Wittig’s reaction, removal of the carbo-t-butoxy group with trifluoroacetic acid 
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and reduction with DIBAL afford (±)-chanoclavine I (498). The intermediate 
509 has also been converted to alkaloids 499-503. 

Agroclavine I (510) is analogously assembled from the indole derivative 511 

by intramolecular cycloaddition with methylhydroxylamine to the tetracyclic 

isoxazolidine 512, which on exposure to the ketene silyl acetal of methyl 

propionate and zinc triflate as Lewis acid gives a stereoisomeric mixture of 

isoxazolidines 513,658 eq. (5.278). Catalytic cleavage of the N—O bond over 
Raney-Ni and cyclization of the y-amino ester leads to the lactam 514. 

Subsequent elimination of water and lithium aluminum hydride reduction 

of the lactam in refluxing THF give the desired C,D-cis-fused ergot alkaloid 
agroclavine I (510). 

^(CH3) 3 

ch3 och3 

Zn(0Tf)2 

(5.278) 

510 

Nitrile oxide cyclization has been used in a slightly different approach to the 

preparation of chanoclavine I (498)659 and paliclavine (501),660,661 eq (5 279) 

The synthesis of 501 starts from the indole 504, which is treated with the chiral 

phosphorane 515 to give 516. Protection of the hydroxyl group as tetrahydro- 

pyranyl ether and addition of nitroethylene give an intermediate suitably 

functionalized for a Mukaiyama cyclization to the isoxazolines 518a,b. It was 

oped that the chiral substituent would induce an asymmetric cyclization and 
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1. Enantiomeric separation 

2. -H20 

3. (CH3)30+ 
4. LiAlH4 

501 

favor the desired enantiomer 518a. Unfortunately the diastereomeric ratio was 

close to one, but 518a and 518b could be separated into antipodes as mesylates. 

The reduction of the isoxazoline with sodium borohydride occurs preferentially 

from the convex face of the molecules to give C5,10-cis-fused 5-epi-paliclavine, 

but with lithium aluminum hydride the C9 substituent exerts sufficient steric 

hindrance to give some of the desired C5’10-trans-fused product which, leads to 

natural ( + ) paliclavine (501). 
An approach is described to the 7-azaindene skeleton of strepazolin (519), a 

COOEt 

NaOCl 

COOEt 

[H] '(5.280) 

519 

EtOOC 



232 Applications in Synthesis 

metabolite of Streptomyces viridochromogenes with antimicrobial activity,68,662 
eq. (5.280). The ds-decahydroquinoline ring system has been prepared in a 

similar way as a model study toward the synthesis of gephyrotoxin (520) 663 
eq. (5.281). 

1. PhNCO.EtaN 

2. Pd/C,H2 

3. KBH(0R)3 

i (5.281) 

/ 

OH 

520 

5.21 CARBOHYDRATES 

For synthetic work in the carbohydrate field the reactions used must be 

sterically controlled. As discussed earlier, alkylation at C4 and reduction of the 

imino bond of 2-isoxazolines show considerable stereoselection, primarily as a 
result of the nature and number of the substituents at the C4,5 positions. The 

cycloaddition exhibits a high degree of predictability with regard to substituent 

effects on the stereo structure of the isoxazolines and isoxazolidines formed. 

Finally, secondary functionalizations, such as hydroxylation of C5 alkenyl- 

isoxazolines are also submitted to significant stereoselection. In several cases 

these reactions have now been successfully applied to stereospecific syntheses 
of carbohydrates. 

The antitumor, active, anthracyclinone antibiotics adriamycin, daunomycin, 

and carminomycin contain glycosidically bound L-daunosamine (521), which is a 

2,3,6-trideoxy-3-aminohexose. Compound 521 and its C4 epimer, L-acosamine 
(522), have been synthesized by employing the intramolecular cyclization of the 

chiral nitrone 524 as the key step, eq. (5.282).664 The nitrone 524 is prepared 

by heating /Tdimethylaminoacrylate (523) with chiral (S)-(-)-AT-a-phenyl- 

ethylhydroxylamine. An 82:18 mixture of diastereomeric lactonic isoxazolidines 

525a,b is formed in refluxing xylene. Studies of the steric interactions in the two 

conformations 524a,b by Dreiding models indicate that 524b is slightly favored, 

which gives rise to the major isomer 525a. Compound 525a is reduced with 

DIBAL, converted to the methyl acetal and hydrogenolyzed over Pd/C, which 

COOPh 
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results in the cleavage of both the N—O and N-benzyl bonds. The anomeric 

mixture 526 is finally hydrolyzed to acosamine (522). The C4 hydroxyl group is 

inverted by heating the C4 mesylate of 522 with aqueous dimethylformamide to 
give daunosamine (521). The preference of the nitrone oxygen to add to the oxygen¬ 

bearing carbon atom is reversed. Ring strain in the transition state leading to the 

bridged [3.2.1]-bicyclooctane system seems to overwhelm the usual regio- 

chemistry. Racemic daunosamine (521) has been prepared in a stereospecific 

fashion by reacting the nitrone 527 with ethyl vinyl ether to give a single 

isoxazolidine 528, which is catalytically cleaved in acidified methanol and 

acetylated to give the methyl glycoside of 521 quantitatively,665 eq. (5.283). The 

2,3,6-trideoxysugar (±)-rhodinose (531) is also prepared from nitrone 527 and 

vinyltrimethylsilane in a similar fashion. The isoxazolidine 529 is cleaved by 

hydrofluoric acid, and the a,/?-unsaturated aldehyde 530 is reduced and 

hydrolyzed to 531,666 eq. (5.283). 
The antibiotic nojirimycin (536), isolated from Streptomyces and Bacillus 
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_ySi(CH3)3 
1. Pd/H2,CH3OH,HCl 

2. AC2O ,Py 

species, is synthesized by reacting the oxime of 2,3:5,6-diisopropylidene-a-D- 
mannose 532 and f-butyl glyoxalate in an excess of furan. It turned out that the 
isoxazolidine 533 with desired chirality is formed as the major product,667 
eq. (5.284). Osmylation, protection of the vicinal diol as acetone ketal, catalytic 
reduction, disposal of the auxiliary mannose derivative, iV-benzyloxycarbonyla- 
tion, and lactonization with trifluoroacetic acid give 534. Reduction of lactone 
534 with sodium borohydride and reductive cleavage of the benzyloxycarbonyl 
group over palladium give the acetonyl derivative 535 of nojirimycin (536). 

The direction of approach of dipolarophiles and nucleophiles to nitrones 
has been studied in a few cases.668-670 The dialkylphosphite anion and methyl 
methacrylate (COOCH3 in endo position) attack both the configurationally 
defined spironitrone 537 and the conformationally undefined nitrone 538 
predominantly from the front, whereas methyl acrylate attacks 537 and 538 
predominantly from the back (COOCH3 in endo position). The formation of 
533 conforms with a frontal attack of furan in the endo position. The reason for 
the observed induction is not well understood. 
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o 
NOH + CH0C02t-Bu -' 

532 533 

1.0s0i4 

2. Acetone,FeCl3 

3. Ra-Ni,H2 

4. ClC00CH2Ph 

5. CF3COOH 

(5.284) 

The condensation of furans with nitrile oxides, generated in situ414'591,671 has 

been used for the synthesis of amino sugars.672-675 Furan reacts sluggishly with 

nitrile oxides, but the yields of monoadducts 539 are improved by using a 

dilution technique, large excess of furan, and catalytic amounts of borontri- 

fluoride etherate, eq. (5.285). m-Chloroperbenzoic acid oxidation of 539 (R = H, 
R1 = CFFO-t-Bu) in methanol and lithium aluminum hydride reduction 

(diastereomeric ratio ca. 95:5) give the [3-xylo-furanoside 540, a protected form 

of 5-amino-5-deoxyidose or 5-epi-nojirimycin.672 The lithium aluminum hy¬ 

dride reduction takes place from the sterically less hindered bottom of 539. A 

free hydroxyl at C4 has, however, a strong syn-directing effect that overrides the 

anti-directing effect of the C5-substituent. This is demonstrated by ozonization 

of 539 and acetalization with neopentylglycol to give 541, which on reduction 
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r'cno 

R = H, CH3 

RL= CH3, Ph, CH20-t-Bu, CH(0Et)2 
539 

R = H 

R1 = CH20-t-Bu 

1. /n-ClPBA,CH3OH 

2. Mel,OH" 

■3.LiAlH4 

HH2 

540 

O-t-Bu 

(5.285) 

gives the aminopentose derivative 542 in a diastereomeric ratio of ca. 97: 3. The 

acetonide 543 affords 544 with reversed configuration at C4 in a diastereomeric 

ratio of ca. 97:3, eq. (5.286). The 4-amino-4-deoxypentose derivative 547 has 

been prepared in an analogous way from furoisoxazoline 545,674 eq. (5.287). 

1,3-Dipolar additions of nitrile oxides, generated from the nitro derivatives 

548-550, to the vinyldioxolanes 551 and 552 give the isoxazolines 553:554 in a 

diastereomeric ratio of ca. 1:4, threo\erythro, eq. (5.288)675’676; cf. Section 1.7. 

Lithium aluminum hydride reduction proceeded with similar selectivity 

539 i.o3_ 
r = h 2.Neopentylglycol 

R1 = CH20-t-8u 

1.03 

2. NaBH4 

MCH3)2C(0CH,)2 

H 

(5.286) 

544 
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545 

1-03_ 

2. NaBHi* 

3. Neopentyl- 

glycol 

4-:(CHj ) 2C(0CH,) 2 

556 555 

(ca. 1:4) to give ribo-aminopolyols as main products. The isoxazoline 554, 
obtained from the nitro compound 550 and vinyldioxolane 551 is reduced to 

D,L-lividosamine acetal (555), which by deprotection with hydrochloric acid gives 

D,L-lividosamine (556). Natural D-lividosamine is prepared from (S)-vinyldiox- 

olane 552 obtained from D-glyceraldehyde. 
Optically active 552 was also used in a synthesis of 2-deoxy-D-ribose (560). 

Cycloaddition to carboethoxyformonitrile oxide affords a 4:1 diastereomeric 

mixture of isoxazolines 557 and 558,67 eq. (5.289). Decarboxylation, hydrolysis 

of the cyano alcohol, and reduction give 2-deoxy-D-ribose. 

Novel methodology has been developed for a three-step synthesis of deoxy- 

aldoses and deoxyketoses: (a) regioselective addition of silyl nitronate or nitrile 
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oxide to a diene; (b) stereospecific hydroxylation of the double bond; (c) 

unmasking of the aldol moiety by catalytic reduction of the 2-isoxazoline.60 The 

syntheses of D,L-deoxyribose (560), D,L-oleose, D,L-digitoxose (561), d,l-2- 

deoxygalactose, D,L-l,3-dideoxyfructose, and D,L-3-deoxyfructose have been 

achieved from the major isoxazoline diastereomer. The synthesis of d,l- 

digitoxose (561) is shown in eq. (5.290). The osmylation proceeds with fair 

ch2= < 
0 

OSi(CH3)3 

1.Butadiene 

2.OSO4,H2O2 

3.Pd/BaS04,H2 

560 60 

D,L-2-deoxyribose (major) 

D,L-2-deoxyxylose (minor) 

Pd/BaSOi* 

H2 

561 
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stereoselectivity60,677,678 (ca. 4:1) in the same way as adding nitrile oxide to 5- 

vinylisoxazolines,59 vinyldioxolanes, and allyl ethers.67,675,676,679 Isoxazolines 

of type 562 or 563 represent useful precursors for amino sugars. In principle, it is 

possible to prepare lividosamine from 564 by the alternative route shown in 
eq. (5.291).678 

1 .OsOi*, H2O2 

2.Separation 

3.HAIH4 

556 (5.291) 

Another potential route to carbohydrates, not yet fully explored, is repres¬ 

ented in eq. (5.292). The isoxazolines 565-567 are readily available from d- 

glyceraldoxime and allyl acetate, acrolein diethylacetal, or methyl acrylate,146 

respectively. Selective reduction and subsequent rearrangements137 could con¬ 
ceivably afford 3-deoxyhexoses of type 568. 

567 R = COOCH3 

568 x = H,0H 

y = OH, NH2 

(5.292) 

5.22 AMINO ACIDS 

Isoxazoline methodology has been used to synthesize amino acids. In 1964 a 

simple synthesis of a-hydroxy acids (570) was devised,131 eq. (5.293), and the 

principle has since been utilized by several workers. Ethoxycarbonylformonitrile 

oxide is added to monosubstituted olefins to give 5-substituted 3-ethoxy- 

|c2h5occcno| 

R=H,CH3Ph,CH2CI, 

COOCH3 

or 

569 

:00C2H5 

l.Pd/C,H2 or Na/Hg 

2 0H~ (5.293) 

h2 

\C00H 

570 

571 
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carbonylisoxazolines, which are reductively cleaved by catalytic hydrogenation 

or by sodium amalgam to a diastereomeric mixture of the amino acids. It is not 

possible to stop the reduction at the a-keto acid stage, nor is there any 

significant asymmetric induction in the reductive cleavage. Ethylene affords 

homoserine (570) (R = H), and propylene, styrene, allyl chloride, and methyl 

acrylate give y-methylhomoserine, y-phenylhomoserine, 4-hydroxyproline,131 

(571), and y-hydroxyglutamic acid680 (570: R = COOH), respectively. 

Cycloaddition of A-benzyl-a-ethoxycarbonyl nitrone to methyl acrylate 

yields the isoxazolidines 572 and 573 in a ratio of ca. 4:1, eq. (5.289). Hy- 

drogenolysis of 572 over Pd and subsequent acid hydrolysis represent an 

alternative route to t/ireo-y-hydroxyglutamic acid (577).681 By the same method 

578 is prepared from isobutylene via 574, and 4-hydroxyproline682 (571) from 
acrolein via 575 or 576. 

C2H5OOC 

\ 

rC h, r2= C00CH3 

rC r2= ch3 

rC h, r2= cho 

cooh 

577 

572 Rx= COOCH3, R2= H 

573 R*= H, R2= COOCH3 

574 R*= R2= CH3 

575 R*= CHO, R2= H 

576 r‘= H, R2= CHO 

(5.294) 

578 

The amino acids 579 and 580683 are components in the nucleosidic nikkomy- 

cin antibiotics obtained from Streptomyces tendae. They are formed as major 

products in the nonstereoselective reduction,683-685 eq. (5.295). The isoxazoline 

581, which is formed together with ca. 7% of the regioisomer 582, is hydrolyzed, 

reduced, and demethylated to 579. The amino acid 580 is prepared analogously 
from the pyridine derivative 583. 

The stereospecificity of the amino acid synthesis is improved by using 

lithium aluminum hydride as the reducing agent and a masked 3-carboxyl 

substituent, such as the anisyl or furyl group, which can be oxidized in a 

ruthenium-catalyzed reaction at a later stage,673,686 eq. (5.296). 

2-Hydroxycyclopentylglycine (584) is obtained as the only isomer in a yield of 

ca. 40%. N,0-Diacetyl-y-phenylhomoserine (585) is obtained in an analogous 

fashion from styrene. However, the diastereomeric ratio (d.r.) of 92:8, which is 

obtained after the reduction, is not conserved during the acidic condition of 

deacetylation, eq. (5.297). At equilibrium, in acidic solution, the cis-trans-lactones 

occur in a ratio of 85:15, but pure ds-lactone 587 crystallizes out as a first crop 

from the solution. Since the trans-lactone 587 is less soluble in concentrated 
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1. ArCNO 

2. U.AIH4 

3. Acetylation 

(5.296) 

584 

hydrochloric acid, a suspension of 587 is slowly enriched with respect to the trans- 

isomer in the solid phase, trans: cis ca. 90:10. By this procedure the product from 

the nonstereospecific reduction131 can also be separated into its enantiomers. The 

procedure has been applied to the separation of the methyl ether of 579. It is 

apparently possible to circumvent the protection-deprotection route, eq. (5.296), 

by direct stereoselective reduction (d.r. ca. 15-20:1) of the 3-N-t-butylcar- 

boxamidoisoxazoline 588 with [(CH30CH2CH20)2AlH2]Na, (Red-al), at 

— 78°C, as shown in eq. (5.298).687 The reported resistance of 589 towards 

racemization under acidic conditions687 is, however, contradicted by a later 

report673 and the d.r. value reported is actually the reverse of the anticipated 

value. 
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(5.298) 

HP W-COPh 

minor 

590 

Intramolecular cycloaddition of a-nitrone esters has been reported to give 

geminally functionalized carbocyclic y-hydroxy-a-aminoesters,688a eq. (5.299). 

The geminally functionalized heterocyclic amino acid 591 is obtained by 

cycloaddition of ethyl oe,/?-dehydroalaninate with benzonitrile oxide.6888 

1. CH3NHOH 

2. Rh/C,H2 

R = H,CH3 

POOCH3 

"NHCH3 

y°H 
(5.299) 

The amino alcohol part (i.e., chiral hydroxyputresine) of the eucaryotic 

translation initiation factor elF-4D (hypusine 592) is synthesized by nitrone 

addition to allyl alcohol, eq. (5.300). Diastereomeric separation by preparative 

high performance liquid chromatography (HPLC), dimethysulfoxide oxidation, 

reductive amination with lysine, and reductive ring cleavage over Pd/C give the 

chiral amino acid 592.689 a-Amino acids 594 are formed by acylamination of 

cyclic nitrones 593 with iV-phenylbenzimidoyl chloride in the presence of 

triethylamine, eq. (5.301),690 similar to an earlier reported procedure for a- 
hydroxylation of nitrones.154,691,692 

Several naturally occurring, biologically active isoxazoles have been isolated, 

such as cycloserine (595), muscimol (596), ibotenic acid (597) [from Amanita 

species], (aS,5S)-a-amino-3-chloro-4,5-dihydroisoxazole-5-acetic acid (AT-125), 
acivicin [from Streptomyces sviceus] (598), and tricholomic acid (599) from the 

mushroom Tricholoma muscarium, this has created interest in their syntheses and 
in the synthesis of analogues. 

The obvious approach to the synthesis of AT-125 598 is by adding 

chloronitrile oxide, generated in situ from phosgene oxime and base, to vinyl- 

glycine, eq. (5.302); however, none of the expected material was present in the 
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1. CH?0_^ 

2. Allyl alcohol 

1.Separation 

2. DMS0,(CoCl)2,Et3N 

3. Lysine, NaBHi, 

HOOC 

Ph 

(5.300) 

|Pd/C, H2 

592 

PhNCOPh 

R^TXIO^Hs 

594 PhNCOPh 

(5.301) 

595 596 597 598 R=C1 

599 R=OH 

600 R=Br 

reaction product.693 But chloronitrile oxide has been found to add to the more 

reactive nitronate salt 601 to give the adduct 602 as a mixture of diastereomers. 

Subsequent reduction of 602 with zinc amalgam gives 603, a C5 methyl 

homologue of 598. Silver nitrate-generated chloronitrile oxide cycloadds to (S)- 

vinylglycine, protected by phthalylation, to give the desired 598 isomer after 

chromatographic separation of diastereoisomers (71:29) and deprotection.694 
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Generation of the more reactive bromonitrile oxide in the presence of vinylgly- 

cine leads to the corresponding 3-bromoisoxazoline 600,695 which gives 598 on 

treatment with refluxing methanolic hydrochloric acid.696 Several other syn¬ 
theses of 598697-700 and analogues701 have been reported as well as the 

synthesis of the related tricholomic acid702"706 (599) and of muscimol (596).707 
Paraformaldehyde and 5-hydroxypentane-l-oxime (604) react with alkenes to 
give isoxazolidines 605 and isoxazolines by subsequent oxidation with N- 

chlorosuccinimide,708 eq. (5.303). The amino acid 606 is the dechloro derivative 
of AT-125 598. A synthesis of 3-chloroisoxazoles based on treatment of N- 

methyl-3-isoxazolinones with phosphorus oxychloride has been described,709 
eq. (5.304). 

:i 
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A most direct route to 3-isoxazolinones 608 seems to be the reaction of /?- 

ketoesters with hydroxylamine. It turns out that this route preferentially leads to 

5-isoxazolines 607, eq. (5.305). However, it has been demonstrated that the 

pharmacologically interesting 3-isoxazolinones 608 become the major prod¬ 

uct, provided that the pH is kept at about 10 throughout the reaction and that 

the reaction mixture is quenched with an excess of strong acid.710 Conjugate 

addition of N-substituted hydroxylamines to a,/?-unsaturated esters followed by 

cyclization with lithium bis(trimethylsilyl)amide provides a procedure for 

synthesizing 5-isoxazolidinones 609, which may be reduced to /J-amino acids 
610,711 eq. (5.306). 

Jl^COOR Mi 

NH20H 

,pH 10 

60S 

(5.305) 

R 

RNH0H 

R 

nh2 (5.306) 

iJ^'COOH 

610 

The y-lactam analogue 613 of carbapenicillinic acid has been synthesized 
by the 1,3-dipolar addition of 5-methoxycarbonyl-l-pyrroline-l-oxide (611) to 

methyl acrylate. Reduction with Raney-Ni, cyclization, and separation of iso¬ 

mers afford the desired y-lactam 612, which is transformed to 613 by standard 

methods,712 according to eq. (5.307). The compound is pharmacologically 

inactive. 

cooch3 

^cooch3 

2. Raney-Ni 

3. Separation 

611 

'• COOCH3 

1. TsCl.Py 

2. N3- 

3. Pd/C,H2 

4. Ph0CH2C0Cl, Py 

PhOCH2CONH 

COOCH3 

(5.307) 

613 

The proline analogue 615, 5-oxaproline, has been asymmetrically synthesized 

by the cycloaddition of ethylene to A-glycoside nitrones acting as chiral 

auxiliary. They are formed in situ by the condensation of protected D-mannose- 

or D-riboseoximes with glyoxalates,713 eq. (5.308). The diastereoselectivity is in 

the range of 36-72%. The captopril analogue 616 is prepared by reacting 615 
with methacryloyl chloride in pyridine and subsequent conjugate addition of 

thioacetic acid. Captopril functions as an inhibitor of certain carboxypeptidases. 

L-Proline (618), L-homoserine (619), L-aspartic acid (620), and L-asparagine 

(621) analogues, in which a phosphate group replaces the carboxy group, have 

been synthesized according to eq. (5.309).714 
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614 
1. CH20 

2. (R0)2P0 

3. Quinone 

1. CH2=CH2 

2. H+ 

(5.309) 

620 r=oh 

621 r=nh2 

1. Rh/C, H2 

2. PhCH20C0Cl,~0H 

3. KMn04 

4. H+ 

c ̂NH 
<K 

PO3R2 

1. H 
2. Rh/C,H2 

HO 

r 
nh2 

po3h2 

618 619 

5.23 MACROCYCLES, BIOTIN, 
MISCELLANEOUS NATURAL PRODUCTS 

The 16-membered dilactone ring of pyrenophorin (624), produced by the 

pathogenic fungus Pyrenophora avenae, is constructed by the silyl nitronate 

method,715 eq. (5.310). The silylated acryl ester 622 dimerizes rather than 

undergoes intramolecular cyclization, because of unfavorable orbital overlap 

and steric strain in the seven- or eight-membered transition states leading to the 

monomers. Elimination of silanol, reductive cleavage of the isoxazoline ring, 

and elimination of water give a mixture of (±)- and meso-624 in a ratio of 1: L 

The analogue (— )-vermiculine (625), isolated from Penicillium vermiculatum, has 
also been synthesized by using nitrile oxide cycloaddition in one of the key 

steps,614 (eq. (5.241). The monomeric units 626 and 627, corresponding to the 
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1. Cycloaddition 

2. H+ 
3. Pd/C,H2 

4. (CF3C0)20 

5. Et3N 

(CH3)3SiCl 

Et3N ^ Dimerization 

(5.310) 

627 r=ch2coch3 

dimeric macrocycles 624 and 625, have been prepared by the nitrile oxide 

method, thus affording a formal synthesis of 624 and 625.716 Intramolecular 

cycloaddition of cu-nitroalkylacrylates leads to the macrocyclic antibiotic (+)- 

A26771B717 628 and 12- and 14-16-membered macrocarbocycles.718 The 15- 

membered derivative has been converted into (±)-muscone (629), eqs. (5.311, 

(5.312). 

629 
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The insecticidal milbemycins and avermectins produced by Streptomyces 

species contain a complex molecular framework presenting a challenge to the 

organic chemist. The spiroketal part 635 of milbemycin /?3 (630) is constructed 

by cycloaddition of nitrile oxide, obtained from the nitroacetal 633, to the ketal 

634 followed by reduction and elimination of the amino group,719 eq. (5.313). 

The intermediary formed a,/?-unsaturated aldehyde undergoes ring closure to 

635. Optically active hexahydrobenzofuran components 638720 and 644721 of 

avermectin A2a (632) and milbemycin a6 (631) have been synthesized from 

glucose diacetonide and glyceraldehyde acetonide, respectively, eqs. (5.314), 

(5.315). Glucose diacetonide is converted in several steps to the nitro compound 

636. which is cyclized intramolecularly via the nitrile oxide route, and reduced to 

637. Subsequent conversion to the appropriately functionalized hexahydro¬ 

benzofuran derivative 638 is carried out by standard procedures. 

632 
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Glyceraldehyde acetonide has been treated with the sulfone 639 to give 640, 
which in several steps is converted to the oxime 641. Treating 641 with sodium 

hypochlorite generates the nitrile oxide, which undergoes intramolecular 

cyclization to a mixture of isomeric isoxazolines. It has been shown that the 

desired isoxazoline 642 is one of the major isomers. The methoxymethyl group 

(MOM) is removed by acid hydrolysis and replaced by a 2-bromo-2-propenyl 

group. Reductive cleavage with titanous ions, protective silylation, and butyl 

lithium copper-promoted cyclization give the desired reduced furan system 644. 
Maytansine (645) represents a group of antitumor active macrolides origin- 
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ally isolated from the East African plant Maytenus serrata. Model studies for the 

total synthesis have been carried out based on intramolecular nitrile oxide 

macrocycloaddition.722 The isoxazoline moiety formed furnishes the 1,3- 

aminoalcohol functionality embedded in the l,3-oxazin-2-one ring. The im¬ 

mediate targets are the macrocycle 646 and the functionalized macrocycle 647, 
embodying the strained diene system. Compounds 648 and 649 are macro- 

cyclized to 646 and 647, respectively, in satisfactory yields on treatment with 
arylisocyanate and triethylamine, eqs. (5.316),(5.317). 
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The important metabolic cofactor biotin (653) has been synthesized by 

various routes involving dipolar cycloaddition chemistry. The appropriately 

functionalized thieno compound 650 is formed by intramolecular nitrile oxide 

cyclization,723 eq. (5.318). It is reduced by the Zn/Ag couple to a mixture of 651 

and minor amounts of the undesired thiophene 652, which is not convertible 

into biotin. Catalytic hydrogenation of 650 gives 652 as the major product. 

Biotin is obtained by subsequent catalytic reduction of 651 and treatment with 

phosgene. 

CH2)4C00H 

Zn/Ag/(CF3C0)20 
DME 

(5.318) 

A second route for preparing 653 starts from cycloheptene, which is 

transformed to the nitro derivative 654. Intramolecular cycloaddition and 

reduction with lithium aluminum hydride gives the aminoalcohol 655 with 

correct stereochemistry. Dimethylsulfoxide oxidation and Beckmann rearrange¬ 

ment of the oxime give the lactam 656, which is converted to biotin 653,724 

eq. (5.319). 
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1. NBS 

2. AcSH 

3. NaOEt, EtOH 

4. 02NCH2CH20Ac 

653 
1. OH 

2. COCI2 

A third procedure starts from optically active L-cystein which is converted into 

the nitrone 657 with locked conformation by the 10-membered ring. Cyclo¬ 
addition gives exclusively the desired chiral isomer,725 eq. (5.320). 

0 

1. soci2 
2. CH3OH 

3. NaBHi. 

4. HBr 

1. Cycloaddition 

2. Zn,AcOH 

3. CICOOCH3 (5.320) 
.4.0H~ 

OH 

658 

Lankacidin-C (659) represents another group of macrocyclic antibiotics that 
show antitumor activity. Attempts to synthesize the pyrone portion of the 

molecule have been reported.726 5-Substituted isoxazolines 660 are converted 

to ds-4-carbomethoxy-rmns-4-methyl isoxazolines 661 by deprotonation 
using lithium diisopropylamide, followed by sequential addition of methyl 

chloroformate and methyl iodide. AMVIethylation and reduction with sodium 
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borohydride give modest yields of the isoxazolidine 662 of correct relative 

stereostructure at C3 and C4 ( = a, b in 659) for conversion into lankacidin 

analogues, eq. (5.321). 

An early application of intramolecular nitrone cyclization has been reported 

in experiments on the synthesis of tetracyclins,727 eq. (5.322). Coupling the B 

and D rings in 663 is done by treating the aldehyde with phenylhydroxylamine 

to yield the desired linear skeleton 664 via the nitrone. 

PhNHOH 

663 

The spiroketal toxic metabolite talaromycin B (669), isolated from the fungus 

Talaromyces stipitatus, is constructed by reacting the olefin 665 with the oxime 

666 in the presence of sodium hypochlorite to give the isoxazoline 667.728 

Reduction and acid-catalyzed intramolecular ketalization give 668, which is 

converted to talaromycin B by methylation at C13, eq. (5.323). 

669 668 
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Since C-glucosides constitute a group of pharmacologically important com¬ 

pounds, extensive research has been devoted to the synthesis of analogues of the 

natural C-glucosides. From a number of sugar-based nitrones and nitrile oxides 

or alternatively unsaturated sugars, novel isoxazole derivatives have been 
prepared.688,729 733 A few structures are exemplified in formulae 670-674. 

Ph 

Blastmycinone (674),734 a degradation product from the antibiotic antimycin 

A3 is prepared by hydroxy carboxylation of the silyl ether of 3-buten-2-ol, 

eq. (5.324). The isoxazoline 675, which is obtained as the major stereoisomer is 

frans-alkylated with butyl iodide and reductively cleaved to give 676. Elimi¬ 

nation of the tetrahydropyranyl group, periodic cleavage, reductive debenzyl- 
ation, lactonization, and esterification give 674.67 

N02CH2CH20THP 

PhNC0,Et3N 

1. F- 
2. NaH,PhCH2Br 

3. LDA,BuI 

4. Raney-Ni,H2 

^1.HIO4_ 

2. Pd/C,H2 

3. ((CH3)2CHCH2C0)20 

(5.324) 

674 

676 (major isomer, 4:1) 
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CONCLUDING REMARKS 

Thirteen years have elapsed since A. I. Meyer’s “Heterocycles in Organic 

Synthesis” appeared. This monograph reviewed the use of heterocycles as an 

auxiliary in synthesis. A few pages were devoted to isoxazoles and their 

hydrogenated derivatives. The last decade has witnessed a tremendous develop¬ 

ment in the application of these heterocyclic systems to basic organic synthesis. 

This book, which is of comparable size to the cited monograph, reviews the 

isoxazole system and its precursors, namely, the nitrones, nitrile oxides, and 

nitronates. 
It is evident that cycloadditions of nitrones, nitrile oxides, and nitronates to 

olefins and acetylenes leading to the isoxazoles, isoxazolines, and isoxazolidines, 

and subsequent reductive unmasking, is an excellent carbon-carbon coupling 

procedure. It represents a general and effective approach to a number of 

hydroxylated, carbonylated, aminated, and alkylated hydrocarbons, which are 

able to serve as building units in subsequent syntheses. In this connection should 

be mentioned, for example, the isoxazoline route to aldols, which supplements 

the classical Claisen condensation or the facile construction of condensed 

carbocyclic or heterocyclic ring systems. The method has already had celebrated 

triumphs in the field of synthesis of natural products, and its applications will 

be extended in this area. One can easily visualize a number of terpenoid 

and alkaloid skeletons, which are well suited to be assembled by the dipolar 

technique. 
It may not be presumptious to anticipate that the methodology displayed in this 

book will belong to the basic arsenal of the synthetic chemist and, as such, be 

integrated in the synthetic planning in the same way as the Claisen, Diels-Alder, 

Wittig, Grignard, or Friedel-Crafts reactions function as cornerstones in 

synthesis. 
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Addendum 

In order to minimize omissions of recent published work in the moving field of 

synthetic use of isoxazole derivatives, articles published in the period December 
1985 to August 1987 are reviewed by chapter in this addendum. A few earlier 

relevant papers are also included. 

CHAPTER 1 

Self-consisting field (MCSCF) calculations of the mechanism for some 1,3- 

dipolar cycloadditions indicate a concerted path not involving radicals.114 
The direction of the attack of the nitrile oxide on a chiral alkene occurs from the 

sterically least-hindered side with the largest group in anti-conformation and 

the medium-sized group inside as in the preferred staggered transition-state 

(TS) structure 1.1,2 This model rationalizes earlier stereoselectivities found for nitrile 
oxide additions to allyl ethers (M = alkoxy). An inside position for the hydrogen 

and antiposition for the alkoxy group (M) to avoid steric congestion in the TS has 
also been proposed.91 

1 

A few cycloaddition studies of cumulated olefinic bonds have been carried 

out. As predicted by FMO theory, nitrones add to phenylsulfonylpropadiene 

(2) across the activated double bond giving rise to the 5-exo-methylene 
isoxazolidine 3, which thermally rearranges to 4 rather than the 3-pyrrolidone 5, 
eq. (A.l). Base-catalyzed alkylation of 4 produces predominantly the y-alkylated 
product 6.3 In the hands of other investigators 3(R1 — R2 = Ph) rearranges to 

3-pyrrolidone 5 and major amounts of benzazepinone and derived indoles.92 

Dipolar cycloaddition of nitrones to carbomethoxy substituted allenes gives 

5-exo-methylene substituted isoazolidines, which upon thermolysis rearrange to 

3-pyrrolidones.93 Cycloadditions of nitrones with fluoroallene proceed regio- 

and stereospecifically to give 4-exo-fluoromethylene substituted isoxazolidines.94 

Al-Methyl-C-phenylnitrone and benzonitrile oxide add to 2,5-dimethyl-2,3,4- 

271 
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H2C= C= CHS02Ph 

2 

PhSO 

PhSO 

R‘ 

R1 

O 

A , 

(A.l) 

Ph 

\CH3 

PhC=N0 

f 
Ph 

^N\ 
'0 CHa 

(A.2) 

hexatriene (7) according to eq. (A.2). FMO calculations of HOMO-LUMO 

interactions are in agreement with the experimental results.4 The 6,7-double bond 

in the triene 8 reacts selectively with ethoxycarbonylformonitrile oxide to give the 

isoxazoline 9 and its fission product 10, eq. (A.3).5 In agreement with predictions, 

cycloheptatriene reacts regioselectively with nitrile oxides and nitrones to afford 

functionalized cycloheptadiene derivatives, eq. (A.4), but the iron tricarbonyl 

complex 11 was unreactive under the same conditions.6 The iron tricarbonyl 

complex of tropone reacts with 3,4-dihydroisoquinoline-A-oxide to give the 
isoxazolidine 12, which spontaneously cycloreverts to its components on 

oxidative removal of the iron tricarbonyl group, eq. (A.5).7 Aromatic nitrile 

oxides cycloadd with iron tricarbonyl complex giving 3-aryl-4H-hepta[d]isoxa- 

zol-4-ones after oxidative decomplexation with trimethylamine oxide.95 Rever¬ 

sed regioselectivity is observed in the cycloaddition of the 1,4-diazobutadiene 

nitrone 13 to allyl alcohol.96 The allyl halides show common regioselectivity for 
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(A.3) 

(A.4) 

the nitrone function and yield the expected 5-substituted isoxazolines. The 

unusual behavior of allyl alcohol is explained by an N,O-acetal formation 

preceding the cycloaddition, eq. (A.6). The Z-6-ethylidene olivanic acid derivat¬ 

ive 14 undergoes cycloaddition with acetonitrile oxide to furnish 15 as the major 

regioisomer.8 
The site and face selectivity of arylnitrile oxide cycloadditions to the 

bullvalene system 16, as well as the valence isomerization, have been investi¬ 

gated, eq. (A.7).9 The cyclobutene ring reacts selectively in an anti-fashion to the 

bullvalene residue to give predominantly isomer 17a. 
Double dehydrobromination of dibromosulfolane in the presence of N- 

methyl-C-phenylnitrone gives the isoxazolidine 18, which by N-oxidation 

undergoes intramolecular nitrone cycloaddition to the tricyclic isoxazolidine 19, 
eq. (A.8).10 Nonbonded interaction exerts regiochemical control in the intra¬ 

molecular nitrone cycloaddition, eq. (A.9), and only isomer 20a is observed.11 



16 17a 17b 
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The ratio of endo- to exo-alkylated products of 3-methyl-2-isoxazolines 

increases by the use of a bulky base, eq. (A. 10a). Thus the bulky lithium 2,2,6,6- 

tetramethylpiperidide gives 23:21 + 22 ~ 10:1, whereas lithium diethylamide 

gives 23:21 + 22 ~ 1:5-10. The trans to cis ratio 21:22 is often better than 

25:1. Addition of HMPA improves the endo to exo ratio.12 3-Ethyl-4- 

R = PhCH20CH2 

R 

N 
or 
23 
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methylisoxazoline undergoes base-catalyzed regio- and stereocontrolled exo¬ 

alkylation at — 80°C on the phase opposite from the 4-substituent with the ethyl 

group in a conformation avoiding 1,3-interactions,97 eq. (AlOb). 

2-Isoxazolines with electron-withdrawing groups on the 3-aryl moiety 

(—CN,—COOCH3) undergo regiospecific 2-1-2 photocycloaddition with in- 

dene, eq. (A.l l).13 Diels-Alder reactions have been carried out with 5-vinyl sub¬ 

stituted isoxazoles14 and with ethyl 4-nitro-3-phenylisoxazole-5-carboxylate.15 

This compound undergoes spiroannelation at C5 with nitrogen binuclophiles,98 

and gives cyclopropane derivatives with diazoalkanes.115 

5-Unsubstituted isoxazoles are prepared by borohydride reduction of 5- 

chloroisoxazoles.16 Molybdenum hexacarbonyl has been applied to reductive 

N—O—bond cleavage of 2-isoxazolines.17 The yield of amino alcohol from 

lithium aluminum hydride cleavage of isoxazolidine is improved by adding 

anhydrous cobalt chloride.18 Modest asymmetric induction has been observed in 

nitrile oxide cycloadditions to chiral acrylates. The glucose derivative 24a gives a 

63:37 mixture of isomers.85 Presently maximal selectivity has been obtained with 

the camphor derivative 24b, 77:23.99 Menthyl acrylate, cf. eq. (1.78), and the 

Cinchona- alkaloid derivative 24c6 gives negligible asymmetric induction. 

Variation of solvent and nitrile oxide has marginal effect. The corresponding 

methacrylates give lower diastereomeric ratios. 

24c 
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CHAPTER 2 

The phosphorous functionalized nitrile oxide eq. (A. 12) gives isoxazolines with a 
variety of olefins. They can be used as Wittig reagents for introducing the 
isoxazoline moiety.19 

BrCH2CH(0Et)2 1. P(0Et)3, 185 °C 

2. HC1 

3. NH20H, HC1, EtOH 

0 
I 

(EtO)2PCH2CH=NOH 

BuLi 

1. NBS 

2 NEt3, ==" 

(A.12) 

'(OEt )2 

Thermolysis of a-methoxycarbonyl-a-nitroacetanilide (25) in the presence of 
olefins or acetylenes leads to isoxazolines and isoxazoles, respectively, probably 

via the formanilide-derived nitrile oxide 26, eq. (A. 13).20,21 No cycloaddition 

products were observed from the thermolysis of 27 in the presence of a 

dipolarophile. Nitrile oxide 26 is also formed in the reaction of nitromethane 

with phenylisocyanate in the presence of triethylamine. It forms l,3-diphenyl-5- 

(hydroxyimino)-imidazolidine-2,4-dione (28) with aryl isocyanate. 

cooch3 n02CH/ a, 16°-170 °c 

"'vC0NHPh -c°2.CH3OH 

25 
j^2 

RCHC00CH3 

27 

R = CN,C2H5Ph 

PhNHCOCENO 

26 

CONHPh 

(A.13) 
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The heteroaromatic bases, pyridine, quinoline, and isoquinoline, induce 

abnormal dimerization of benzonitrile oxide to the 1,4,2,5-dioxadiazine dimer 

29.22 These bases also act as dipolarophiles giving rise to both mono- and bis- 

adducts, e.g., structures 30-34. The rearrangement of nitrile oxides into 

isocyanates is catalyzed by UV irradiation.100 

CHAPTER 3 

A number of aldonitrones (35) have been prepared from t-butylhydroxylamine 

and aliphatic aldehydes, and are spectroscopically characterized by ’H and 13C 

NMR. They are unstable and tautomerize to the enamine form 36 with which 

they cycloadd to isoxazolidines 37 according to eqs. (A.14),(A.15). The form¬ 

ation of the dimers 38 and 39 have been observed in a few cases. The stabilities of 

the nitrones 35 and the derived dimerization products are discussed with 

reference to electronic and spatial effects and solvent effects. Pb02 oxidizes 36, 

R-NHOH + R1R2CHCH0 

R = alkyl, aryl 

R^2 = alkyl, aryl, H 

RtvbCHCHR^2 

35 

RN-CH=CR1R2 

OH 

36 

(A.14) 

35 + 36 

R* = H 

37 

(A.15) 

36 Pb°2-- R-N-CH=CR1R2 
I 
0 

RljJ-CH=CR1R2 

0 
1 1 2 

R-N-CHCHR^2 ■ 

0 

o (A.16) 

R1R2CCH=NR 

R-N-CHCHR R 1d2 

0. 
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37, and 39 to the corresponding nitroxide radicals, which are trapped by the 

nitrone 35 as in eq. (A.16).23,24 These studies have been extended to oxidations 

of enol nitrones 40. JH and 13C NMR spectra of several a-arylnitrones 41 

have been recorded.25 For R = CH3 the C“—H varies from 3 = 7.31 (R1 = SCH3, 

electron donating) to 3 = 7.53 (R1 = N02, electron withdrawing) and for R = Ph, 

Ca-H varies from <5 = 7.77 [R1 = N(CH3)2] to <5 = 8.03 (R1 = N02). The 13Ca 
shift is in the range of 3 = 132.3-135.3 from internal TMS. 

Nitrones are conveniently prepared by electrochemical oxidation of secondary 

A-hydroxy amines using iodine as mediator.26 Photolysis of cyclic 

A-hydroxylamines in the presence of 1,4-dicyanonaphthalene gives nitrones in 

good yield,101 and hydrogen peroxide converts efficiently secondary amines 

directly into nitrones in a selenium dioxide catalyzed reaction.102 Aryl and acyl 
substituted acetylenes form nitrones 42 with methyl- and phenylhydroxylamine. 

The A-methyl nitrone 42b gives 4-isoxazoline 43 with a second molecule of 

acetylene, and the A-phenyl nitrone gives the isoxazolidine 44 with 42a, 
eq. (A. 17), cf. eq. (A. 15). The acetylene 46 gives rise to the isoxazolidine 47 by 

intramolecular cyclization, eq. (A. 18). Compound 43 rearranges on heating to the 
pyrrole 45.27 

RNHOH + = COOCH3 
COOCH3 

, COOCH3 

OH 

COOCH3 

CH3OOI 

COOCH3 

ch3 

42a 
0 
42b 

42a (R=Ph) 
(A.17) 

CH300C 

I 
0 

COOCH3 

44 45 
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Ca-Phenylnitrones are conveniently blocked by cyanotrimethylsilane to 
give 48 and are regenerated by silver fluoride. Treatment of 48 with lithium 
diisopropylamide affords cyanoimines 49, eq. (A.19).28 The reaction of Ca- 

alkylnitrones with chlorotrimethylsilane and triethylamine gives the O-silylated 

iV-hydroxyenamines.29 

(CH3)3SiCN,ZnCl2 v 

^ AgF, 80 °C 

Ph\ ^ LDA 

J.CH — N'T 

CN C;OSi(CH3)3 

48 

(A.19) 

49 

The four-membered cyclic nitrones 50 prepared from nitroalkenes and 
ynamines, isomerize to a,/?-unsaturated oximes 51 and 52 on treatment with 
potassium t-butoxide; only the ds-isomer 51 can cyclize to 6H-l,2-oxazin-6- 

ones 53, eq. (A.20).30 

0-t-Bu 

51 

HO Ac 

C0N(C2H5)2 

52 

(A.20) 

54 53 

The 3//-pyrrol-N-oxides (54) rearrange to the corresponding lactams by 
treatment with tetrafluoroquinone.31 The synthesis, reactions, and spectral 
properties of the little known nitrones of thio esters (thioimidate N-oxides) are 
reported.103 

CHAPTER 4 

The lithium salt of 2-phenylnitroethane reacts with acetic anhydride or acetyl 
chloride to give an intermediate nitrile oxide which gives furoxan, chlorooxime, 
and hydroxamic acid, or in the presence of a dipolarophile, the corresponding 
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cycloadduct.32 An x-ray crystal structure of the major nitronate product 55, 
obtained from the cycloaddition of nitrocyclohexene with cyclohexene, es¬ 
tablishes the exo-pathway, eq. (A.21). As a result the earlier stereostructure33 for 
the diketone 56 has to be reversed.34 The nitroalkene 57 undergoes intra¬ 
molecular Diels-Alder addition to give isomeric nitronates 58 and 59 (~ 1: l).35 
For R = CH3 the Diels-Alder addition proceeds stereoselectively to give the 
trans-isomer only. The intermediate nitronates behave as dipoles36 and can add 
to another alkene. When 58 is treated with base followed by acid, a lactone is 
formed as shown in eq. (A.22). 

SnCl4 

-70 °C 

R = H 

58 (trans) 1:1 59 

1. K-t-O-Amyl (A.22) 
2. HC1,CH20 

Nitroalkanes with Cp—H bonds react with twofold molar amounts of 
trialkylsilyl triflates 60 and triethylamine to give 2-(trialkylsilyloxy) oxime-O- 
trialkylsilyl ethers 63 via intermediate silyl nitronates 61 and A,N-disilyloxyen- 
amines 62. Reaction of 62 with amines gives 2-amino-oxime-O-trialkylsilyl ethers 
64, eq. (A.23).37 

The azin-bisoxide structure 65a38 and the nitronate structure 65b39 have been 
suggested as being the dimers obtained by lead tetraacetate oxidation of 
benzaldoximes. The nitronate structure 65b is unlikely, because nitronates 
usually are unstable compounds and the 13C NMR spectrum of the phenyl 
derivative indicates that the two ArCH fragments are identical.40 An x-ray 
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I t /O 
R1CH2 C N02 —’ Et---— R1CH2 C = 

H 
R1 = H, alkyl, aryl 

R2 = H, alkyl 

CF3S020Si(CH3 )2R 

60 

R = CH3, t-Bu 
Et2NH 

\| 

61 

R'1CH=CR2 n; 

OSi(CH3)2R 

60, Et3N 

,OSi(CH3)2R 

'OSi(CH3)2R 

62 

R1CH-CR2=N'' 
! 
NEt2 

64 

Ar-CH=N-N=CH-Ar 
I I ' 
0 0 

65a 

,OSi(CH3)2R 
R^H-CR^N' 

0Si(CH3)2R 

63 

,OSi(CH3)2R 

0 
Ar-CH-N^ N=CH-Ar 

65b 

(A.23) 

65c 

study41 shows that the phenyl derivative has the structure 65c. It is cen- 
trosymmetric and planar, Mr = 240.3, monoclinic, a = 5.79(1), b = 

5.22(2), c = 21.14(5) A, 0=112.1(1)°, v = 592.4 A3, z = 2, Dx = 1.35 g cm"3, 
2(CuKJ = 1.5418 A, n = 7.11 cm'1, F(000) = 252, T= 290 K, R = 0.22 for 228 
reflections. An X-ray crystal structure of the lithium salt of phenylnitromethane 
has been carried out.104 

1-Nitroalkadienes are in a titanium tetrachloride-mediated reaction con¬ 
verted to the intermediate stannyl nitronates 66, which cyclize on addition 
of triethylamine to a diastereomeric mixture of bicyclic isoxazolidines 67, 

(A.24) 
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eq. (A.24).4*- Intramolecular cycloaddition of the nitroalkadiene system can also 
be initiated by conjugate addition of f-butylisonitrile.105 

Alkyl nitrate nitration of 2-substituted 2-oxazolines leads to the correspond¬ 
ing a-nitro derivatives, which to a great extent exist in the nitronate form, 

eq. (A.25).43 The Ca—H of the nitronate form is located at S = 6.57 ppm. 

CHAPTER 5 

Ring opening of 3-unsubstituted44 or 3-ethoxycarbonyl substituted5 isoxa- 

zolines has been applied for cyano-hydroxylation of alkenes. It has also 

been shown that 3-bromoisoxazolines, obtained by cycloaddition of bromo- 

nitrile oxide to alkenes, can be transformed into cis-/?-hydroxy esters. This reaction 

has been applied to the synthesis of D-2-deoxy-ribose,45 eq. (A.26), dihydro¬ 
muscimol,46 and to muscimol.47 A general method is reported for the synthesis 

of Z-/?-silyloxyacrylonitriles from isoxazoles, based on ring cleavage of 3-un- 

substituted isoxazoles,48 eq. (A.27). If the reaction is carried out above — 30°C, 

mixtures of Z and E stereoisomers are obtained. These /1-silyloxyacrylonitriles 

show only fair dienophilic reactivity towards homodienes, but give good yields 
with heterodienes. Flash vacuum pyrolysis of some 4-nitroisoxazoles gives 
a-nitro-a-cyanoketones.116 

D-2-Deoxyribose 

NaHC03 

CH3COOC2H5 

(A.26) 

1. LDfl,-78 °C 

2. R3SiCl 
(A.27) 

A/-Ethyl-5-phenylisoxazolium-31 -sulfonate, Woodwards reagent K, has been 

used as a reagent for identification of nucleophilic active sites in protein side 

chains, such as carboxylate, amino, thio, hydroxy, and imidazole groups.49,50 

Allylic and homoallylic amines are prepared stereoselectively from iso- 
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xazolidines obtained by dipolar cycloaddition of nitrones with vinyl and 
allylsilanes,51 eqs. (A.28),(A.29). The regioisomer 68 is the only one observed in 
the reaction, and the geometry of the olefins 69 and 70, produced in the Peterson 
olefination step, is controlled by the choice of elimination conditions. The alkyl 
vinylsilane 71 displays diminished regioselectivity and gives a 7:3 mixture of 

4- and 5-silylisoxazolidines. 

"Ph 

HjC' '0 

Si(CH3 >3 (CH3)3Si-.„ 

Bu 

Si(CH3)3 

71 

Ph -Si(CH3)3 

/N\ 
H3C 0 

Ph 

CH3 

(stereomeric 

ratio 6:l) 

68 

(CH3)3Si 

Zn/HCl 

Ph 

Ph OH ^ CH3 

/ i + 
' 1 H (A.28) 

C 
^/Ph 

NHCH3 
Ph 

69 

J 
Ph 

■r 
NHCH3 

70 

jj- Ph / Ph 
f l.Ranev-Ni,H2^ |~ \ (A.29) 
L 2.H NHCH3 

CH3 

Si(CH3)3 

/?,y-Unsaturated ketones are similarly prepared from allylsilanes and nitrile 
oxides,52 eq. (A.30). a,/MJnsaturated carbonyl compounds can be prepared by 
peracid oxidation of 4-isoxazolines derived from cycloaddition of nitrones with 

acetylenes or allenes.106 

The acylation and [3,3] sigmatropic rearrangement of nitrones to a-acyl- 
oxyimines 71 has been adapted to synthesis of vicinal N-alkylamino alcohols 
by subsequent hydride reduction,53 eq. (A.31). 

H 
f^COCl 

R = CH3, t-BUj 

Cyclohexyl 

NaBHi, or 

LiAlH* 
RfH (A.31) 

H2c^/0H 

71 
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Isoxazoles are prone to undergo various ring transformations into other 

heterocycles or functionalities. Thus, the 3-oxopropionitrile formed by ring 

cleavage of isoxazole reacts in situ with an aromatic aldehyde to the arylidene 

derivative 72,54 eq. (A.32). Michael addition of malonodinitrile or cyanide gives 

the pyran and furan derivatives 73 and 74. 

1. EtONa 

2. ArCHO 

(A.32) 

The isoxazole derivative 75 rearranges in refluxing xylene to the imidazole 76,5 5 

eq. (A.33). 5-Aminoisoxazoles have been converted to acetylenes by diazotiza- 

tion in acetic acid:water mixtures,56 eq. (A.34). Various imidazoles have been 

prepared from 4-aminoisoxazoles.117 

CH3 
(A.33) 

f^CHaCN 
1. NaOEt,EtOH | 

2. R2CC1=N0H 

NaN02 RZC= CR1 
AcOH,H2cf (A.34) 

R1 = Electron withdrawing groups 

R2 = Alkyl, Aryl, Acyl 

The nitrile oxide approach to the synthesis of cobyric acid has been extended 

to successful assembly of chiral precursors into the triisoxazole 77.57 

Biheteroaromatics 78 have been prepared via the sequence,107 eq. (A.35). 
/TCarbolines have been synthesized from A-hydroxytryptophan 79 by 

nitrone cycloaddition.58 The addition occurs trans to the ethoxycarbonyl group 

and the regioselectivity rules are obeyed, but the exo: endo ratios are unpredict¬ 

able, eq. (A.36). 
Several pyrrolizidine, pyrrolidine, and piperidine alkaloids have been syn- 
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COOCH3 

COOCH3 

77 

I 
Cl 

Ar = Ph, 2-furyl, 3-furyl 

2-thienyl, 3-thienyl, 

2-pyrryl, 3-pyridyl 

R = OAc, NHAc 

R 

1. Raney-Ni (A.35) 
2. H+ 

78 

X = 0, NAc 

31(exo) 
5(endo) (A.36) 

thesized using nitrone-based methodology. As a key step the allene oxime 82 is 

cyclized with silver tetrafluoroborate to the nitrone 83, which is trapped by 

methyl vinyl ketone as the isoxazolidine 84 and reduced in one step to 85,59 
eq. (A.37). Jones oxidation, thioketalization, and Raney-Ni desulfuration give 
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the pyrrolizidine alkaloid 86, a venom constituent from Solenopsis ants. The 

dipolar cycloaddition occurs in a trans-relationship to the alkene side chain in a 

1:1 exo-endo fashion. The Solenopsis alkaloid 88 is synthesized from pyrroline-1- 

oxide by a double nitrone cycloaddition sequence,60 eq. (A.38). The pyrrolidine 

87 is obtained in a trans-cis ratio of 87:13. By using butadiene in the second 

cycloaddition step the stereoselectivity is increased to 93:7. This trans¬ 

selectivity of the second cyloaddition step occurs predominantly—if not 

exclusively—in the corresponding piperidine series. The piperidine alkaloid 

solenopsine (89) is obtained by addition of 1-undecene to 6-methyl-A-l- 

piperdine-1-oxide followed by reductive ring cleavage and elimination of the 

hydroxy group,61 eq. (A.39). The Darlingia darlingiana alkaloids 90-93 are 

i 

.C5H11 

1. ^=/ , 
2. /J7-C1-PBA 

2.LiAlH4,THF (A.38) 

n - 
c«Hn lOC)Hls 

1. CH3SO2CI, Et3N 

H 

88 

2. LiBEt3H 

3.NaAl(0R)2H2 HsC2 
X...J C5H11 

87 

1.. 
,C9H19 

2.Zn, HOAc 

3.Oxidation 

A.Thioketalization 

5.Raney-Ni, H2 

CllH23 

(A.39) 

89 
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synthesized with the same strategy from phenylbutadiene and pyrroline-1 - 

oxide,62 eq. (A.40). The exo-addition mode is favored. Compound 92 is prepared 

from 91, 93 from 90, and 95 from either 90 or 91. The alkaloid 94 is synthesized 

from 6-phenyl-1-hexene and pyrroline-1-oxide. 

91 ^ 

19% (endo) 

43% 

(A.40) 

95 Ph 

The pyrrolizidine 96, obtainable from pyrroline-1 -oxide-3-ketodimethylacetal 

and methyl-4-hydroxycrotonate,63 has been transformed into <i,/-croalbinecine 

(98),64,65 d,/-loline (101), and c/,/-norloline (102), according to eq. (A.41). The base 

1. Jones oxidation 

2. Curtius degradation 

NHR 
NHCOOC2H5 : 

100 101 R = CH3 

102 R = H 

(A.41) 
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catalyzed inversion of the methoxycarbonyl group proceeds with ease as a result 

of unfavorable 1,3-interaction with the methoxy group. Reduction with lithium 

aluminum hydride, protection of the diol as acetate, hydrolysis of the ketal, 

catalytic hydrogenation to 97, and finally, removal of the acetate groups with 
lithium aluminum hydride give d,/-croalbinecine (98), an alkaloid from Crotalaria 

species. The loline alkaloids 101 and 102 isolated from, e.g., Lolium cuneatum 

and Festuca arundianacea, are toxic to grazing cattle, and are also prepared from 

the intermediate (97). Chlorination with Vilsmeier’s reagent gives the inverted 

chloride, which by treatment with alkoxide promotes the formation of the ether 
bridge in 99. Oxidation of the alcohol to the carboxylic acid, Curtius’ rearrange¬ 

ment, reduction, or hydrolysis give d,Moline (101) or d,/-norloline (102). Nitrone 

based syntheses of new 3- and 5-hydroxypiperidine alkaloids from Sedum acre108a 
and the piperidine alkaloid dumetorine from Discorea dumetorum Pax, an African 

medical plant, are reported.10811 

The spiroisoxazolidines 103, obtained by cycloaddition of nitrones with 
methylenecyclopropane, undergo thermal rearrangement to piperidine-4-ones 
104,66,67 eq (A.42). This reaction gives an entry into indolizidine 105 and 

quinolizidine derivatives 106 by using cyclic nitrones. Enaminones are always 

produced as a side product at the thermolysis (FVT, 400°C/0.2 mmHg). The 5- 

spirocyclobutane isoxazolidines and 5-spirocyclobutane 2-isoxazolines give the 

corresponding azepin-4-ones by FVT at ca. 600°C.68 A nitrone-based synthesis 

h3 

r 
103 

C major ) (minor) 

A 

( major) 

CH3NH 

PIT 

(minor) 

of the Nuphar indolizidine 5-3(-furyl)-8-methyloctahydroindolizine was accom¬ 

plished by a regiospecific cycloaddition of a nitrone with a 1,4-disubstituted 

butadiene.118 
The ring skeleton of ptilocaulin (107a) and its 7-epimer (107b) is constructed by 

intramolecular nitrile oxide cycloaddition,69 eq. (A.43). Cyclization and 

dehydration give a mixture of 108 and 109 which on Raney-Ni reduction gives a 
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Ra-Ni 

H2 

107a 6-CH3 

107b a -Ch3 

single isomer of the ketol 110. Subsequent reduction, dehydration, and guani- 
dination give 107a,b. 

Cycloaddition of ethoxycarbonylformonitrile oxide to vinyl- and propenyl- 

pyridines llla-c gives the isoxazolines 112a-c regioselectively, which are 

reduced with the Zn/Cu couple in ammonia to the nikkomycin amino acids 113 
as diastereoisomeric mixtures,70 eq. (A.44). One pair of the isomers, 113a, is 

identical with the natural amino acid (2S, 4R). None of the isomers 113b,c is 

identical with the natural amino acid, implying that the cis-olefin 111 has to be 

used to give the correct relative stereostructure. However, it was observed that 

the cis-isomer of 112 spontaneously rearranges to the more stable trans-isomer. 

Therefore another route has to be chosen to achieve the synthesis of the natural 
amino acids. 

C00C2H5 

a R1 = 2-pyridyl, R2 = H 

b R1 = 2-pyridyl, R2 = CH3 

c R1 = 3-pyridyl, R2 = CH3 
Zn/Cu/NH3 

(A.44) 

The key intermediate 114 for the synthesis of detoxinine (115), the parent amino 

acid of the detoxin complex, has been synthesized via 116 by cycloaddition of the 

silyl nitronate of nitromethane to butadiene followed by reductive-ring cleavage of 
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the isoxazoline with lithium aluminum hydride and protection of the hydroxy 

and amino groups. Expoxidation of 116 with m-chloroperbenzoic acid and 

magnesium triflate promoted cyclization to give a 1:1 diastereomeric mixture of 
114,71 eq. (A.45). 

l.CH2N02(CH3)3SiCl,Et3N 

2. CF3COOH 

3. HAIH4 r™ 
nh2 

1. (Boc)20,Et3N 

2. t-Bu(CH3)2SiCl, Im 
i 

NHBoc 
Si(CH3)2 

116 

C 
H 

115 

1. m-Cl-PBA 

2. Mg(0Tfl)2 (A.45) 
3. NaHC03 

,0Si(CH3 )2 

"N ^CH20H 

Boc 

* c 
DSi(CH3)2 

CH20H 

Boc 

114 

A chiral synthesis of the amino acid negamycin (116a) and its unnatural isomer 

3-epinegamycin (116b) starts with dipolar exo-cycloaddition of the chiral nitrone 

117 with the protected allylamine 118 to produce a mixture of 3R, 5R, 119a, and 
3S, 5R, 119b, isoxazolidines,72 eq. (A.46). Nitrone 117 is generated as a mixture 

of E and Z isomers from 2,3:5,6-dt-O-cyclohexylidene-D-gulo-furanose oxime 

and methyl glyoxalate. Hydrolysis of the chiral auxiliary followed by benzyl- 

ation and reduction with lithium aluminum hydride give the isoxazolidines 120a 
and 120b in a 2:3 ratio, which in six steps are transformed into 116a,b. 

C00CH3 

119a 3R, 5R 

119b 3S, 5R 
(A.46) 

1. HC1,CH30H 

2. PhCH2Br,K2C03 

3. HAIH4 

H 

116a 3R, 5R 

116b 3S, 5R 

120a 2:3 120b 

3R, 5R 3S, 5R 
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The side chain of la, 2,5-dihydroxyergocalciferol is constructed by a route 

involving a dipolar nitrone cycloaddition as a key step,73 eq. (A.47). The 

cycloaddition gives exclusively the endo-products 121a,b as a 1:1 mixture. 

(A.47) 

l.Ohl 

2.t-BuO 

1. LiAlHi, 

2. pTsCl 

3. LiAlHi, 

N(CH3)2 

Intramolecular nitrile oxide cycloaddition is used for the construction of the 
decaline skeleton of forskolin (122), the major diterpene isolated from the Indian 

plant Coleus forskolii. The nitro compound 123, obtained by Michael 

addition of nitromethane to a-damascone, cyclizes under Mukaiyama conditions 

to 124. Acetalization followed by reductive-ring cleavage leads to the transfused 
hydroxyketone 125,74 eq. (A.48). 

Further details of the synthesis of milbemycin /?3 have been given,75 cf. Chapter 5, 

eq. (5.313). The lactone and octalin units of compactine (368), cf. Chapter 5, have 

been constructed by nitrile oxide methodology,76 eqs. (A.49),(A.50). 

The highly substituted a,/?-unsaturated ketone 126 undergoes cycloaddition 

with furoxan 127 to isoxazoline 128, which by Wittig olefination, hydrobora- 

tion, and catalytic reduction gives 129 as a diastereomeric mixture, separable by 

chromatography. Compound 129a was oxidized by periodic acid and hydroly¬ 

zed to crispatic acid (130),77 eq. (A.51). 
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ch3 

1. NaOCl 

2. Ra-Ni,H2 

3. AI2O3 

(A.50) 

126 

y- 
OTMS 0TM5 

150-165 

OTMS 

127 128 

l.Ptl3P=CH2 

2.8H3‘S(CH3)2,H202 

3-RuO, 

4. CH2N2 

5. H7 (A.51) 
6.Ra-Ni,H2 

1.Separation 

130 (from 129a) 

129a R1 = CH3, R2 = H 

129b R1 = H, R2 = CH3 

Nitrile oxide methodology has been applied for the preparation of 1-acetyl- 

2,6-cyclohexanediol, an intermediate in the synthesis of bisabolangelone,78 

eq. (A.52). 
3-a-Oxygenated isoxazolines are of interest in conjunction with the synthesis 

of carbohydrates. It has been shown that the 3-ethoxycarbonyl group can be 

reduced to the corresponding alcohol with sodium borohydride without ring 
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(A.52) 

cleavage.79 82 Swern oxidation of the alcohol leads to the isoxazoline-3- 

carboxaldehyde. The aldehyde can also be obtained directly by reducing the 

3-ethoxycarbonyl group with diisobutylaluminum hydride.83 These reactions 

supplement the synthesis via suitable protected 1,2-nitroalcohols,84 nitro- 

acetaldehyde acetals,84,85 a-nitroketones,81,82 silyl nitronates,29,85 alkyl nitro- 
nates,81 suitably protected a-hydroxyoximes,84-88 and a-ketoximes.86 

Novel methodology has been developed for the preparation of flavonoids 

based on nitrile oxide cycloaddition.109 Salicylaldoxime is selectively chlorinated 

to hydroxylimino chloride with NCS without nuclear chlorination in the 

presence of pyridine and cycloadded to styrene or phenylacetylene. Reductive 
ring cleavage and cyclization give the flavanone or flavone, eq. (A.53). By reacting 

salicylnitrile oxide with the enamine of phenylacetaldehyde it is possible to 

synthesize the 4-phenylisoxazoline 132, eq. (A.54), which serves as starting 

material for synthesizing isoflavonoids. 

1. Raney-Ni, H, 

2. H+, cycl. 

1. Raney-Ni, H2 

2. H+ 

3.OH", cycl. 

(A.53) 

The quinolizidine alkaloid lasubine II (see section 5.20, 429) has been synthe¬ 
sized by intramolecular nitrone cycloaddition with modest stereoselectivity, 
ca. 80%.89 
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OH 

CCl=NOH 

1. Cycloadd. 

2. H+ 

(A. 54) 
132 

Isoflavonoides 

As part of a synthesis of a leptospaerin analogue 130a the lactam 131 was 

synthesized from the acetonide of R-glyceraldehyde by condensation with N- 

benzylhydroxylamine, cycloaddition with methyl acrylate in refluxing toluene 

and hydrogenation over Pd/C,90 eq. (A.55). 

1. Pd/C 

2. H2 (A.55) 

OH 

130a x = NH, Z = 0 

130b X = 0, Z = NH (leptosphaerin) 

131 

The synthesis and reactions of the strained nitrones 133, 134 have been 

described.110 133 has been transformed into 135, which is an isomer of the pink 

bollworm moth sex pheromone, by a series of stereoselective nitrone cycloaddi¬ 

tions and subsequent deaminations. This reaction constitutes a stereoselective 

E,E- 1,5-diene synthesis. 3-Acyltetronic acids are prepared by cycloadding nitrile 

oxides with suitable acetylene derivatives, eq. (A.56). The corresponding 6-ring 

lactones are analogously obtained from 5-hydroxy-2-ynoates 136.111 

o 

133 134 135 
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CQOCH3 

HO COOCH3 

Aryl and heteroaryl C-glycosides are prepared by cycloadding nitro function¬ 

alized carbohydrates to allyl-substituted aromatics (furan, pyrrole, indole, and 
benzene), eq. (A.57).112 

The chiral nitrone 137 condenses stereoselectively with ketene silyl acetate 

giving the O-silylated product 138 in a zinc iodide catalyzed reaction,113 eq. 

(A.58). Hydrogenation over palladium, benzoylation and reduction with diiso- 
butylaluminum hydride give N-benzoyl L-daunosamine (139). 

a,/?-Unsaturated aldoximes are efficiently chlorinated by NCS to hydroxamoyl 

chlorides. Senecioaldoxime gives with isoprene a mixture of isoxazolines 140 and 

141 in a ratio of 3:1 and with 3-methyl-3-butenyl acetate the isoxazoline 142, 

which has a regular monoterpene skeleton,6 eq. (A.59). Cleavage of the N-O bond 

is accomplished by N-methylation with dimethyl sulfate and subsequent 

electrochemical reduction under controlled potential. Compound 143 is a 
suitable intermediate for the synthesis of ocimenones. 
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l.Pd/C,H2 
(A.58) 

2. PhCOCl, Py 

3. DIBAL/THF, -78 °C 
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Cyclopropanes, 14, 106, 276 
Cycloreversion, 15, 16, 22, 23, 216, 272 
Cycloserine, 242 

a- and /S-Damascones, 142 
Darlingia darlingiana, 287 
L-Daunosamine, 232, 296 
(±)-Decaline, 219 
Dehydrofukinone, 139 
Deoxyaldoses, 232-239 
2-Deoxyaldoses, 237 
D,L-2-Deoxygalactose, 237 
Deoxyhexoses, 239 
Deoxyketoses, 237 
D-2-Deoxyribose, 237 
D,L-2-Deoxyribose, 238, 283 
Detoxinine, 290 
D,L-l,3-Dideoxyfructose, 238 
1.5- Dienes, 295 
D,L-Digitoxose, 238 
Dihydrocinerolone, 192 
3,4-Dihydroisoquinoline JV-oxide, 274 
Dihydrojasmone, 144, 155, 192 
Dihydromuscimol, 283 
1-a-Dihydroxyergocalciferol, 292 
/?,/?'-Dihydroxyketones, 150 
2.6- Dimethylbenzonitrile oxide, 56 
1.2- Diones, 16 
1.3- Diones, 14, 138, 145, 157 
1.4- Diones, 17, 151, 155 
1.5- Diones, 155 
1.6- Diones, 159 
1,4,2,5-Dioxadiazine, 55, 58, 187, 278 
1,3,4-Dioxazolidines, 187 

1,3-Dipolar cycloadditions 
asymmetric, 39-41, 271 
cumulated bonds, 172, 271, 287 
cycloreversion, 16, 22, 187, 195, 216 
direction of approach, 38, 235, 271 
heterodipolarophiles, 183, 188 
intramolecular, 8, 23, 66, 192-209, 216, 217, 

221-233, 246-253, 275, 281, 282, 287, 
290, 292, 293 

mechanism, 25-38, 271 
nitrile oxides and acetylenes, 28, 31 
nitrile oxides and olefins, 28, 31 
nitronates and olefins, 29 
nitronates and acetylenes, 29 
nitrones and acetylenes, 29 
nitrones and olefins, 29, 34 
oximes, 191 
reactivity, 44 
regiochemistry, 25-39, 271-274 
relative rates, 26, 44 
stereochemistry, 25, 40-44, 235-239, 271 

Discorea dumentorum, 289 
N,lV-Disilyloxyenamines, 282 
Dumentorine, 289 

(±)-Elaeocarpine, 214 
Elaeocarpus species, 214 
(±)-Elaeokanine-A and -C, 214 
/J-Enaminoketones, 12, 13, 139, 144, 146, 153, 

160, 161, 173, 176-178, 183 
2- Ene-l,4-diones, 151, 152 
(±)-Epilupinine, 218 
a,/J-Epoxy nitrones, 189 
Eremantholides, 157 
Ergot alkaloids, 227-231 
Erythroxylum coca, 216 
/1-Eudesmol, 205 

Ferruginol, 142 
Festuca arundianacea, 289 
Ficus septica, 215 
Flavonoids, 294 
Formhydroxyimoyl iodide, 60 
Formonitrile oxide, see Fulminic acid 
Fulminates, 61, 62, 69 
Fulminic acid 

dimerization, 57 
halogen, 62, 243, 283 
oligomerization, 56 
polymerization, 57, 60 
properties, 56 
structure, 57 
sulfur substituted, 62 
synthesis, 60-62 

Fulminotrimethylsilane, 61 
3- (2H)-Furanones, 157-159 
Furans, 157-159, 285, 286 
Furoxans, 55, 56, 66, 67 

cycloreversion, 66 
pyrolysis, 66 
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Geiparvarin, 158 
Gephyrotoxin, 232 
Gingerol, 144, 150, 153 
C-Glucosides, 254, 296 
Glucosinolates, 69, 122 
Glutarimide antibiotics, 146, 147 

Henry’s reaction, 102, 104, 119-121, 129 
stereoselectivity, 130 

Heterocycles, see also Alkaloids 
condensed systems, 13, 183, 192-209 
miscellaneous, 183-189 
in synthesis, general 3-9 

Hirsutene, 203 
Histrionicotoxines, 221 
L-Homoserine analogues, 245 
Hydroazulene ring system, 199, 207 
Hydroximoyl chlorides, 64-66 
2-Hydroxy-l,4-diketones, 155 
a-Hydroxyacetals, 152, 239 
a-Hydroxyaldehydes, 76, 152, 156 
/1-Hydroxyaldehydes, 14, 147, 151, 238 
Hydroxycotinine, 227 
a-Hydroxyesters, 151 
y-Hydroxyglutamic acids, 240 
a-Hydroxyketones, 76, 151, 156 
/?-Hydroxyketones, 14, 147-151 
Hydroxylamines 

condensation with carbonyl compounds, 86 
dehydrogenation, 88 

4-Hydroxyproline, 240 
Hydroxyputresine, 242 
Hypusine, 242 

Ibotenic acid, 242-244 
Imidazoles, 82, 169, 171, 172, 277, 285 
Imidazolinone N-oxides, 87 
Imines (Schiff’s bases), N-oxidation, 89 
Indoles, 160, 166, 167 
Indolizidine alkaloids, 214-216, 289 
p-lonone, 142 
(±)-Ipalbidine, 216 
Ipomoea species, 216 
Iridodial ring skeleton, 206 
Isatins, 166 
Isochanoclavine, 227 
Isocyanates, 55, 69 
Isocyanilic acid, 57 
Isodiazomethane, 57 
(±)-Isoelaeocarpine, 214 
Isonitramine, 224 
(±)-Isoretronecanol, 212, 213 
a-Isospartein, 221 
Isoxazoles 

alkylation, 10, 11, 137-139, 296 
basicity, 10 
3-chloroisoxazoles, 244 
cleavage, 11, 131-134, 137 
condensations in the side chain, 11, 12, 

138-142, 153, 276 

halogenation, 9 
IR spectra, 13 
isoxazolium salts, 11, 137-139 
masked functionality, 9, 14 
mercuration, 9 
nitration, 9 
NMR spectra, 13 
oxidation, 11 
photolysis, 168, 171 
physicochemical properties, 9 
physiological effects, 71 
quaternization, 10 
reactions, 9 
rearrangements, 171, 285 
reduction, 12, 276 
stability, 11 
sulfonation, 9 
synthesis of a-cyanoketones, 11, 131-134, 

170, 283 
tautomerism, 14 
thermolysis, 168, 171 
unmasking, 12 
UV spectra, 13 

Isoxazolidines 
N-alkoxy, 21, 107, 110 
basicity, 24 
chiral, 41-43, 232-235, 246 
cleavage, 21-24, 155, 205 
cycloreversion, 22, 23, 216, 272 
inversion barrier, 20, 21 
masked functionality, 20, 24 
NMR spectra, 24 
oxidation, 23 
physicochemical properties, 20 
reduction, 24 
stability, 22 
synthesis, 20, 279 
N-trimethylsilyloxy, 9, 21, 00 

Isoxazoline route, 17 
2- Isoxazolines 

alkylation, 15, 16, 42, 276 
basicity, 16 
cleavage, 15, 16, 131, 133-135, 152, 154, 273 
cycloreversion, 15, 16 
decarboxylation, 15, 134 
epoxidation, 14 
IR spectra, 17 
masked functionality, 6, 17, 19, 147 
NMR spectra, 17 
oxidation, 14 
3-a-oxygenated, 234-239, 293 
photocycloaddition, 276 
physicochemical properties, 14 
quaternization, 16, 18 
reduction, 16, 17, 135, 147-149, 276, 290 
route to aldols, 17, 147 
stability, 15 
synthesis, 14, 21 
unmasking, 17 

3- Isoxazolines 
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physicochemical properties, 18 
reactions, 18 
synthesis, 16, 18 

4- Isoxazolines 
IR spectra, 19 
NMR spectra, 19 
reactions, 18, 164, 168, 272, 279 
synthesis, 18, 164, 272, 279 

Isoxazolium salts, cleavage, 12, 137, 283 

Jatrophone, 157 
(±)-Julandine, 218 

5- Keto-3-hydroxyesters, 156 
y-Ketoaldehydes, 156 
y- and (5-Ketoesters, 151, 152, 156 
Ketone annelation, 138 
Krohnke’s reaction, 89 

/?-Lactams, 180, 274 
/J-Lactones, 180 
Lancacidin C, 252 
(±)-Lasubine I, II, 219, 294 
Leguminosae species, 221 
d and D,L-Lividosamine, 237, 239 
Loline, 288 
Lolium cuneatum, 289 
Lossen’s rearrangement, 58 
Luciduline, 223 
(±)-Lupinine, 218 
Lupinus alkaloids, 218 
Lycopodium-alkaloids, 223 
Lyngbyatoxin A, 166 

Macrocycles, 246-252 
Maytansine, 249 
Maytenus serrata, 250 
Metafulminuric acid, 57 
4-Methoxy-2,6-dimethylbenzonitrile oxide, 

structure, 59 
a-Methylene-y-lactones, 208 
y-Methylhomoserine, 240 
Milbemycins, 247, 292 
Mukaiyama-Hoshino’s procedure, 61, 68 
Muscimol, 242-244, 283 
Muscone, 247 
(±)-Myritine, 219 

Naphthalene derivatives, 142 
Nef’s reaction, 96 
Negamycins, 291 
Nikkomycin antibiotics, 240, 290 
Nitramine, 224 
Nitrile oxides, see also 1,3-Dipolar 

cycloadditions 
allergenic properties, 70 
chiral, 41, 58 
dimerization, 55, 67, 278 
half lives, 56 

hydrolysis, 58, 69 
IR spectra, 59 
mechanism of cycloaddition, 25 et seq. 
NMR spectra, 59 
nucleophilic addition, 69 
as oxidant, 59 
phosphorous functionalized, 277 
physicochemical properties, 55 et seq. 
polymerization, 55, 58 
reactivity, 44, 45, 55 
rearrangement, 58, 278 
regioselectivity, 27, 28, 31, 272-274 
stability, 55-57 
stereoselectivity, 38-41 
synthesis, 60, 62, 64-69, 277 
x-ray structure, 59 

2-Nitroalcohols, 102, 104, 119-121, 129 
Nitro compounds 

acylation, 68, 107, 108, 280 
aliphatic, 95 et seq. 
alkylation, 101-109 
basicity, 96 
Diels-Alder reaction, 281 
double deprotonation, 108 
inorganic nitronates (B, Sn, Pb, P), 119, 281 
IR spectra, 101 
Michael addition, 102, 104 
nitro-aldol reaction (Henry’s reaction), 102, 

104, 119, 129 
2-nitroalcohols, 129 
ad-nitro form, 95-101, 280-283 
UV spectra, 101 

Nitrolic acids, 68, 98 
Nitronates and nitronic esters, see Alkyl 

nitronates and Silyl nitronates 
Nitrones, 75 et seq., see also 1,3-Dipolar 

cycloadditions 
activation energy for Z-E conversion, 77, 85 
acylation, 76, 80, 243 
basicity, 75 
Behrend’s rearrangement, 80 
blocking, 280 
chiral, 42, 233-235, 246, 291, 296 
cleavage, 81, 83 
cyclic, 18, 23, 76, 83, 87, 181, 212-222, 235, 

243, 245, 274, 280, 287, 288, 295 
dimerization, 77, 278 
geometric isomerism, 75, 77 
IR spectra, 76 
mechanism of cycloaddition, 25 et seq. 
MS spectra, 78 
nitron-amide rearrangement, 79 
nitrone-oxime-O-ether rearrangement, 80 
nitrone-A-hydroxyenamine tautomerism, 76 

278 
NMR spectra, 77, 78, 278, 279 
oxaziridine rearrangement, 79 
oxidations, 83, 279 
photoelectron spectra, 78 
physicochemical properties, 75 
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radical scavenger, 84 
reactions, 79 
reactions with nucleophiles, 81 
reductions, 84 
regioselectivity of cycloaddition, 27, 29, 34, 

271 
relative rates in cycloaddition, 45 
silylation, 76 
synthesis, 86-89, 278, 279 
thermolytic alkene elimination, 81 
UV spectra, 76 
x-ray structure, 77 
Z-E-Isomerization, 85 

Nitronic acids 
acylation, 68, 107, 108, 280 
alkylation, 101-109 
cycloaddition, 100 
dimerization, 98 
half-life, 97 
ionization constants, 96 
IR spectra, 99, 101 
NMR spectra, 99, 283 
oxidation, 98 
physicochemical properties, 95 
reactions, 95-100 
salts, 98, 280 
stability, 97 
structure, 99-101 
UV spectra, 101 

Nitroso compounds, 89, 154 
Nitroxide radicals, 84, 278 
Nojirimycin, 233, 235 
5-epi-Nojirimycin, 235 
Norloline, 288 
Nornicotyrine, 227 
Nuphar alkaloids, 289 

Ocimenones, 297 
D,L-01eose, 238 
Olivanic acid, 273 
1,2,4- and 1,2,5-Oxadiazoles, 55, 174, 

185-187 
Oxalodinitrile oxide, 55 
1.4.2- Oxathiazoles, 187 
Oxazines, 23, 179, 190, 200 
1.2- Oxazines, 99, 190, 281 
Oxaziridines, 79 
Oxazoles, 169, 172 
Oxazoline TV-oxides, 87 
Oxime O-ethers, 75, 79, 80 
Oximes 

alkylation, 88 
cycloaddition, 191 
halogenation, 64, 65 
homolytic fragmentation, 209 
oxidation, 64, 281 
tautomerism, 75 
a,/?-unsaturated, 15, 153, 296 

7-Oxopyrazolo[l,5a]pyrimidine, 184 

Paliclavine, 227 
5-epi-Paliclavine, 231 
Penicillium vermiculatum, 246 
Phenols, 145 
y-Phenylhomoserine, 240 
Phytosphingosin, 211 
Piperidine alkaloids, 217-224, 287, 289 
Polyketones, 12, 145 
Poranthera corymbosa, 220 
(+)-Porantheridine, 220 
(±)-Porantherilidine, 220 
/J-Prodine, 227 
Proline analogues, 245 
Prostanoids, 144, 153, 192-194 
Ptilocaulin, 227, 289 
Ptilocaulis aff. P. spiculifer, 227 
(±)-Pumiliotoxin-C, 223 
Pyrrolidine alkaloids, 217, 287, 288 
Pyrans, 285 
Pyrazoles, 132, 169, 170, 174 
Pyrazolo[4,3-b]pyridine, 183 
Pyrenophora avenae, 246 
Pyridazines, 178, 184 
Pyridazones, 178 
Pyridines, 176, 183, 227, 286 
Pyrimidines, 176, 178, 184 
y-Pyrones, 157 
Pyrroles, 18, 160-167, 279, 286 
Pyrrolidine alkaloids, 217, 287, 288 
Pyrrolidones, 163, 165, 166, 227, 295 
Pyrrolizidine alkaloids, 212, 213, 287 

Quadrone, 206 
Quinolines, 177, 178 
Quinolizidine alkaloids, 217-220, 289, 294 
Quinoxalines, 152, 179 

Rethrolones, 192 
(±)-Retronecine, 213 
(±)-Rhodinose, 233 

Salicylaldoxime, chlorination 64, 65, 294 
Sarcomycin, 194 
Seco-corrin skeleton, 160 
6,7-Secoagroclavine, 227 
7,12-Secoishwaran-12-ol, 203 
Sedridine, 217 
Sedum alkaloids, 217 
Senecioaldoxime, 296 
Senecio alkaloids, 212 
(+)-Septicine, 215 
Sibirine, 224 
Silylating agents, 113, 282 
Silyl nitronates 

N-alkyl-O-silyl nitronate, 118 
cycloaddition, 9, 42, 62, 120, 134, 135, 152, 

154, 157, 192, 238, 246, 291, 294 
geometric isomerism, 119 
hydrolysis, 119 
IR spectra, 115 
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mechanism of cycloaddition, 25 
NMR spectra, 116-118 
oxidation, 122 
physicochemical properties, 114 
reactions, 119-122 
reduction, 122 
stability, 116 
structure, 118 
fV-sulfonyl-O-silyl nitronate, 118 
synthesis of glucosinolates, 69, 122 
synthesis, 8, 61, 114, 153, 156, 281 
UV spectra, 115 

Solenopsis ants, 217, 287 
Spiro compounds, 22, 23, 198, 199, 202-204, 

221, 222, 224, 253, 254, 274, 281, 289 
Streptomyces species, 233, 248 
Streptomyces sviceus, 242 
Streptomyces tendae, 240 
Streptomyces viridochromogenes, 232 
(±)-Supinidine, 212 

Talaromyces stipitatus, 253 
Talaromycin B, 253 
Terpenoids, 203-208, 292, 297 
a-Terpineol, 205 
Tetracyclins, 140, 253 
Tetrahydrocinnolones, 178 
Tetrahydrorethrolone, 192 
Tetrazoles, 174 

Tetronic acids, 295 
I, 2,4-Thiadiazoles, 174 
Thiazoles, 173 
Thiohydroxamic acids, 69, 120 
Thioimidate IV-oxide, 180 
Thiophenealdoxime, chlorination, 64, 65 
(±)-Trachelantamidine, 212 
J, 2,3 and 1,2,4-Triazoles, 174 
S-Triazolo[4-3b]pyridine-4-one, 184 
Tricholoma muscarium, 242 
Tricholomic acid, 242-244 
Trifluoroacetonitrile oxide, 55 
l-oe,25S,26-Trihydroxycholecalciferol, 205 
2,4,6-Trimethylbenzonitrile oxide, 59 
Triphenylacetonitrile oxide, 69 
Tropane alkaloids, 216 
Tropones, 272 
Tylophorine, 215 

a,/TUnsaturated aldoximes, chlorination, 296 

(—)-Vermiculine, 211, 246 
(±)-Vertaline, 219 

Woodward-Olofson’s peptide synthesis, 137, 
283 

Xanthons, 142 
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