
Phosphorus Addition at sp2 Carbon 

 

Robert Engel, City University of New York, Queens College, Flushing, New York 

1. Introduction 

 

In recent years a renewed interest in the synthesis of organophosphorus compounds has 

appeared. This has been the result principally of the development of new applications of 

materials bearing a carbon–phosphorus linkage for chemical synthesis, biological 

regulation, and a variety of industrial uses. 

 

In chemical syntheses the phosphoryl function has been found to be of great utility as an 

activator for two major categories of transformations. The first of these is the generation of 

new carbon －  carbon double bonds through the phosphoryl-stabilized anion 

modifications of the Wittig reaction. (1-7) For these reactions, the phosphoryl function 

increases the acidity of the hydrogen of the carbon attached to phosphorus and, after 

addition to a carbonyl linkage, is usually eliminated as a water-soluble byproduct. 

Alternatively, the initially formed phosphonate anion may be used as a nucleophile in a 

substitution reaction leading to a derived phosphonate product having its own synthetic 

utility. (8, 9) 

 

In the second category of transformations an appropriately functionalized phosphonate 

reacts at the carbon attached to phosphorus to give products that can be envisioned as 

resulting from reaction of an electrophilic substrate with a carbonyl group of inverted 

polarity. (10-12) The phosphoryl function, which is generally eliminated in the formation of 

the target material, facilitates these “umpolung” reactions that could not be accomplished 

directly with a parent material bearing the simple carbon－ oxygen double bond. 

 

With regard to biological applications, the synthesis of organophosphorus compounds has 

been of interest for several reasons. Among these is the discovery in a variety of 

organisms of naturally occurring compounds bearing the carbon － phosphorus bond. 

Phosphonomycin (13) and aminoethylphosphonic acid (14) are two well-known examples 

of such compounds. It has also been recognized that phosphonates may be capable of 

perturbing metabolic processes normally involving phosphates of similar structure. (15) In 

addition, materials with other metabolic regulatory capabilities have been found. (16, 17) 

As a result, there have been not only syntheses of many new organophosphorus 

compounds but also the development of improved methods for such syntheses. 

 

The review presented in this chapter is concerned with one approach to carbon － 

phosphorus bond formation that is particularly significant for the aforementioned 

applications, specifically the addition of a (formally) trivalent phosphorus ester or amide to 

an unsaturated carbon linkage under polar reaction conditions. Reactions of a variety of 

types of phosphorus reagents with simple carbonyl compounds, imines, and other related 
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polar unsaturated carbon functions, as well as conjugate addition reactions, are reviewed. 
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2. Mechanism 

 

The addition reaction of fully esterified trivalent phosphorus acids at 

unsaturated carbon necessarily involves at least two steps: (1) formation of the 

carbon － phosphorus bond and (2) removal of an ester function to generate 

the phosphonyl linkage. Other nonproductive reactions may, of course, 

accompany these steps. 

 

With addition to simple carbonyl groups, the first of these steps occurs readily, 

although reversibly (Eq. 1). 18–19  

   

 

 (1)   

 

Unless stringent conditions are used, however, the second required step does 

not occur. A favorable trajectory for intramolecular dealkylation cannot be 

attained, and the starting reagents are regenerated. (20) The isolation and 

characterization of further adducts of trialkyl phosphites with more than one 

molecule of reactive aldehyde are indirect evidence for the intermediacy of the 

tetrahedral zwitterionic adduct. The oxygen anion attacks a second carbonyl 

carbon leading to either a cyclic phosphorane or some other linear product of 

dealkylation (Eq. 2). (18, 21-29)  

   

 

 (2)   

 

 

 

Under conditions of high temperature and pressure, the concentration of the 

tetrahedral zwitterionic intermediate is sufficiently high that dealkylation can 

occur in an intermolecular fashion (Eq. 3). (30)  
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 (3)   

 

With silyl esters of the trivalent phosphorus acids, front-side displacement (SNi 

－ Si) (31) is possible for intramolecular desilylation, and the total addition 

reaction can proceed under relatively mild conditions (Eq. 4).  

   

 

 (4)   

 

 

 

In the presence of a hydroxylic solvent, proton abstraction by the intermediate 

followed by alkoxide anion dealkylation yields the stable product. 

 

In Michael-type addition reactions with α , β -unsaturated compounds, initial 

attack by phosphorus is on the β -carbon atom. (32) If the β -carbon site is 

severely hindered, as in progesterone, no formation of adduct can be observed. 

(33) Completion of the reaction with phosphonyl bond generation is 

accomplished by routes entirely analogous to those with addition at the 

carbonyl carbon. 

 

With phosphorus reagents bearing a single acidic site, other complications in 

the mechanism of addition might be contemplated. However, the addition to 

carbonyl carbon appears to be a simple “aldol” type with phosphorus attaching 

directly to carbon. Isotopic labeling studies indicate that this addition occurs 

without any exchange of oxygen between carbon and phosphorus. (34) 
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3. Scope and Limitations 

 

In recent years the synthesis of organophosphorus compounds via 

phosphorus addition reactions at unsaturated carbon atoms has been 

undertaken for a variety of purposes. In addition to those instances in which 

the resulting carbon–phosphorus compound (ester or free acid) is the ultimate 

target, the organophosphorus functionality (carbon–phosphoryl) may also be 

used as a tool for further synthetic purposes. The phosphoryl entity so 

introduced is removed in the generation of a further target species. The variety 

of reactions useful for the preparation of these materials is discussed in this 

chapter. While the present discussion is concerned primarily with the 

developments since 1970, some important earlier work is also considered. 

3.1. Nature of the Phosphorus Reagent  
Initial investigations of the addition of trivalent phosphorus to unsaturated 

carbon were performed with the use of either trialkyl or dialkyl phosphites 

(esters of phosphorous acid). (30, 35) In recent years, however, the use of 

other derivatives of phosphorous acid, particularly silylated species, has 

greatly expanded the synthetic utility of the reactions. The variability possible 

in the structure of the phosphorus reagent permits great versatility in the 

preparation of particular target species. The utility of each type of reagent is 

discussed. 

3.1.1.1. Fully Esterified Trivalent Phosphorus Acids  
The initial work concerning the addition of a phosphorus triester to a π -bonded 

electron-deficient carbon involved the treatment of simple aliphatic aldehydes 

with trialkyl phosphites. (30) Heating of the reaction mixture in a sealed tube at 

70–100° for several hours results in the formation of the α 

-alkoxyalkylphosphonate diesters. In the absence of any other electrophilic 

species, the anionic oxygen generated from the initial carbonyl function reacts 

with a quasi-phosphonium site and thus becomes alkylated (Eq. 5).  

   

  (5)   

 

 

 

Significantly milder reaction conditions may be used to generate the α 

-hydroxyalkylphosphonates from aliphatic aldehydes. Trialkyl phosphite 

additions to aliphatic aldehydes under milder conditions result in the formation 

of 2,2,2-trialkoxy-1,4,2-dioxaphospholanes (Eq. 6). (18)  
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 (6)   

 

These materials, formed by reaction of a 1:1 adduct (phosphorus initially 

attacking at carbon) with a second molecule of aldehyde, are rapidly 

hydrolyzed to generate the α -hydroxyalkylphosphonates. Reactions of trialkyl 

phosphites with aromatic aldehydes (21) proceed by initial attack of 

phosphorus on the carbonyl oxygen (36-41) with the formation of 

1,3,2-dioxaphospholanes and the generation of a new carbon － carbon bond. 

(42) The simple α -hydroxyalkylphosphonates are thus not generated with 

these reagents. 

 

A facile dealkylation of the quasi-phosphonium intermediate from a trialkyl 

phosphite is observed in the reaction with an oxime (Eq. 7). (43) Here, the 

phosphonate bearing an ethoxyamino function at the α position is isolated.  

   

 

 (7)   

 

 

 

Reaction between a trialkyl phosphite and thiocarbonyl compounds also 

results in dealkylation of the quasi-phosphonium intermediate by either 

displacement or β -elimination routes (Eq. 8). (44)  

   

 

 (8)   

 

When R = methyl, only the displacement product 1 is observed. Use of triethyl 

phosphite affords mixtures of 1 and 2, along with ethylene. When triisopropyl 

phosphite is used, the formation of 1 becomes totally suppressed, and only the 

free thiol product is observed. 
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The use of silyl phosphite esters results in rapid “dealkylation” of the 

quasi-phosphonium intermediate with generation of an O-silyl ether. Thus a 

significant versatility to the reaction is observed. For example, the reaction of 

tris-(trimethylsilyl) phosphite (45, 46) with α -haloaldehydes (47) and ketones 

(47) gives the bis(trimethylsilyl) α-trimethylsiloxyalkylphosphonates in excellent 

yields (Eqs. 9, 10). When this reaction is followed by the addition of a 

hydroxylic solvent, the α -hydroxyalkylphosphonic acids can be isolated 

directly. (48)  

   

 

 (9)   

 

   

 

 (10)   

 

 

 

Similar results are observed with the use of tris(trimethylsilyl) phosphite for 

conjugate addition reactions (hydrophosphinylation). (49) Initial addition occurs 

in moderate to good yield (75–84%) with α , β -unsaturated ketones, followed 

by nearly quantitative hydrolysis to the free γ -ketophosphonic acids (Eq. 11).  

   

 

 (11)   

 

 

 

With mixed silyl esters of phosphorous acids, the silyl function is exclusively 

transferred to the α -oxide anionic site (Eq. 12). (10, 50, 51)  

   

 

 (12)   
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This result is observed when the additional functionality about phosphorus is 

either ester or amide and presumably occurs by the intramolecular pathway 

shown in Eq. 13.  

   

 

 (13)   

 

Ready entrance is thereby gained to either the α -hydroxyalkylphosphonate 

diester, by simple hydrolysis of the silyl ether, or the α 

-hydroxyalkylphosphonic acid by further treatment with trimethylsilyl halide. (52, 

53) 

 

The use of fully esterified phosphorous acid species in which one or more of 

the linkages is a silyl ester provides chemistry significantly different from that of 

trialkyl phosphites. Diketones, (54) ketoesters, (54) and trifluoromethyl ketones 

(54, 55) exhibit “anomalous” reaction with trialkyl phosphites but give 

carbonyl–carbon adducts with the silylated reagents. (54, 56-60) 

 

In conjugate addition reactions involving mixed silyl ester reagents (Eq. 14), 

(51, 61, 62) it is again only the silyl function that is transferred, although 

mixtures of conjugate and carbonyl (1,4 and 1,2) products are occasionally 

obtained.  

   

 

 (14)   

 

 

 

For example, in the reaction of phosphonites generated in situ from the 

phosphonous acid with trimethylchlorosilane or N, 
N-bis(trimethylsilyl)acetamide, complete 1,2 addition is observed with 

aldehydes, and complete 1,4 addition with esters and nitriles, but mixtures are 

obtained with ketones (Eq. 15). (63)  
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 (15)   

 

 

 

Aromatic esters, such as triphenyl phosphite, do not undergo intramolecular 

attack to complete the reaction. Instead, a proton source, generally acetic acid, 

is used in the reaction mixture to generate the α -hydroxyalkylphosphonate 

diaryl ester. For example, triphenyl phosphite in acetic acid readily undergoes 

reaction with the imine generated in situ from benzyl carbamate and 

benzyloxyacetaldeyde to form diphenyl 

1-benzyloxycarbonylamino-2-benzyloxyethylphosphonate in 51% yield (Eq. 

16). (64)  

   

 

 (16)   
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This represents a particularly convenient method for generating such aromatic 

esters. An advantage of the phenyl esters is that they are quite stable to 

ordinary hydrolytic ester cleavage conditions but are subject to hydrogenolysis 

readily with platinum catalyst at atmospheric pressure. (65, 66) 

 

A convenient approach to the preparation of the dialkyl α 

-hydroxyalkylphosphonates utilizes the trialkyl phosphite with an 

intermolecular silylation trap of the intermediate oxide anion (Eq. 17). An 

equivalent amount of the silyl chloride is used with the aldehyde and trialkyl 

phosphite. (67)  

   

 

 (17)   

 

At the relatively low temperatures used (<25°), reaction of the silyl chloride 

with the intermediate oxide anion is much faster than with the phosphoryl 

oxygen of the product phosphonate. The latter would lead to ester cleavage. 

Moreover, it should be noted that the silyl halide does not undergo reaction 

with the trialkyl phosphite under these conditions. Such a reaction would 

generate a mixed silyl phosphite ester capable of yielding the same overall 

products. (51) With substrates capable of undergoing conjugate addition 

reactions, either trialkylsilyl chlorides (51, 63, 68) or 

N,N-bis(trimethylsilyl)acetamide (63) can be used as added silyl-trapping 

reagents. This approach is of particular value for the generation of reagents for 

reversing the normal polar reactivity characteristics of carbonyl groups 

(umpolung). (61, 69, 70) 

 

In conjugate addition reactions using trialkyl phosphites, added hydroxylic 

reagents are needed both for supplying a proton to the enolate functionality of 

the intermediate and for performing the displacement at the 

quasi-phosphonium site (Eq. 18). Although ethanol has been used for this 

purpose, (33) tert-butyl alcohol (71, 72) and phenol (33) appear to provide 

better yields of clean product.  

   

 

 (18)   
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Finally, phosphoryl chlorides in equimolar amount with the trialkyl phosphite in 

benzene solution can be used to trap the intermediate enolate, generating enol 

phosphate esters by reaction at oxygen (Eq. 19). (73)  

   

 
 (19)   

 

 

 

In addition to the phosphites as noted above, mixed ester–amide species can 

be used in these addition reactions. For example, diethyl anilinophosphinate 

undergoes addition to N-(p-chlorophenyl)maleimide. (74) On aqueous workup 

the phosphonate diethyl ester is isolated, which is identical to that formed with 

the use of triethyl phosphite. Similarly, fully esterified forms of 

lower-oxidation-state trivalent phosphorus undergo these reactions. Diethyl 

phenylphosphonite gives conjugate addition as readily to β -nitrostyrene as do 

trialkyl phosphites (Eq. 20). (75)  

   

 

 (20)   

 

 

 

With mixed alkyl esters of the trivalent phosphorus acids, product mixtures 

may be obtained because of the loss of different alkyl functions from the 

quasi-phosphonium site. The relative tendencies of these alkyl esters to be 

removed has been measured by competition studies with the conjugate 

addition reaction of mixed trialkyl phosphites and acrylonitrile. (76) The 

tendency to be displaced is:  

   

 

 

3.1.1.2. Monobasic Phosphorus Acid Esters  
The addition of a monobasic trivalent phosphorus acid to a carbonyl carbon 

atom (or in a conjugate manner to an olefinic carbon atom) is easily 

accomplished with a wide range of basic reagents. In the earliest work, 

conjugate addition to several Michael-type acceptors was accomplished with 

the sodium salts of dialkyl phosphites. (77, 78) Reasonable yields can be 

obtained with either a catalytic or equivalent amount of the salt of the 

phosphorus acid. With each substrate, yields of the adduct phosphonate are 

highest with the use of dimethyl phosphite, decreasing slightly with other 

primary alkyl esters. Significant decreases in yield are found when secondary 
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alkyl phosphorus esters are used. 

 

It was similarly noted in early investigations that α -hydroxyalkylphosphonates 

can be generated from saturated aliphatic aldehydes or ketones by this 

approach. (35) High yields of product are reported with the use of either an 

equivalent amount of the phosphorus acid salt or a catalytic amount of sodium 

or lithium methoxide with the phosphorus acid. However, stereochemical 

variations are noted with changing conditions in additions to 

1,2:5,6-diisopropylidene-D-glucofuranos-3-ulose. (79) 

 

Sodium salts of the monobasic acids are used quite conveniently in these 

addition reactions. While di-n-butyl phosphite alone undergoes addition to 

maleate esters poorly, formation of the sodium salt with catalytic amounts of 

either sodium amide or sodium metal results in formation of the monoadducts 

in good to excellent yields. (80) Similar results are obtained using dibutyl 

phosphite with maleate esters. (Eq. 21) (81)  

   

 

 (21)   

 

 

 

Sodium diphenylphosphinite, generated by reaction of sodium hydride with 

diphenylphosphine oxide in tetrahydrofuran, adds readily to the carbonyl 

carbon of acetone (82) and also participates in Michael-type additions to 

mesityl oxide (83) or ethyl vinyl ketone. (84) With crotonaldehyde, however, 

the conjugate addition route is bypassed for addition to the carbonyl carbon 

atom. The diphenylphosphinite anion reacts in a consistent manner 

independent of its mode of generation. Equivalent results are obtained in 

reaction with carbonyl compounds when it is generated by (1) sodium hydride 

reaction with diphenylphosphine oxide, (2) 3 equivalents of phenyl Grignard in 

reaction with diethyl phosphite, or (3) sodium iodide action on benzyl 

diphenylphosphinylformate. (82) 

 

The sodium salt of dimethyl phosphite, generated with sodium methoxide in 

ether at ambient temperature, undergoes addition to the carbonyl carbon of 

benzalacetone (Eq. 22). (85) This result is in contrast to the use of other dialkyl 

phosphites in refluxing benzene with the same base, where Michael-type 

addition is reported. (86)  
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 (22)   

 

 

 

A similar solvent-dependent variation in the site of addition is observed in the 

reactions of several α , β -unsaturated ketones with dimethyl phosphite and 

sodium methoxide. Michael-type addition is observed in benzene solution, 

whereas carbonyl addition occurs in ether solution. (87) In ether solution, 

yields of carbonyl-addition product can be increased by changing the base to 

diethylamine, whereas use of triethylamine gives unfavorable results (Eq. 23). 

(87)  

   

 

 (23)   

 

 

Carbonyl 
Compound Base 

Yield of 
I-Hydroxyalkylphosphonate 

(%) 
 

NaOCH3 69 

  

(C2H5)2NH 100 

  
 

(C2H5)3N  20 

NaOCH3 64 

  

(C2H5)2NH 100  
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 (C2H5)3N  58  
 

 

 

A further divergence in reaction course is found in the synthesis of analogs of 

aminoethylphosphonate with the use of dimethyl phosphite with triethylamine 

or sodium methoxide (Eq. 24). (88)  

   

 

 (24)   

 

Moderate yields of α -hydroxyalkylphosphonates are obtained when 

triethylamine is used. However, use of sodium methoxide leads to the 

formation of a phosphate triester, 3. (88)  

   

 

 

 

A variety of amines can be used to catalyze these additions. Significant levels 

of asymmetric induction in the product (80–85%) can be attained by using 

chiral amines such as quinine. (89, 90) 

 

Two approaches involving heterogeneous reaction conditions provide 

moderate to excellent yields of carbonyl adducts. The first involves treatment 

of a mixture of aldehyde or ketone and the dialkyl phosphite with a five-fold 

excess of a fluoride salt (potassium or cesium) at room temperature (Eq. 25). 

(91)  

   

 

 (25)   

 

The second approach uses commercial basic chromatographic alumina as the 

catalyst (Eq. 26). (92)  
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 (26)   

 

The major advantage of these procedures is the relatively simple experimental 

conditions involved. The product is removed from the insoluble catalyst by 

washing with an organic solvent followed by filtration. The principal limitation to 

the procedures is the inefficiency of the reactions when solid or highly viscous 

carbonyl compounds are used. 

 

For addition reactions to imines with dialkyl phosphites or monoalkyl 

phosphonites, (94-96) it appears that the imine nitrogen is sufficiently basic to 

promote the reaction (Eq. 27).  

   

 

 (27)   

 

Moreover, in some instances bicarbonate (97) or carbonate (98) can be used 

to promote dialkyl phosphite addition reactions with carbonyl compounds (Eq. 

28).  

   

 

 (28)   

 

 

3.1.1.3. Silylated Phosphorus Reagents  
The use of silylated phosphite reagents in polar addition reactions at 

unsaturated carbon has been noted earlier. However, the use of such reagents 

represents a major advance in synthetic approach. Therefore further 

discussion is given here. 

 

Several preparations of tris(trimethylsilyl) phosphite have been reported. 

(45-47, 99, 100) The most favorable method for producing tris(trimethylsilyl) 

phosphite of high purity and in good yield begins with the trisodium salt of 

phosphonoformic acid. (100) This salt, readily obtained in high purity, is 

decomposed to phosphorous acid of high purity, which is rendered anhydrous 
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and silylated by treatment with chlorotrimethylsilane. 

 

Tris(trimethylsilyl) phosphite readily undergoes polar addition reactions both at 

carbonyl carbon and in a conjugate manner with certain Michael-type 

acceptors. With simple aldehydes and ketones, addition at the carbonyl carbon 

proceeds in good to excellent yield and can be followed by near-quantitative 

conversion of the bis(trimethylsilyl) phosphonate to the free acid on water 

addition (Eq. 29). (49, 58)  

   

 

 (29)   

 

Variable results are found with α -halocarbonyl compounds. With aliphatic α 

-haloketones and aldehydes, the reaction proceeds exclusively at the carbonyl 

carbon to generate the α-trimethylsiloxyalkylphosphonate (Eq. 30). (48)  

   

 

 (30)   

 

However, with α -haloaromatic ketones or carboxylates, product mixtures 

result from vinyl phosphate formation (Perkow reaction) (101-103) or direct 

halide displacement (Michaelis–Arbuzov reaction) (Eq. 31, 32). (47-49, 59, 

104)  

   

 

 (31)   
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 (32)   

 

 

 

Monoesters of α -hydroxyalkylphosphonates, which otherwise can be 

generated only with significant difficulty, can be generated through use of this 

reagent. (100) The use of silyl ester linkages introduces the required selectivity 

into the sequence of hydrolysis, esterification, thermolysis, silylation, and 

addition, which would otherwise be extremely difficult. A convenient aspect of 

this route is the possibility of performing the entire sequence of reactions 

without isolation of intermediates (Eq. 33).  

   

 

 (33)   

 

 

 

The trimethylsilyl dialkyl phosphites have been more thoroughly investigated 

for both carbonyl–carbon and Michael-type addition reactions. These reagents 

are prepared conveniently either by trimethylsilyl halide reaction with the salt of 

the dialkyl phosphite (47, 105) or with the dialkyl phosphite with a tertiary 

amine. (51, 106) 

 

The carbonyl adducts of these monosilyl reagents have particular utility in the 

synthesis of ketones. They are generated, using the adduct as an acyl anion 

equivalent, by alkylation of the lithiated adduct followed by cleavage of the 

carbon–phosphorus linkage in basic medium. (12) For example, benzyl phenyl 

ketone is prepared in 74% overall yield from benzaldehyde (Eq. 34). (11)  
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 (34)   

 

The fundamental utility of the monosilyl ester phosphites is that they can 

generate α -siloxyalkylphosphonates that are protected for immediate 

alkylation, but easily undergo selective removal of the silyl function for 

conversion to the α -hydroxy species and subsequent removal of the 

phosphorus function. 

 

Of similar utility are the silylated phosphorodiamidites. These compounds, 

such as triethylsilyl N,N,N¢,N¢-tetramethylphosphorodiamidite, are prepared 

by reaction of the silanoxide anion with the appropriate phosphorodiamido 

chloride (Eq. 35). (51)  

   

 

 (35)   

 

After reaction with an aldehyde, either by addition at the carbonyl carbon or in 

a Michael-type manner, these adducts also serve as acyl–anion equivalents. 

They are readily alkylated and are converted to the simple carbonyl products 

on treatment with tetra-n-butylammonium fluoride (Eq. 36). (10)  

   

 

 (36)   
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Mixed silyl aromatic phosphites have not been reported. They would be 

anticipated to have synthetic utility similar to the silyl alkyl phosphites and 

should provide an alternative route for generation of the free phosphonic acids. 

 

Silyl esters of phosphonites would be anticipated to exhibit similar reactivity, 

although their utility for general synthetic purposes would be less because of 

the greater effort required for their preparation. Accordingly, little work has 

been done with such compounds. These compounds readily undergo 

conjugate addition to α , β -unsaturated esters, (63) nitriles, (63) ketones (Eq. 

37), (63) and nitro compounds, (107) although the α , β -unsaturated 

aldehydes examined undergo addition only at the carbonyl carbon. (63)  

   

 

 (37)   

 

 

 

The bis(trimethylsilyl) ester of the parent phosphonous acid adds to the 

carbonyl carbon of chloroacetone. However, the Perkow reaction is a 

significant competitive pathway (Eq. 38). (108)  

   

 

 (38)   

 

The silyl reagent also undergoes conjugate addition to acetylenic and vinylic 

phosphonates in moderate yield. (109) 

3.2. Nature of the Substrate  
In most instances trivalent phosphorus reagents undergo addition reactions 

with polar unsaturated linkages, attacking as nucleophiles at electron-deficient 

sites. While the most common functionality undergoing such attack is the 

carbonyl linkage, others have been investigated and provide facile routes to 

organophosphorus compounds. The principal functionalities that undergo 

addition reactions are discussed here. 
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3.2.1.1. Simple Aldehydes and Ketones  
Simple aldehydes and ketones undergo addition at the carbonyl carbon quite 

readily with the entire range of phosphorus reagents noted previously. While 

yields with either aldehydes or ketones are in the range of moderate to 

excellent, with a given phosphorus reagent aldehydes generally provide higher 

product yields than ketones of similar size and carbon skeleton. This is noted 

using fully esterified phosphorous acid reagents (49-51, 110, 111) as well as 

partially esterified acids with alumina (92) or alkali fluorides, (91) or as their 

anions. (35) Such observations are in keeping with the generally enhanced 

reactivity of aldehydes toward nucleophilic attack. 

 

Similarly, increasing the normal polarization of the carbonyl functionality leads 

to improved product yields. (35) Thus the α -haloaliphatic ketones give 

excellent yields of carbonyl addition products, (47, 91) interestingly without any 

significant amount of vinyl phosphate ester (Perkow reaction). (101-103) 

However, the two reaction pathways appear to be competitive using either α 

-halopyruvates with tris(trimethylsilyl) phosphite, (48) or 

bis(trimethylsiloxy)phosphine with simple α -haloketones. (108) Clean addition 

to the carbonyl–carbon of α -halopyruvates can be obtained by using dialkyl 

phosphites with base, (112) mixed silyl phosphite esters, (113) or 

diphenylphosphine oxide. (114) Further, the α -haloaromatic ketones appear to 

form only vinyl phosphate esters with tris(trimethylsilyl) phosphite (48) but 

exhibit only addition at the carbonyl–carbon atom with the use of dialkyl 

phosphites with amines. (115) Although hexafluoroacetone gives 

1,3,2-dioxaphospholanes with ordinary trialkyl phosphites, (55) simple addition 

generating the α -siloxyalkylphosphonates in excellent yields occurs when a 

silyl phosphite ester is used. (56, 57) 

 

Compounds that bear a carbonyl group alpha to a carboxylate ester 

(pyruvate-related materials) readily undergo simple addition to the carbonyl 

carbon with the use of fully esterified trivalent phosphorus reagents, (58, 60) 

although the presence of an aromatic ring favors a further rearrangement. (60) 

The α -bromopyruvates give mixtures of products, including those of 

carbonyl–carbon addition and vinyl phosphate formation (Perkow). (59) Simple 

carbonyl–carbon addition occurs as well with the α -ketoesters, (50, 54) ketene 

(Eq. 39), (50) and isocyanates. (116) In the latter two instances the ultimate 

products correspond to those obtained by Michaelis–Arbuzov reaction of the 

acid halides. (117)  

   

 

 (39)   
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Although variations in yields among aliphatic and aromatic aldehydes (and 

ketones) are found, there appears to be no fundamental difference in the 

product yields attainable with each, except in reaction with trialkyl phosphites. 

3.2.1.2.  α , β -Unsaturated Aldehydes and Ketones  
When an olefinic linkage is conjugated with the carbonyl function, Michael-type 

addition of the phosphorus reagent, as well as addition at the carbonyl–carbon 

atom, can occur. Both aldehydes and ketones react readily with trialkyl 

phosphites in a hydroxylic solvent to give the Michael-type addition products. 

(32, 33, 118, 119) Clear-cut differences in reactivity and product yield are not 

evident in comparison of aldehydes with ketones in this reaction. Often, the 

immediate product obtained is the ketal (acetal), the enol ether, or a mixture 

thereof rather than the free carbonyl compound. Isolation of the free carbonyl 

species is easily accomplished by treatment of the reaction mixture with 

aqueous acid. An interesting example of this is found in the reaction of 

trimethyl phosphite with 2,5-dicarbomethoxy-3,4-diphenylcyclopentadienone. 

The enol ether is formed exclusively by a 1,6-addition reaction (Eq. 40). (120)  

   

 

 (40)   

 

Other substituted cyclopentadienones produce diverse products under a 

variety of conditions. (97, 121-124) 

 

Pronounced differences in the chemistry of α , β -unsaturated aldehydes as 

compared to the ketones occur when the fully esterified phosphorous acid 

species contains one or more silyl functions. In reactions with dialkyl trialkylsilyl 

phosphites, these aldehydes undergo predominantly, if not totally, addition to 

the carbonyl-carbon atom. (51, 61, 111) However, the ketones react almost 

exclusively by conjugate addition. (51, 61, 111) Similar results are found with 

the use of either trienthylsilyl N,N,N¢,N¢-tetramethylphosphorodiamidite (51) 

or tris(trimethylsilyl) phosphite. (49) The use of trialkyl phosphites or other fully 

esterified phosphorus acid species with an added silyl chloride gives variable 

results with aldehydes, although ketones give only products of conjugate 

addition in good to excellent yield. (51) Silyl phosphonite esters also exhibit 

this diversity in reaction pathway with unsaturated carbonyl compounds. 

Aldehydes react exclusively at the carbonyl–carbon atom while ketones give 

conjugate addition products or mixtures. (63) 
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Unsaturated ketones give products of conjugate addition in moderate yields by 

reaction with dialkyl phosphite anions. (77, 78, 125) If reaction at more than 

one site is possible, phosphorus addition occurs at the less highly substituted 

carbon atom. (78) Unsaturated aldehydes exhibit carbonyl carbon or 

Michael-type addition with the anion of diphenylphosphine oxide, depending 

on the mode of generation of the anion. (82, 84) A solvent dependence is 

found for the reaction of sodium salts of dimethyl phosphite with unsaturated 

ketones. In ether solution, addition occurs only at the carbonyl-carbon atom 

whereas in benzene solution conjugate addition occurs. (87) 

3.2.1.3. Other α , β -Unsaturated Compounds  
In addition to the α , β -unsaturated aldehydes and ketones, a variety of other 

types of compounds exhibit Michael-type addition of phosphorus esters. The 

most broadly investigated of these are the conjugated esters, although other 

carboxylate-related materials have been studied as well. 

 

Maleate esters undergo conjugate addition of dialkyl phosphites in the 

presence of catalytic amounts of base to give the phosphonates in good to 

excellent yield (Eq. 41). (80, 81)  

   

 

 (41)   

 

In the absence of base, generally sodium amide or sodium metal, only very 

poor yields of adduct are obtained. (80) Similar addition reactions occur with 

the use of secondary phosphine oxides with unsaturated monocarboxylates 

under basic conditions. (126) Maleimide and N-substituted maleimides also 

undergo Michael addition in the presence of phosphorous acid in the fully 

esterified (127) or diester–amide state. (74) 

 

Esters of acrylic acid undergo hydrophosphinylation readily with salts of dialkyl 

phosphites, (128, 129) trialkyl phosphites in the presence of silyl halides, (68) 

or silylated phosphite species. (130, 131) Under the second set of conditions, 

acrylates substituted at either the α or the β position fail to react. (68) However, 

moderate yields of Michael-type adducts are obtained from such substrates 

using silylated phosphites (Eq. 42). (130)  
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 (42)   

 

Acrylonitrile and α -substituted acrylonitriles also react under all of these 

conditions to give conjugate adducts in moderate to good yield. (50, 76, 128, 

132, 133) Acrylamide and related 2- and 3-substituted acrylamides undergo 

addition readily using dialkyl phosphites with added base. (134, 135) Moderate 

to good yields of the resultant 3-phosphonoamides are obtained. 

Hypophosphite monoesters similarly give products of addition to two 

molecules of acrylonitrile or acrylamide. (28) 

 

When 2-bromo-3-alkoxypropionates are heated with an excess of triethyl 

phosphite, two competing processes occur. (136) The major route involves 

initial Arbuzov reaction to displace the bromide, followed immediately by 

elimination of alcohol. The resultant conjugated ester readily undergoes 

hydrophosphinylation to give 2,3-bisphosphonates in moderate yield (Eq. 43).  

   

 

 (43)   

 

The minor competing route involves phosphite-induced elimination to form the 

acrylate, which then undergoes hydrophosphinylation to generate the β 

-phosphonopropionate. 

 

Acrylic acid itself can be used in hydrophosphinylation with trialkyl phosphites, 

although the adduct isolated is the carboxylate ester. (137-139) Presumably 

the reaction proceeds by initial transesterification followed by addition of the 

resultant dialkyl phosphite to the acrylate ester. (137, 140) This approach also 

can be used with α - and β -substituted acrylic acids. (137, 140, 141) 

 

Nitroolefins react with fully esterified trivalent phosphorus species under protic 

conditions to give Michael-type adducts in moderate to good yield. (71, 72, 75, 

107, 142-145) In some reactions organic nitrites are formed. (146, 147) Lower 

yields are obtained from acyclic nitroolefins with dialkyl phosphites and base, 

(75) but reasonable results are obtained with cyclic carbohydrate derivatives. 
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(148) In these latter systems, stereospecific trans addition is observed (Eq. 44). 

(148)  

   

 

 (44)   

 

 

3.2.1.4. Imines  
The electron-deficient carbon atom of the imine linkage provides a site of 

reactivity completely analogous to the carbonyl linkage. The early reported 

method of Fields (94) involving dialkyl phosphite addition to either (1) 

preformed imines or (2) imines generated in situ 

(aldehyde + amine + phosphite) allows facile preparation of α 

-aminoalkylphosphonates bearing substitution on nitrogen (Eq. 45).  

   

 

 (45)   

 

Excellent yields are obtained with aldimines or ketimines of primary or 

secondary aliphatic amines. This includes an extensive series of diaromatic 

ketones having the fundamental fluorenone-type structure. These ketones are 

used in the preparation of α-aminophosphonic acid analogs of morphactines; 

these compounds have activity as plant growth regulators. (149-151) 

Aldimines and ketimines formed from primary aromatic amines also react 

under these conditions, but the yields are only moderate to good. (93, 97, 

152-157) 

 

The direct preparation of α -aminoalkylphosphonates without nitrogen 

substitution is possible by this general approach. (158-162) However, 

extremely stringent conditions (high temperatures, sealed tube) with the use of 

alcoholic ammonia are required, and only poor yields are obtained. Moderate 

yields (43–71%) are obtained when the aldimine hydrochloride–tin(IV) chloride 

complex (formed from the nitrile) is used with dialkyl phosphites. (163) 

 

Since these target molecules have significant potential utility as analogs of α 
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-amino acids, alternatives for their synthesis are desired. Routes to these 

materials are available through the use of a variety of alkyl amines that may be 

cleaved readily to the primary amino function after the phosphorus addition 

reaction is accomplished. In one approach a benzylic amine, which can be 

hydrogenolyzed to the free primary amino function, is used. In addition to the 

simple benzyl group, (95) secondary (164) and tertiary (165-168) benzylic 

groups can be used. Chiral α-methylbenzylamine can be used for asymmetric 

induction in the preparation of optically active α -aminoalkylphosphonic acids. 

(164-169) 

 

Of similar utility are the diimines formally derived from 1,1-diamines. These are 

produced by the condensation of three molecules of aldehyde with two of 

ammonia. Phosphonates and phosphinates bearing an α -amino function are 

produced in good to excellent yields from these species by acid hydrolysis 

following the phosphorus addition reaction. (170-172) Benzaldazine can be 

used in the same manner. (96) Imine formation using tert-butylamine prior to 

phosphorus addition also allows formation of the free primary amine product in 

excellent yield on acidic hydrolysis (Eq. 46). (173)  

   

 

 (46)   

 

Finally, an oxime can be used with a dialkyl phosphite for preparation of the α 

-hydroxylaminophosphonate. (174) 

 

Fully esterified phosphites (trialkyl or triaryl) are used principally in reactions in 

which the imine reagent is generated in situ from the aldehyde and a carbonic 

amide. With acetic acid as catalyst, moderate to good yields of the 

N-substituted α -aminoalkylphosphonates are isolated with ureas, (175, 176) 

thioureas, (177-180) and carbamates. (64, 181) The use of an acidic catalyst 

(glacial acetic acid or boron trifluoride etherate) facilitates the initial 

condensation reaction, which is inhibited by the basic trialkyl phosphites. 

Triaryl phosphites are not sufficiently basic to cause this inhibition. (175) With 

cyclic ureas (182) and unsubstituted urea or thiourea, (175) formation of 

diadducts occurs readily. 

 

Simple aldimines can be used in reaction with fully esterified phosphites. The 

chiral aldimines from chiral α -methylbenzylamine react with tris(trimethylsilyl) 

phosphite to generate chiral α -aminoalkylphosphonic acids. (183) Optical 

purity of 90% can be obtained with good yield by a two-step procedure. 
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The nature of the imine reactions described might lead one to anticipate the 

possibility of a Mannich-type condensation occurring with (unesterified) 

phosphorus acids. This does occur with formaldehyde and phosphorous acid, 

although mixtures of mono- and diadducts on nitrogen are produced (Eq. 47). 

(29)  

   

 
 (47)   

 

A report (184) that the corresponding reaction occurs with carbonyl 

compounds other than formaldehyde in aqueous media at low pH has been 

found to be in error. (185) However, direct addition of phosphorous acid to 

C-substituted imines does occur with heating in the absence of solvent (186) 

or with a nonprotic solvent, such as acetic anhydride. (187) The addition of 

hypophosphorous acid to N-substituted imines is of use in the preparation of 

1-aminoalkylphosphonous acids as isosteric analogs of naturally occurring 

amino acids. (188) 

 

The use of trivalent phosphorus acid chlorides for addition to imines is also 

possible for the preparation of this type of compound. (189-191) However, only 

moderate yields of the free acid are obtained by this method. 
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4. Comparison of Methods 

 

This brief analysis of the carbon-phosphorus bond-forming procedures is 

divided into three parts. The first considers the syntheses of α 

-oxyphosphonates, with both free and masked hydroxyl groups. The second 

considers the approaches to phosphonates bearing a free α -amino group. 

Finally, conjugate additions generating phosphonates with an unsaturated 

functionality attached at the β position are reviewed. 

4.1.  α -Oxyphosphonates  
The recent development of the use of silyl reagents in the addition of trivalent 

phosphorus to carbonyl carbon has provided the most efficient routes to α 

-oxyphosphonates and related materials. 

 

Two distinct methods are available. The route most thoroughly investigated 

uses a silyl ester of the trivalent phosphorus acid, preformed by reaction of the 

acid with a silyl halide in the presence of base. For most systems using this 

route, reported product yields are greater than 80%. The use of trialkyl 

phosphites in the presence of silyl halides has been less thoroughly 

investigated. The role of the silyl halide here is not to attack the phosphite, but 

to intercept the initial adduct, silylating the oxide anion site (Eq. 48).  

   

 
 (48)   

 

The reported yields using this method have generally been greater than 90%. 

A further preferential aspect of this latter method is its “one-pot” simplicity, 

bypassing the separate formation of the silyl–phosphorus ester. 

 

Both of these methods result in the formation of α -siloxy products. The silyl 

ether linkage can be cleaved under relatively mild conditions to generate the 

free hydroxyl group or can be left in place to serve as a protecting function, 

such as by preventing carbon － phosphorus bond fission under basic 

conditions while other operations are performed. 

 

If silyl reagents are to be avoided and the α -hydroxy product is desired directly, 

the use of fluoride salts with the dialkyl phosphite and carbonyl compound in 

the absence of solvent seems to be the most efficient method. (91) Generally 

high yields are reported for this method, and the workup is relatively simple. Its 

major deficiency is seen, however, if one or both of the reactants is solid. 

Difficulty in obtaining and maintaining reagent contact precludes efficient 

reaction. In such instances use of a catalytic amount of base (alkoxide ion) 
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with the dialkyl phosphite and carbonyl compound in a dipolar aprotic solvent 

can result in yields in excess of 90%, even with highly functionalized 

substrates. (192) 

 

Hydroboration–oxidation of vinylphosphonates provides an alternative 

preparative route for α -hydroxyalkylphosphonates. The hydroboration of 

vinylic linkages directly attached to phosphorus proceeds regiospecifically with 

the attachment of boron (and subsequently oxygen) at the α position. (193, 

194) Use of a chiral borane reagent can also provide stereospecific 

introduction of the hydroxyl group. (194) A major consideration for the use of 

this approach as a generally competitive method for the preparation of α 

-hydroxyalkylphosphonates is the difficulty associated with preparation of the 

appropriate vinylphosphonate. An additional step is involved compared with 

the direct carbonyl addition methods, assuming that the appropriate carbonyl 

compounds are available. 

4.2.  α -Aminophosphonates  
The use of silyl reagents for the synthesis of this category of materials has 

been neither as extensive nor as successful as for the α -oxyphosphonates. 

Rather, variable yields are reported for the relatively few syntheses performed 

with silyl reagents. 

 

The most efficient method, in terms of both product yield and ease of 

performance, involves the addition of the parent carbonyl compound to a 

mixture of the amine and dialkyl phosphite in the absence of solvent. (94) In 

most of the examples reported, yields greater than 80% are found, with 

primary aromatic amines giving only slightly lower yields than aliphatic amines. 

Interestingly, the use of preformed imines with dialkyl phosphites exhibits a 

greater variation in yield, often below 70%. 

4.3. Conjugate Additions  
The use of silyl reagents again provides superior results for conjugate addition 

of trivalent phosphorus to carbonyl and related compounds bearing α , β 

unsaturation. Of the several techniques investigated, the use of a trivalent 

monobasic phosphorus reagent with a silylating agent results most 

consistently in yields greater than 80%. Generally, the phosphorus reagent is 

added to a mixture of the Michael acceptor, silyl reagent, and a tertiary amine. 

(63) Either the silyl–phosphite esters or trialkyl phosphites with silyl halides 

may also be used, but with variable results. (63) 

 

If silyl reagents are to be avoided, the most efficient approach involves the use 

of a fully esterified trivalent phosphorus reagent in the presence of phenol. 

Alcohols can be used instead of phenol, but the yields are generally lower. The 

use of dialkyl phosphite with base in this type of reaction, although commonly 

reported, often gives low yields. 
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5. Synthetic Utility 

 

The polar addition of trivalent phosphorus esters and amides to unsaturated 

carbon sites results in the formation of functionalized organophosphorus 

compounds with a variety of uses. These, as noted in the introduction to this 

chapter, include synthetic chemical, biological, and industrial applications. 

Further detail regarding application in synthetic chemistry is considered here. 

 

The utility of ( α-functionalized) alkylphosphonates for further chemical 

syntheses has been a major driving force for the recent increased interest in 

their own syntheses. The phosphonyl function increases the acidity of the 

hydrogen at the carbon attached to phosphorus. On removal of the alpha 

proton with base, the resultant stabilized carbanion is capable of nucleophilic 

attack, including simple substitution reactions (Eq. 49). (9)  

   

 
 (49)   

 

 

 

The presence of an oxy function at the α carbon further permits cleavage of the 

carbon － phosphorus bond once reaction as a carbanionic species has been 

completed. (12) Thus the products of phosphite addition at carbonyl carbon, 

the α -oxyphosphonates, can serve as synthetic equivalents of acyl anions, 

which are chemically equivalent to carbonyl functions of inverted polarity 

(umpolung). The simplicity of this characteristic is illustrated in the synthesis of 

geranyl phenyl ketone starting with benzaldehyde as the acyl source. (11) The 

α -siloxyphosphonate produced by addition of a silyl–phosphite ester to 

benzaldehyde is alkylated with geranyl bromide and deprotected, and the 

phosphorus component is removed to give the desired ketone. The overall 

result is as if the benzoyl anion had performed a simple displacement reaction 

on geranyl bromide (Eq. 50).  
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 (50)   

 

A wide variety of carbonyl reagents can be used in this type of reaction with 

alkyl and acyl halides. (11, 195-198) 

 

Stabilized anions can be generated as well from simple 

alkylphosphonothioates, α -chloroalkylphosphonates, or alkylphosphonamides 

that undergo reaction with carbonyl compounds by attacking at the carbonyl 

carbon. The adducts can at times be isolated or directly thermolyzed to 

generate alkenes, proceeding via a route akin to that involved in the 

Wadsworth–Emmons–Horner reactions. (5-7, 199) 

 

The stabilized anions of α -siloxyphosphonates also undergo condensation 

reactions with carbonyl compounds. (69) However, with these compounds α 

-hydroxyketones are produced in high yield in a one-pot procedure. For 

example, 2 equivalents of benzaldehyde are converted to benzoin in 91% yield 

proceeding through the α -siloxyphosphonate (Eq. 51).  

   

 

 (51)   
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It is interesting that the intermediate adduct fragments via an acyclic route 

rather than through the cyclic route typical of Wadsworth–Emmons–Horner 

reactions. (1) 

 

The Wadsworth–Emmons–Horner fragmentation route is observed in 

condensation reactions using the stabilized anions of substituted α 

-aminophosphonates. (93, 200) The resultant enamines can be isolated or 

hydrolyzed directly to the ketones (Eq. 52).  

   

 

 (52)   

 

 

 

The α -oxyphosphonates are also convenient precursors for the 

α-chlorophosphonates, which act as chloromethylene donors in the 

Wadsworth–Emmons–Horner reaction. (199) 

 

Carbonyl–carbon adducts of α , β -unsaturated aldehydes provide a further 

synthetic utility. The α -siloxyphosphonamides, on treatment with base, react 

with alkyl halides or carbonyl compounds at the α-carbon atom relative to 

phosphorus. The resultant silylated enol phosphonamides can then be 

degraded efficiently to the substituted carboxylate compounds (Eq. 53). (10)  
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 (53)   

 

A similar result is obtained starting with an allylic phosphate ester and base, 

proceeding through a phosphate– α -oxyphosphonate rearrangement. (201) 

Thus an unsaturated aldehyde can be functionalized to serve as a 

homoenolate anion equivalent. Triphenylphosphine also adds to α , β 

-unsaturated carbonyl compounds to generate products of use in this type of 

procedure. (202) 
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6. Experimental Procedures 

 

The following experimental procedures illustrate the variety of reactions and 

reagents for carbon － phosphorus bond formation by nucleophilic addition to 

carbon. Particular attention is given to reaction systems involving silylated 

phosphorus reagents and the accompanying use of silyl halides with 

phosphorus reagents. Examples of Michael-type additions 

(hydrophosphinylation) are included, as well as additions to carbonyl and imino 

carbons. 

6.1.1.1. Diethyl 3-Trimethylsiloxy-2-cyclopenten-1-ylphosphonate 
(Hydrophosphinylation of an α , β -Unsaturated Ketone with a Silylated 
Phosphite Reagent) (62)  
Cyclopent-2-en-1-one (250 mg, 3.05 mmol) and trimethylsilyl diethyl phosphite 

(1.15 g, 5.48 mmol) (prepared from sodium diethyl phosphite and 

chlorotrimethylsilane) were dissolved in 10–15 mL of dry acetonitrile and 

placed in a sealed tube previously flushed with argon. The reaction mixture 

was heated at 80° for 12 hours in an oil bath. At the end of this period the tube 

was allowed to cool to ambient temperature, and the solvent was evaporated 

under reduced pressure. Removal of excess reagent was accomplished by 

Kugelrohr distillation at 50–70°/3–10 torr. Spectroscopically pure diethyl 

3-trimethylsiloxy-2-cyclopenten-1-ylphosphonate was isolated as an oil 

(890 mg, 3.05 mmol, 100%). 1H NMR ( CDCl3) δ: 0.25 (s, 9H), 1.20–1.35 (t, 

J = 7.5 Hz, 6H), 1.65–2.65 (m, 4H), 2.74–3.16 (m, 1H), 3.87–4.21 (quin, 

J = 7.5 Hz, 4H), 4.48–4.64 (m, 1H); IR ( CHCl3) cm–1: 1620 (s), 1230 (vs), 1030 

(vs). 

6.1.1.2. Diethyl Hydroxymethylphosphonate (Addition of a Phosphite Diester to 
an Aldehyde Catalyzed by Alumina) (92)  
Merck-60 neutral alumina (3 g) was added to a stirred mixture of diethyl 

phosphite (1.38 g, 10 mmol) and paraformaldehyde (0.3 g, 10 mmol). This 

mixture was heated at 100° for 1.5 hours and then allowed to cool to room 

temperature. The reaction mixture was extracted with dichloromethane 

(2 × 25 mL), and the solvent was removed from the extract under reduced 

pressure to give pure diethyl hydroxymethylphosphonate (1.31 g, 78%) of bp 

150°/0.3 torr. 1H NMR ( CDCl3) δ : 1.35 (t, J = 7 Hz, 6H), 3.90 (d, J = 6 Hz, 2H), 

4.16 (m, 4H), 4.37 (s, 1H); mass spectrum, m/z: 168.0553 (M+) (calculated 

168.0551). 

6.1.1.3. Diphenyl 1-(N-Benzyloxycarbonyl)aminoethylphosphonate (Addition of 
a Phosphite Triester to a Schiff Base Formed in situ) (181)  
A mixture of triphenyl phosphite (31.0 g, 0.10 mol), freshly distilled 

acetaldehyde (6.6 g, 0.15 mol), benzyl carbamate (15.1 g, 0.10 mol), and 

glacial acetic acid (15 mL) was stirred for approximately 1 hour until the 
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exothermic reaction subsided. The mixture was then heated at 80–85° for 1 

hour followed by removal of volatile products on a rotary evaporator under 

reduced pressure by heating on a boiling water bath. The oily residue was 

dissolved in 180 mL of methanol and left for crystallization at –10°. The 

crystalline material was collected by filtration and recrystallized by dissolving in 

a minimum amount of hot chloroform followed by the addition of a four-fold 

volume of methanol to give 18.9 g (46%) of diphenyl 

1-(N-benzyloxycarbonyl)aminoethylphosphonate, mp 115–117°. 1H NMR 

( CDCl3) δ : 1.90 (dd, J = 18 Hz, 3H), 4.75–5.25 (m, 1H), 5.5 (s, 2H), 6.39 (d, 

J = 10 Hz, 1H), 7.50–7.60 (m, 15H); IR ( KBr) cm–1: 3270, 3060, 1715, 1590, 

1540, 1490, 1450, 1305, 1280, 1245, 1220, 1195, 1160, 1100, 1020, 940. 

6.1.1.4. Dimethyl 2-Nitroethylphosphonate (Hydrophosphinylation of a 
Phosphite Triester with an α , β -Unsaturated Nitro Compound in an Alcohol 
Solvent) (71)  
A solution of nitroethylene (5.48 g, 75 mmol) (prepared from nitroethanol) (203) 

in dry benzene (55 mL) was added dropwise with stirring to a solution of 

trimethyl phosphite (7.44 g, 60 mmol) in dry tert-butyl alcohol (100 mL) at room 

temperature. The reaction was complete in 9 hours as determined by TLC, and 

evaporation of the solvents followed by vacuum distillation of the residue gave 

10.98 g (88%) of dimethyl 2-nitroethylphosphonate, bp 124°/0.05 torr. 1H NMR 

( CDCl3) δ : 2.6 (m, 2H), 3.8 (d, J = 12 Hz, 6H), 4.66 (m, 2H); IR (neat) cm–1: 

1560, 1380, 1252, 1040. 

6.1.1.5. Diethyl α -(Trimethylsiloxy)benzylphosphonate (Addition of a 
Phosphite Triester to an Aldehyde in the Presence of a Silyl Chloride) (69)  
A mixture of chlorotrimethylsilane (119.4 g, 1.1 mol), benzaldehyde (116.6 g, 

1.1 mol), and triethyl phosphite (176 g, 1.0 mol) was heated at reflux for 4 

hours. After removal of volatiles under reduced pressure, vacuum distillation of 

the residue gave 297.0 g (94%) of diethyl α 

-(trimethylsiloxy)benzylphosphonate, bp 95°/0.05 torr. 1H NMR ( CCl4) δ : 0.03 

(s, 9H), 0.9–1.4 (m, 6H), 3.6–4.1 (m, 4H), 4.85 (d, J = 14 Hz, 1H), 7.0–7.5 (m, 

5H). 

6.1.1.6. Dimethyl 1-(Trimethylsiloxy)hexylphosphonate (Addition of a Mixed 
Silyl Phosphite Ester to an Aliphatic Aldehyde) (51)  
A solution of 1-hexanal (5.00 g, 50 mmol) in benzene (20 mL) was cooled to 5°, 
and a solution of dimethyl trimethylsilyl phosphite (8.92 g, 49 mmol) in 

benzene (10 mL) was added with stirring. On completion of addition, the flask 

was warmed to 25° and the reaction mixture was stirred for 1 hour. Removal of 

the solvent under reduced pressure followed by vacuum distillation of the 

residue gave 11.2 g (81%) of dimethyl 1-(trimethylsiloxy)hexylphosphonate, bp 

82–85°/0.03 torr. 1H NMR ( CCl4) δ : –0.33 (s, 9H), 0.30–0.63 (m, 3H), 

0.63–1.30 (m, 8H), 3.28 (dd, JPH = 10 Hz, JHH = 1 Hz, 6H), 3.40 (m, 1H); IR 

(neat) cm–1: 1250, 1060, 1030, 850, 760. 
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6.1.1.7. (Z)-3-Triethylsiloxy-2-propenyldiphenylphosphine Oxide. 
(Hydrophosphinylation of a Phosphinite with an Unsaturated Aldehyde in the 
Presence of a Silyl Halide) (51)  
A solution of methyl diphenylphosphinite (5.52 g, 25.5 mmol) and 

triethylchlorosilane (3.85 g, 25.5 mmol) in 15 mL of benzene was cooled to 0°, 
after which there was added acrolein (1.43 g, 25.5 mmol). The ice bath was 

removed and the reaction mixture was allowed to stir at 25° for 2 hours. 

Removal of solvent under reduced pressure left 9.46 g (100%) of 

(Z)-3-triethylsiloxy-2-propenyldiphenylphosphine oxide as a pale-yellow 

viscous oil that decomposed on attempted distillation. 1H NMR ( CDCl3) δ : 

0.30–1.17 (m, 15H), 3.22 (ddt, JPH = 14.5 Hz, JHH = 7.5 Hz, J¢HH = 1 Hz, 2H), 

6.27 (dtd, JHH = 6 Hz, J¢HH = 7.5 Hz, JPH = 6 Hz, 1H), 7.13–8.03 (m, 10H); IR 

( CCl4) cm–1: 3050, 1645, 1185, 1090, 685. 

6.1.1.8. Diethyl 2-Carbamylethylphosphonate (Hydrophosphinylation of a 
Dialkyl Phosphite Anion with an α , β -Unsaturated Amide) (134)  
A mixture of diethyl phosphite (15.18 g, 0.11 mol) and acrylamide (7.10 g, 

0.10 mol) was heated to 60–70°, and the reaction was initiated by the addition 

of 5 mL of 3 M ethanolic sodium ethoxide. The reaction was completed by 

heating for 1 hour at 110°. The reaction mixture was diluted with ethanol, 

neutralized with concentrated hydrochloric acid, and the solvent was 

evaporated under reduced pressure. The solid residue was recrystallized from 

benzene to give 15.7 g (75%) of pure diethyl 2-carbamylethylphosphonate, mp 

74–76°. 

6.1.1.9. Di-n-butyl (2-Tetrahydropyranyloxy)methylphosphonate (Addition of a 
Dialkyl Phosphite to an Aldehyde with an Amine Catalyst) (198)  
A mixture of di-n-butyl phosphite (155.2 g, 0.8 mol), paraformaldehyde (24 g, 

0.8 mol), and triethylamine (8 g, 0.08 mol) was heated for 6 hours at 110°. 
Volatile materials were removed under reduced pressure. The residue was 

mixed with dihydropyran (33 g, 0.39 mol), diethyl ether (350 mL), and 8 drops 

of phosphorus oxychloride in a flask fitted with a drying tube. After 15 minutes 

another 33 g of dihydropyran and 8 drops of phosphorus oxychloride were 

added. These additions were repeated three more times at 15-minute intervals. 

After 2 hours an additional 1 mL of phosphorus oxychloride was added. After 4 

hours the mixture was diluted with 200 mL of diethyl ether and the resultant 

mixture was shaken with 300 mL of 5% sodium bicarbonate solution. The 

organic layer was separated and washed with 100 mL of saturated sodium 

chloride solution. The organic layer was separated, dried over sodium sulfate, 

and the solvent was evaporated under reduced pressure. The residue was 

chromatographed through a column of silica gel (350 g, 70–230 mesh) with 

80% diethyl ether in hexane. Vacuum distillation of the chromatographed 

material gave 155 g (50.3%) of pure di-n-butyl 

(2-tetrahydropyranyloxy)methylphosphonate, bp 138–140°/0.1 torr. 1H NMR 
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( CDCl3) δ : 0.95 (t, J = 6.5 Hz, 6H), 1.1–2.0 (m, 14H), 3.4–4.35 (m, 8H), 4.72 

(m, 1H). 

6.1.1.10. Bis(trimethylsilyl) 
1-Trimethylsiloxy-1-methyl-2-chloroethylphosphonate (Addition of 
Tris(trimethylsilyl) Phosphite to a Ketone) (47)  
To a solution of chloroacetone (1.85 g, 20 mmol) in dry THF was added 

tris(trimethylsilyl) phosphite (100) (6.26 g, 21 mmol) at room temperature over 

a period of 15 minutes. The reaction mixture was stirred for 3 hours. It was 

distilled to give 7.58 g (97%) of bis(trimethylsilyl) 

1-trimethylsiloxy-1-methyl-2-chloroethylphosphonate, bp 102–103°/0.18 torr. 
1H NMR ( CDCl3) δ : 0.23 (s, 9H), 0.33 (2, 18H), 1.37 (d, J = 16 Hz, 3H), 3.58 

(d, J = 5 Hz, 2H). 

6.1.1.11.  α -Aminobenzylphosphonic Acid (Addition of a Dialkyl Phosphite to 
a Schiff Base) (166)  
A mixture of benzaldehyde (1.06 g, 0.01 mol), 1-phenylcyclopentylamine 

(1.61 g, 0.01 mol), anhydrous potassium carbonate (2 g), and benzene (20 mL) 

was heated on a steam bath for 10 minutes. The mixture was allowed to cool, 

the potassium carbonate was removed by filtration, and the benzene was 

evaporated under reduced pressure. The residue was heated with diethyl 

phosphite (1.38 g, 0.01 mol) at 120–140° for 30 minutes, and the resultant 

mixture was refluxed with concentrated hydrochloric acid (50 mL) for 3 hours. 

The cooled solution was washed with benzene, and the volatile components 

were evaporated under reduced pressure. The residue was dissolved in 

ethanol and treated with propylene oxide to a pH of 6. The precipitate was 

recrystallized from aqueous ethanol to give 1.14 g (61%) of pure α 

-aminobenzylphosphonic acid, mp 280–282°. 

6.1.1.12. Triethyl β -Phosphonopropanoate (Hydrophosphinylation of an α , β 
-Unsaturated Ester Using the Sodium Salt of a Dialkyl Phosphite) (128)  
Sodium (2.0 g, 0.08 g-atom) was dissolved in freshly distilled diethyl phosphite 

(304 g, 2.2 mol) and an equal volume of dry benzene was added. Ethyl 

acrylate (200 g, 2.0 mol) was then added dropwise, and the temperature was 

maintained at 60°. After the solution had cooled to room temperature, a slight 

excess of acetic acid (5 mL) was added, and the mixture was filtered. The 

filtrate was vacuum distilled to give 400.8 g (84%) of pure diethyl β 

-phosphonopropanoate, bp 109–110°/0.6 torr. 
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7. Tabular Survey 

 

The data summarized in the following tables include the reactions presented in 

the text and other reports of fundamentally similar reaction systems involving 

different substrates. The tables attempt to cover the literature published 

through the end of 1984, with several examples from reports in early 1985. 

Within each table the reactions are ordered according to increasing number of 

carbon atoms of the substrate. The conditions listed refer to the performance 

of the addition reaction alone. In certain instances the product illustrated and 

its yield refer to a material isolated after removal of one or more blocking 

groups or phosphorus ester linkages. The conditions for these deblocking 

procedures are not listed. Such reactions are noted by the superscript a 

following the yield. 

 

The following abbreviations are used throughout the tables:  

BDMS tert-butyldimethylsilyl 

DMSO dimethyl sulfoxide 

ether diethyl ether 

TES triethylsilyl 

THF tetrahydrofuran 

TMS trimethylsilyl 

TsOH p-toluenesulfonic acid  
 

 

  

Table I. Trivalent Phosphorus Addition Reactions at Carbonyl Carbon  

 

View PDF  
 

  

Table II. Trivalent Phosphorus Addition Reactions at Imine Carbon  

 

View PDF  
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Table III. Hydrophosphinylation Reactions  

 

View PDF  
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Reductions by Metal Alkoxyaluminum Hydrides. 

Part II. Carboxylic Acids and Derivatives, Nitrogen 

Compounds, and Sulfur Compounds 

 

Jaroslav Málek*, Czechoslovak Academy of Sciences, Prague, Czechoslovakia 

1. Introduction 

 

In continuation of the previous review on reductions by metal alkoxyaluminum hydrides, (1) 

this chapter is devoted to reductions of carboxylic acids and their derivatives, open-chain 

and heterocyclic nitrogen compounds, and open-chain and heterocyclic sulfur compounds 

by alkoxyaluminum hydrides, metal alkoxyaluminum hydrides, and chiral metal 

alkoxyaluminohydride complexes. The review presented in this chapter covers the 

literature through December 1985. Emphasis is placed on the scope, limitations, and the 

synthetic utility of metal alkoxyaluminum hydrides. Currently accepted views on reaction 

mechanisms are mentioned briefly. Discussion of alternative methods of reduction, 

particularly those using other metal hydrides or complex metal hydrides, (2, 3) is limited to 

examples of the most important transformations of functional groups; reducing properties 

of these hydrides (see p. 3 in Ref. 1) and hydride reagents such as borane–dimethyl 

sulfide, (4-7) amine boranes, (8) haloboranes, (7) organoboranes, (6, 7, 9) sodium 

borohydride–pyridine, (10) sodium borohydride–triphenyl borate, (11) sodium 

borohydride–transition-metal complexes, (10, 12, 13) potassium triisopropoxyborohydride, 

(14a) and sodium triacyloxyborohydrides (14b) have been reported in several papers and 

reviews. Recent monographs and reviews 14c,d,15–25 summarize reductions with metal 

alkoxyaluminum hydrides 14c,d and asymmetric reductions with chiral lithium 

alkoxyaluminum hydrides 1,26–36 and chiral boron reagents. 37–45 
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2. Mechanism 

2.1. Partial Reductions of Functional Groups  
The striking feature of partial reductions of unsymmetrical cyclic anhydrides by 

LiAlH4, (46-55) LiBH4, (56) NaBH4, (47, 48, 51, 53-57) and LiAlH(OC4H9-t)3 

(47-50, 52, 58) to form γ -lactones is the predominant hydride attack at the 

more sterically hindered anhydride carbonyl group. The mechanism suggested 

for the reduction of 2-methylmaleic anhydride involves initial complexing of the 

solvated cation with the less hindered C-4 carbonyl function, predominant 

hydride attack at the more hindered C-1 carbonyl and formation of the 

aldehyde intermediate 1, which is protonated to give the hydroxylactone 2 or 

undergoes reduction to form the lactone 3. (46, 49, 52, 59-61) The 

regioselectivity of reductions by LiAlH4, NaBH4, and LiAlH(OC4H9-t)3 often 

varies with the anhydride structure, and the mechanism is still a subject of 

discussion. (49, 51, 53, 60-62) Moreover, bulky complex metal hydrides such 

as lithium tri-sec-butylborohydride (54-57) or lithium trisiamylborohydride (54) 

lead in some instances to a complete reversal of the regioselectivity and 

produce γ -lactones resulting from preferential hydride attack at the less 

hindered anhydride carbonyl group.  

   

 

 

 

 

The partial reduction of phenyl esters of carboxylic acids by LiAlH(OC4H9-t)3 

has been rationalized in terms of an intermediate complex 4 that is relatively 

stable toward further reduction.  
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Therefore, it undergoes protonation instead to yield the corresponding 

aldehyde. (7, 59, 63-67) A similar mechanism presumably applies also in the 

partial reduction of alkyl esters by NaAlH2(OCH2CH2OCH3)2 67–72 and its 

complexes with morpholine or 1-methylhexahydropyrazine. (73) The reductive 

transformation of diethyl perfluoroglutarate by NaAlH2(OCH2CH2OCH3)2 

follows another reaction path involving intramolecular cyclization of the initial 

reduction product 5 to form the ethoxy lactone 6, which by further reduction 

yields the cyclic hemiacetal 7. (74, 75)  

   

 
 

 

 

The partial reduction of acid chlorides by LiAlH(OC4H9-t)3 (7, 76-79) or 

NaAlH(OC4H9-t)3 (80) presumably proceeds according to Eq. 1.  

   

 

 (1)   

 

 

 

Solvation of the lithium cation and its coordination to the imine nitrogen atom in 

the complex 8 have been suggested to explain a relatively high complex 

stability and the solvent effect (81, 82) observed particularly in partial 
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reductions of aromatic and α -branched aliphatic nitriles by LiAlH(OC2H5)3 

81–85  

   

 

 

Reductions of some alicyclic nitriles such as the sterically unhindered 

equatorial nitrile 9a or the hindered axial nitrile 9b are accompanied by a 

base-induced partial inversion of configuration, and the product composition is 

determined by the rate ratio of reduction to isomerization. (86)  

   

 

 

 

 

The mechanism suggested for hydride reductions of N,N-disubstituted 

carboxamides involves initial formation of an amino alcohol complex 12 that, 

depending on the amide structure, nature of the hydride, and reaction 

conditions, can react further along three paths: (1) hydrolysis to give the 

aldehyde and the secondary amine, (2) nucleophilic hydride attack on the 

carbon–oxygen bond to yield the tertiary amine 12c, and (3) nucleophilic 

hydride attack on the carbon–nitrogen bond followed by hydrolysis to produce 

the alcohol and the secondary amine. The prerequisite for the preferential 

formation of aldehydes is that the rate of hydrolysis of complex 12 be faster 

than its conversion to 12a, 12b, and 12c. (87, 88)  
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Experimental data on the partial reduction of N,N-dimethylcarboxamides, 

(88-93) N-methylanilides, (88, 94, 95) N-acylaziridines, -piperidines, 

-pyrrolidines, (88) -imidazolines, 96,97 -saccharins, (98) 

N-methyl-N-(2-pyridyl)-carboxamides, (99) 3-acylthiazolidine-2-thiones, 

(100-102) and N-acylproline esters (103, 104) by various metal 

alkoxyaluminum hydrides can all be accommodated by this mechanism. 

2.2. Hydride Addition to α , β -Unsaturated Esters, Nitriles, and Sulfides  
Enhanced 1,2 addition of LiAlH3(OC2H5) 

* to aliphatic (105) and alicyclic (106) 

α , β -unsaturated esters to form the corresponding allylic alcohols (Eq. 2) has 

been interpreted in terms of greater hardness of the hydride and the C-2 

position compared with C-4 in a conjugated carbonyl system (107-109) (see p. 

11 in Ref. 1).  

   

  (2)   

 

On the other hand, 1,4 addition should predominate in reductions of α , β 

-unsaturated esters by soft hydrides. (108, 109) Nevertheless, despite the 

higher softness of Na+ compared with Li+, (108) NaAlH2(OCH2CH2OCH3)2 

behaves as a hard hydride and favors 1,2 addition in these reactions. (110) 

 

Reduction of a carbon–carbon double bond in the α , β -unsaturated 

cyanoacetate 13 (only one isomer is shown) with LiAlH(OC4H9-t)3 proceeds 

with a marked preference for equatorial attack and yields the axial isomer 14 

as the major product; addition of NaBH4 follows the opposite stereochemistry.  
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Reducing Agent Isomer Ratio 14a:15a Yield (%) 
 

LiAlH(OC4H9-t)3 in THFb 67:33 60 

NaBH4 in ethanolb 50:50 74 

NaBH4 in THFc 27:73 70  
a
The product is a mixture of diastereomers. 

b
The reactions were carried out at 0° for 1 hour. 

cThe reaction was carried out at 0° for 2 hours. 

 

This result has been interpreted in terms of a more reactantlike transition state 

in LiAlH(OC4H9-t)3 reductions. (111) The behavior of NaBH4 in conjugate 

additions to cyclohexylidenecyanoacetates has been rationalized on the basis 

of a cyclic six-center transition state. (112) 

 

The 1,4 addition of LiAlH(OCH3)3– CuBr–2-butanol or 

NaAlH2·(OCH2CH2OCH3)2– CuBr–2-butanol complexes (tentatively formulated 

as MCuH2) to acyclic α , β -unsaturated esters 16 presumably proceeds by 

way of electron transfer to form a radical anion 17 (R1 = alkyl); this can afford 

the enolate 18 either directly or indirectly by coupling with the hydride-complex 

radical cation to give the covalently bonded copper complex 19 followed by 

reductive elimination of copper hydride. As shown by deuterium labeling 

experiments, the hydrogen (H β ) that adds to the β -carbon atom in 17 

originates from the hydride-complex species. (113, 114)  
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Two pathways have been suggested to explain the formation of the 

dihydrodimer 20 (R = C6H5) during the conjugate reduction of methyl 

cinnamate by the NaAlH2(OCH2CH2OCH3)2– CuBr complex in the absence of 

2-butanol; the radical anion 17 can undergo either dimerization followed by 

protonation of the bisenolate 21, or initial protonation followed by dimerization 

of the enol radical 22. (113, 114)  

   

 
 

 

 

A mechanism similar to that indicated by formulas 16 ® 19 (115) presumably 

applies in 1,4 additions of the NaAlH2(OCH2CH2OCH3)2– CuBr–2-butanol 

complex to α , β-unsaturated nitriles 23 (Eq. 3). (115-117)  

   

 

 (3)   
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The mechanism of the reduction of 1-alkynyl sulfides by the 

LiAlH(OCH3)3–CuBr complex (equivalent amount of cuprous bromide; path A) 

involves attack of the hydride ion on the β -carbon atom to form the adduct 24, 

which on decomposition by water gives cis-1-alkenyl sulfides 25 (X = H) with 

greater than 95% stereoselectivity. α -Deuterated cis-1-alkenyl sulfides 25 

(X = D) are the products of decomposition by deuterium oxide. Reductions with 

catalytic amounts of cuprous bromide (path B) presumably proceed by way of 

a rapid transfer of cuprous bromide from the adduct 24 to LiAlH(OCH3)3, 

formation of the adduct 26, and regeneration of the starting hydride complex. 

The presence of cuprous bromide has a profound impact on stereochemistry, 

since reductions by LiAlH(OCH3)3 alone or LiAlH4 give almost exclusively the 

trans-1-alkenyl sulfides. (118)  

   

 

 

 

2.3. Hydrogenolytic Reactions  
Aromatic carboxylic acids bearing electron-withdrawing groups in ortho or para 

positions, their alkyl esters, (119-122) and metal salts (123) undergo 

hydrogenolysis by NaAlH2(OCH2CH2OCH3)2 at elevated temperatures. The 

proposed mechanism is similar to that suggested earlier for the hydrogenolysis 

of amino-substituted aromatic carbonyl compounds: (124) rapid formation of 

the carbinol, cleavage of the carbon–oxygen bond to give a 

resonance-stabilized carboniumion, and rapid hydride attack on the latter to 

form a methyl group (Eq. 4).  
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 (4)   

 

Hydrogenolysis of esters such as 3-carbethoxy-4-methylpyrrole by 

NaAlH2(OCH2CH2OCH3)2 yielding 3,4-dimethylpyrrole (125) seems to be 

explained rather on the basis of the vinylogy principle formulated by Gaylord. 

(126) 

2.4. Hydride Addition to Carbon–Nitrogen Double Bonds  
Reaction of the LiAlH4–3-O-benzyl-1,2-cyclohexylidene- α-D-glucofuranose 

(1:1) complex 27a (X = Ha) with imines 28 proceed apparently by way of a 

preferential transfer of the more active, less sterically hindered hydrogen Ha to 

the carbon atom of the imino group (path A); this approach gives optically 

active secondary amines 29 of the (S) configuration.  
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As the N-phenyl group in imines 28 is too remote from the reaction center, the 

extent of asymmetric induction will be determined instead by steric and 

electronic interactions between the imine C-phenyl and alkyl substituents on 

one hand and the carbohydrate 3-O-benzyl group on the other hand. In the 

ethanol-modified complex 27b (X = OC2H5), only the more sterically hindered 

hydrogen Hb is available for reduction; hydride approach from the less 

hindered side (path B) would therefore yield predominantly the secondary 

amine 29 of the (R) configuration. (127, 128) Similar stereoselectivity observed 

in asymmetric reductions of ketones, (129-131) ketoximes, and O-alkyl 

ketoximes (132) by complexes 27a and 27b justifies the conclusion that 

analogous mechanisms apply in all these reactions and that complexes 27a 

and 27b can be used for configurational correlations. 

 

Stereoselectivity of hydride additions to the carbon–nitrogen double bond in 

ketimines or their iminium salts derived from alkyl-substituted cyclohexanones 

and cyclopentanones is affected significantly by steric demands of substrates 

as well as complex metal hydrides. Whereas 3- and 4-alkylcyclohexanone 

imines and iminium salts are attacked by the more bulky reagents 

predominantly from the equatorial side to yield the axial amines, the 2-alkyl 

derivatives give cis amines as major products, regardless of hydride bulkiness. 

(133, 134)  
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Reagent A : B 
 

NaBH4 16 : 84 

NaBH3(CN)  42 : 58 

LiAlH4 37 : 63 

NaAlH2(OCH2CH2OCH3)2 72 : 28 

LiBH(C4H9–s)3 94 : 6  
 

 

 

In reductions of α -keto ketimines, LiAlH4 has been classified as hard, NaBH4 

as medium, and LiAlH(OC4H9–t)3 or the LiAlH4-pyridine complex as soft 

hydride reagents. (135) 

2.5. Molecular Rearrangements  
One of the mechanisms suggested to explain the course and stereochemistry 

of the reductive rearrangement of δ -enol lactones such as 30 involves 

intramolecular transfer of the trialkoxyaluminum fragment to the enolate 

oxygen followed by cyclic rearrangement which, on the basis of models, 

should produce exclusively the axial keto aluminate 32. Transformation of the 

latter depends apparently on the pH of the medium; (136, 137) whereas 

decomposition with a strong acid yields the thermodynamically less stable 

axial bridged keto alcohol 33a as the single product, (136) workup with water 

gives the axial (33a) and equatorial (33b) isomers in a 95:5 ratio (overall yield 

90%). (136-138)  
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The course of reduction of δ -enol lactones having an exocyclic carbon–carbon 

double bond can change significantly with the lactone structure (136, 137, 

139-143a) and apparently depends on the relative rates of reduction and 

rearrangement of the intermediate complex 31. (137) Interestingly, δ -thioenol 

lactones bearing an exocyclic carbon–carbon double bond undergo only partial 

reduction to form hydroxythiacycloalkenes. (143b) 

 

Formation of aziridines and secondary amines can complete with simple 

reduction of ketoximes and their O-alkyl derivatives by LiAlH4 or 

NaAlH2(OCH2CH2OCH3)2 in tetrahydrofuran, yielding primary amines. (59, 138, 

144-149) Reduction of the anti-oxime 34a and the syn-oxime 34b illustrates 

some of the proposed reaction pathways leading to these products. 

Intermolecular hydride attack from the least hindered side gives the nitrene 

35a; its reduction by LiAlH4 (X = H) via insertion into an aluminium–hydrogen 

bond gives the primary amine 37 as the major product (82%).  
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Nitrene insertion into a carbon–hydrogen bond is preferred in reductions by the 

more bulky NaAlH2(OCH2CH2OCH3)2 (X = OCH2CH2OCH3). Thus the 

anti-oxime 34a gives the cis-aziridine 36a by concerted insertion of the nitrene 

into a benzylic carbon–hydrogen bond and 2-benzylaziridine 36c by insertion 

into a methyl carbon–hydrogen bond in a 9:1 ratio, along with lesser amounts 

of the primary amine 37. In reductions of the sterically more congested 

syn-oxime 34b, some of the nitrene rotamer 35b is proposed to be generated 

as well, resulting in the formation of the trans-aziridine 36b in addition to the 

cis isomer 36a. (150) 

 

An alternative mechanism involves proton elimination from the methylene 

group of the syn-oxime 34b by intramolecular hydride transfer or 

1,4-sigmatropic rearrangement to form the unsaturated nitrene 38, cyclization 

of the latter to give the azirine 39, (150) and azirine reduction (151) producing 

the cis-aziridine 36a. (150)  
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Similar proton elimination from the α -methyl group in the anti-oxime 34a 

followed by formation of an unsaturated nitrene, its cyclization, and azirine 

reduction would lead to 2-benzylaziridine 36c. In contrast to tetrahydrofuran or 

1, 2-dimethoxyethane, diethyl ether and bis(2-methoxyethyl) ether suppress 

the aziridine formation completely; this strong solvent effect has been 

attributed to efficient solvation by both former solvents, thus facilitating 

elimination of the OAlHX2 group with formation of the nitrene. (150) 

 

Reduction of aryl alkyl ketoximes to secondary amines is considered to 

proceed by way of the nitrene 40, the Schiff base 41 formed by a 1,2 shift of 

the aryl group, and the complex 42 resulting from reduction of the Schiff base. 

(145, 150)  

   

 

 

 

 

The reaction of anti-oximes of 2-cyclohexen-1-ones with 

NaAlH2(OCH2CH2OCH3)2 appears to follow a mechanism suggested for the 

reduction of aryl alkyl ketoximes (147) and gives predominantly α , β 

-unsaturated aziridines by way of cyclization involving the methylene group 

adjacent to the oxime carbon atom. The reduction of syn-oximes of 

2-cyclohexen-1-ones by the same hydride evidently follows another reaction 

path as indicated in Eqs. 5 and 6. Specific formation of aziridines 43 and 44 

has been interpreted as due to (1) high steric requirements of 

NaAlH2(OCH2CH2OCH3)2 that hinder the addition of hydride ion to the 

conjugated carbon–carbon double bond and (2) basicity or hardness of the 
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hydride, that is, its capability of eliminating mobile protons from the methylene 

(Eq. 5) or methyl group (Eq. 6) attached to the conjugated carbon–carbon 

double bond. Noteworthy here is the weak solvent effect. (152-154)  

   

 

 (5)   

 

   

 

 (6)   

 

 

 

Berbine methiodides such as the trans-methiodide 45 easily undergo the 

Stevens rearrangement on reaction with NaAlH2(OCH2CH2OCH3)2; (155-158) 

the reaction follows the dissociation–recombination pathway involving either 

ion-pair or radical-pair intermediates (159) and gives the 

spirobenzylisoquinoline 46 along with the 8 β -methylberbine derivative 47. 

The hydride acts as a strong  
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base, abstracting the quasi-axial hydrogen atoms at C-8 and C-14 positions of 

berbine methiodides; the results of the rearrangement of optically active 

quaternary salts and of the trideuteriomethiodide 45a to form 

deuterium-labeled compounds 46a and 47a support this conclusion. (157) 

 

The sulfone bis(methanesulfonate) 48 undergoes rearrangement on reaction 

with LiAlH4 or NaAlH2(OCH2CH2OCH3)2. A mechanism that could account for 

the formation of (1S,6R)-S,S-dioxide 49 and its (4R)-4-hydroxy derivative 50 

involves proton abstraction at C-2, elimination of the mesyloxy group at C-7, 

and cleavage of the ether linkage at C-1 to give the bicyclic intermediate 48a; 

reductive removal of the mesyloxy group by an intramolecular SN2 reaction 

would produce the intermediate 48b. At this stage, elimination from 48b 

followed by reduction to form the S,S-dioxide 49 can compete with 

decomposition of 48b to yield the alcohol 50. The effect of the sulfone group in 

48 is essential, since no rearrangement occurs when the sulfide corresponding 

to the S,S-dioxide 48 is reduced under similar reaction conditions. (160)  
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3. Scope and Limitations 

3.1. Carboxylic Acids and Derivatives  
3.1.1.1. Reduction of Carboxylic Acids  
Simple carboxylic acids are reduced to primary alcohols by LiAlH(OCH3)3, (65, 

161) calcium alkoxyaluminohydrides, (162-165) or NaAlH2(OCH2CH2OCH3)2 

67–70,166–169 (Eq. 7) (170-172) as readily as with LiAlH4; (65, 173, 174) 

NaAlH2(OCH2CH2OCH3)2, LiAlH4, (123) and diborane (175) show comparable 

reactivity in transforming alkali metal and halomagnesium salts of carboxylic 

acids into the corresponding alcohols (cf., however, p. 478 in Ref. 173).  

   

 

 (7)   

 

In reductions of poorly soluble carboxylic acids such as 3-hydroxybenzoic acid 

(119, 121) or 9,9′-spirobifluorene-2,2′-dicarboxylic acid, (176) 

NaAlH2(OCH2CH2OCH3)2 is a more useful reagent than LiAlH4.  

   

 

 

 

 

γ -Keto carboxylic acids are reduced by NaAlH2(OCH2CH2OCH3)2 either to 

diols or γ -lactones (Eq. 8) (167)  
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 (8)   

 

In the reduction of the cis γ -keto acid 51 to the isomeric γ -lactones 52a and 

52b, LiBH(C2H5)3 and LiAlH(OC4H9-t)3 show the greatest selectivity; catalytic 

reduction on platinum oxide gives the isomeric lactones in a reversed ratio 

(26:74). (177)  

   

 

 

 

 

The carboxyl group is not attacked by NaAlH2(OCH2CH2OCH3)2 at low 

temperatures (Eq. 9). (178-180)  

   

 

 (9)   

 

Alternatively, LiAlH(OC4H9-t)3, (63, 65, 181, 182) NaBH4, (183) or LiBH(C2H5)3 

(184) can be used for selective reductions of aldehyde or ketone functions in 

the presence of a carboxyl. On the other hand, selective transformation of a 

carboxyl into a hydroxymethyl group in ester–carboxylic acids (Eq. 10) (185) 

and lactone–carboxylic acids (Eq. 11) (186) is possible via intermediate acyl 

chlorides.  
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 (10)   

 

   

 

 (11)   

 

 

 

Aromatic carboxylic acids substituted in the ortho or para positions by a 

hydroxyl or amino group undergo hydrogenolysis on reaction with 

NaAlH2(OCH2CH2OCH3)2 at elevated temperatures, (119-122) as shown in Eq. 

12. (122, 187)  

   

 

 (12)   

 

 

 

α -Amino acids are reduced by LiAlH2(OCH3)2 to the corresponding α -amino 

alcohols (Eq. 13). (188)  

   

 

 (13)   

 

 

 

Lactam formation is apparently the first step in the transformation of the cis 

amino carboxylic acid 53 into the bicyclic amine. (189)  
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Like LiAlH4, NaAlH2(OCH2CH2OCH3)2 fails to reduce the carboxylic group in 

the β -lactam 54; only treatment with diborane, reduction of the acyl azide 55 

with KBH4, or the reaction sequence indicated in Eqs. 10 and 11 leads to the 

alcohol 56. (190)  

   

 

 

3.1.1.2. Partial Reduction of Carboxylic Acids to Aldehydes  
Several procedures utilizing metal alkoxyaluminum hydrides are available for 

the direct conversion of aliphatic, alicyclic, aromatic, and α , β -unsaturated 

carboxylic acids to aldehydes. 

 

Reaction of carboxylic acids with 1,1′-carbonyldiimidazole produces 

N-acylimidazoles that easily undergo partial reduction by LiAlH(OC4H9-t)3 96 to 

give aldehydes in high yields (Eq. 14). (97)  

   

 

 (14)   
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Treating carboxylic acids with γ -saccharin chloride rapidly gives 

N-acylsaccharins, which are reduced in situ (~2 hours) to aldehydes in 

63–80% yields (Eq. 15). Chloro and nitro groups are not attacked under the 

conditions of the partial reduction. (98)  

   

 

 (15)   

 

γ -Saccharin chloride can be prepared by chlorination of saccharin with 

phosphorus pentachloride. (191) 

 

Aliphatic and aromatic carboxylic acids react with 

N,N-dimethylchloromethyleniminium chloride (57) to form 

carboxymethyleniminium chlorides 58; LiAlH(OC4H9-t)3 reduction of these salts 

in situ (10 minutes) and in the presence of copper(I) iodide as catalyst followed 

by decomposition of the betaine 59 affords aldehydes in 55–90% yields.  

   

 

 

Chloro, bromo, cyano, nitro, and ester groups, as well as conjugated 

carbon–carbon double bonds, are not reduced by the hydride under these 

conditions. The high reactivity of carboxymethyleniminium salts 58 makes it 

possible to reduce keto acids to keto aldehydes without protecting the ketone 

function (Eq. 16). (192)  
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 (16)   

 

 

 

Alternatively, bis(N-methylpiperazinyl)aluminum hydride reduces carboxylic 

acids to give the corresponding aldehydes in 62–95% yields. (193) 

3.1.1.3. Reduction of Carboxylic Acid Anhydrides  
The reduction of simple aliphatic and aromatic acid anhydrides by 

LiAlH(OCH3)3 in tetrahydrofuran, (65, 161) NaAlH2(OCH2CH2OCH3)2 in 

benzene, (168) or calcium alkoxyaluminum hydrides in toluene (165) at 

elevated temperatures gives primary alcohols in high yields. The complete 

reduction of cyclic anhydrides, as shown in Eq. 17, (194) by LiAlH(OCH3)3, (65, 

161) AlH3, (65) or NaAlH2(OCH2CH2OCH3)2 (167, 168) often proceeds more 

rapidly than with LiAlH4. (65, 174)  

   

 

 (17)   

 

 

3.1.1.4. Partial Reduction of Cyclic Anhydrides to Lactones and 
Hydroxylactones  
The low-temperature reduction of cyclic anhydrides by complex metal hydrides 

(63, 65, 77, 174) leads to lactones, hydroxylactones, or mixtures of both. 

Whereas formation of hydroxylactones predominates in reductions by 

LiAlH(OC4H9-t)3 (47-50, 52, 58, 195) (Eq. 18) (196) and sometimes also by 

LiAlH4, (49, 50, 52) lactones are the major products of reductions with NaBH4, 

(47, 48, 51-57, 196, 197) LiAlH4, (46-48, 53-55) LiBH4, (56, 198) LiBH(C2H5)3, 

(54, 56, 184) LiBH(C4H9-s)3, 54, 55–57 KBH(C4H9-s)3, (57) and lithium 

trisiamylborohydride. (54)  

   

 

 (18)   
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The effect of the hydride and of the reaction conditions on the product 

distribution in the reduction of an unsymmetrical cyclic anhydride such as 60 is 

illustrated in Eq. 19.  

   

 

 (19)   

 

 

Product ratio 
    

 

A B C D 

Refs. 

 

NaBH4 85     15   0   0 51, 61 

LiAlH4 90     10   0   0 51, 61 

KBH(C4H9-s)3   0 ~100   0   0 57 

LiAlH(OC4H9-t)3, (C2H5)2O
a   0       0 89 11 58 

LiAlH(OC4H9-t)3, DMEb, c 35       3 53   9 49, 52  
aThe reaction was carried at –55° to room temperature for 3 hours. 
b
The abbreviation DME denotes 1,2-dimethoxyethane. 

c
The reaction was carried out at –30° for 1 hour and then at 25° for 12 hours. 

 

 

3.1.1.5. Reduction of Lactones and Lactols  
Simple aliphatic and aromatic lactones are reduced by LiAlH(OCH3)3 (65, 161) 

to diols as rapidly as with LiAlH4, (65, 174) AlH3, (65) or LiBH(C2H5)3; (184) 

calcium alkoxyaluminum hydrides such as Ca[AlH2(OC4H9-i)2]2 (165) and 

NaAlH2(OCH2CH2OCH3)2 (167, 168) require longer reaction times (Eq. 20) 

199 or elevated temperatures 199b–d to obtain diols in high yields.  

   

 

 (20)   
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Aromatic lactones such as 61, which bear a vicinal electron-donating amino 

group, undergo hydrogenolysis rather than reduction under forcing conditions. 

This conversion of 61 can be effected with neither LiAlH4 nor diborane. 

(200-204)  

   

 

 

 

 

The relatively greater stability of lactones toward LiAlH(OC4H9-t)3, 

1,63,65,186,205–208 NaAlH2(OCH2CH2OCH3)2, (209) and the 

LiAlH4-(S)-(–)-2,2 -dihydroxy-1,1 -binaphthyl-ethanol complex (210-216) or 

its analogs (217, 218) at low temperatures can be utilized for the selective 

reduction of the ketone or aldehyde function in keto or formyl lactones. 

Translactonization is sterically favored following the reduction of the keto δ 

-lactone 62. (219)  

   

 

 

At elevated temperatures, however, lactones such as 63 are reduced to diols 

by LiAlH(OC4H9-t)3; LiAlH4 affords a mixture of isomeric hemiketals 64. (220)  
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Lactols are usually stable toward LiAlH(OC4H9-t)3, and LiBH4 is therefore a 

more suitable reagent for cleavage of a lactol to an alcohol (Eq. 21). (221a)  

   

 

 (21)   

 

 

3.1.1.6. Partial Reduction of Lactones to Lactols  
The conversion of lactones to lactols by means of metal alkoxyaluminum 

hydrides 221b–e often provides a valuable alternative to the known method 

using AlH(OC4H9-i)2. (222) With LiAlH(OC4H9-t)3 223 only the γ -lactone is 

reduced in the bicyclic dilactone 65. (224)  
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The conversion of some terpene lactones to lactols is effected by 

LiAlH(OC2H5)3 (Eq. 22). (255)  

   

 

 (22)   

 

High stereospecificity in the lactone reduction can be achieved by using 

NaAlH2(OCH2CH2OCH3)2 modified with ethanol; (73) noteworthy is the stability 

of the ester group in the ester lactone 66 under these reaction conditions. (226, 

227)  

   

 

 

NaAlH2(OCH2CH2OCH3)2 modified by 2-propanol (Eq. 23) (228) or the same 

hydride in pyridine solution (Eq. 24) (229) can be used for selective 

conversions of lactones to lactols in the presence of an amide group.  

   

 

 (23)   
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 (24)   

 

The low-temperature partial reduction of the cyanolactone 67 by 

NaAlH2(OCH2CH2OCH3)2 at prolonged reaction time gives the corresponding 

cyanolactol; ester and amido groups in lactones of similar structure are not 

reduced under these conditions. Interestingly, AlH(C4H9-i)2 is less selective 

and attacks ester, cyano, and amido functions even at low temperature. (230)  

   

 

 

 

3.1.2. Reduction of Unsaturated Lactones  
Fused furan derivatives can be prepared by reduction of α, β -unsaturated γ 

-lactones with NaAlH2(OCH2CH2OCH3)2 (Eq. 25). (231)  

   

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���������������


����������������������������������������������������

���������������


����������������������������������������������������

���������������




 

 (25)   

 

dl-Menthofuran (68) can be obtained similarly by using LiAlH4-2-propanol in 

excess; (232) AlH(C4H9-i)2 is also useful in this reaction. (222)  

   

 

 

 

 

The NaAlH2(OCH2CH2OCH3)2–CuBr–2-butanol complex (113, 114) is an 

effective reagent in the conjugate reduction of α , β -unsaturated γ -lactones 69. 

The reaction represents one step in the preparation of optically active 

4-alkenyl- γ -lactones 70 from optically active alkyl 4-hydroxy-2-alkynoates. 

(233)  

   

 

 

 

 

α , β -Unsaturated δ -lactones are converted by metal alkoxyaluminum 

hydrides into either unsaturated diols (Eq. 26) (234) or δ -lactols (Eq. 27). (235)  
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 (26)   

 

   

 

 (27)   

 

In the presence of LiAlH(OC4H9-t)3 and at low temperature, δ-enol lactones 

with an exocyclic carbon–carbon double bond undergo reductive 

rearrangement to give bridged ketols 143a, 236a–c (Eq. 28); (236c) 

LiAlH(OC4H9-t)3 at elevated temperature 143a, 236d and LiAlH4 (138) afford 

the corresponding diols.  

   

 

 (28)   

 

The reaction is often less selective as a result of formation of saturated 

lactones, keto aldehydes, or keto acids as byproducts; (137, 139, 141, 142) in 

these reactions AlH(C4H9-i)2 is a more suitable reagent. (222) 

3.1.2.1. Reduction of Carboxylic Acid Esters  
Alkyl esters of carboxylic acids react with LiAlH(OCH3)3 (65, 81, 161) at 0° as 

rapidly as with LiAlH4 (65, 81, 173, 174) to form primary alcohols in high 
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yields,* and the former hydride thus finds use more as a selective reducing 

agent (Eq. 29). (237)  

   

 

 (29)   

 

Calcium alkoxyaluminum hydrides (165) and NaAlH2(OCH2CH2OCH3)2 

67,68,167,168,238 (Eq. 30) (239) exhibit somewhat lower reactivity than 

LiAlH4 in the reduction of esters.  

   

 

 (30)   

 

Ortho and para amino- and hydroxy-substituted benzoic esters undergo either 

reduction or hydrogenolysis by NaAlH2(OCH2CH2OCH3)2, depending on 

reaction conditions (119-121) (Eq. 31). (240)  

   

 

 (31)   
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The aromatic vicinal diol diacetate 71 gives o-quinone 72 on reaction with 

NaAlH2(OCH2CH2OCH3)2 and air. (241)  

   

 

 

 

 

Replacement of LiAlH4 by NaAlH2(OCH2CH2OCH3)2 minimizes formation of 

the undesired reduced product 73 242a,b in the malonic enolate 

reduction–elimination reaction. (243-245)  

   

 

 

 

 

Ester groups in amido esters can be reduced selectively by 

NaAlH2(OCH2CH2OCH3)2 at lower temperatures and shorter reaction time (Eq. 

32). (246)  

   

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���������������


����������������������������������������������������

���������������


����������������������������������������������������

���������������




 

 (32)   

 

 

 

Generally, LiAlH(OC4H9-t)3 reacts extremely slowly with alkyl and cycloalkyl 

esters of carboxylic acids under mild conditions (0° to room temperature); 

63,65,247–255 see, however, Ref. 256. This low reactivity can be utilized with 

advantage for selective reductions of other reducible groups in functionalized 

esters (Eq. 33). (257)  

   

 

 (33)   

 

 

 

Reductions of keto esters with chiral lithium alkoxyaluminum hydrides (258, 

259) such as the Mosher–Yamaguchi complex (Eq. 34) 1,260–262 also 

proceed with preservation of the ester group and give optically active 

hydroxycarboxylic acid esters (Eq. 34). (263)  

   

 

 (34)   

 

However, ketol acetates undergo complete reduction by the same chiral 

hydride complex to yield optically active diols (see, e.g., p. 63 in Ref. 1). 

(264-266) 

 

The low-temperature reduction of enol esters of alicyclic 1,3-diketones by 

NaAlH2(OCH2CH2OCH3)2 followed by an acid-catalyzed allylic rearrangement 
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leads to α , β -unsaturated ketones; the alkyl ester group is not attacked under 

these conditions (see p. 84 in Ref. 1) (267) (Eq. 35). (268, 269)  

   

 

 (35)   

 

 

 

Reduction with LiAlH(OC4H9-t)3 at elevated temperatures represents a 

synthetically useful procedure. (270-275) For instance an alkyl ester can thus 

be reduced selectively in the presence of a peroxide group (Eq. 36). (272)  

   

 

 (36)   

 

Ester reductions by this hydride under forcing conditions are sometimes 

accompanied by cleavage of a carbon–carbon bond and an elimination 

reaction (Eq. 37). (271)  
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 (37)   

 

 

3.1.2.2. Reduction of α , β -Unsaturated Carboxylic Acids and Esters  
An unsaturated alcohol, a saturated alcohol, or a saturated carboxylic acid or 

ester can result from reduction of α , β -unsaturated carboxylic acids or esters 

by complex metal hydrides, depending on the structure of the substrate, nature 

of the hydride or solvent, and reaction conditions. A wide variety of α , β 

-unsaturated esters are reduced to the corresponding allylic alcohols by using 

LiAlH3(OC2H5) 
* (105, 106) (Eq. 38) (276) or NaAlH2(OCH2CH2OCH3)2 277a–f 

(Eq. 39). (110)  

   

 

 (38)   

 

   

 

 (39)   

 

Although selective reduction of the saturated ester group in the diester 74 by 

LiAlH2(OC2H5)2
† gives the desired hydroxy α , β -unsaturated ester 75 in good 
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yield, the use of LiAlH4 at –78° is preferred, affording 75 in 81% yield. 

(277g-278)  

   

 

 

Alternatively, the lower reactivity of the tert-butoxycarbonyl group can be 

utilized for the selective reduction of a conjugated methyl ester group in 

diesters (Eq. 40). (279)  

   

 

 (40)   

 

Selective 1,2-reduction of an α , β-unsaturated ester has been performed by 

using LiAlH2(OCH3)2 or LiAlD2(OCH3)2 (Eq. 41). (280)  
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 (41)   

 

 

 

The conjugate reduction of acyclic α , β -unsaturated esters by the 

NaAlH2(OCH2CH2OCH3)2–CuBr–2-butanol complex (Eq. 42) gives the 

saturated esters in 82–92% yields. (113, 114)  

   

 

 (42)   

 

Reduction of methyl α -alkynoates (Eq. 43) is less selective and produces a 

mixture of cis and trans α , β -unsaturated esters along with the saturated ester. 

(113, 114)  

   

 

 (43)   
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Nitrile and ester groups are stable under conditions of the conjugate reduction; 

ketones, aldehydes, and bromides are attacked by the hydride complex and 

thus limit its use. (114) Alternatively, iron pentacarbonyl–sodium hydroxide 

(281, 282) and LiBH(C4H9-s)3 (283) are recommended for 1,4 reductions of α , 

β -unsaturated esters. 

3.1.2.3. Partial Reduction of Carboxylic Acid Esters to Aldehydes  
Reduction of carboxylic acid esters by metal alkoxyaluminum hydrides 

provides a valuable alternative to the preparation of aldehydes from esters by 

low-temperature reductions with AlH(C4H9-i)2, (59, 67, 222, 284-286) NaAlH4, 

(67, 287, 288) and NaAlH2(C4H9-i)2. (289) Methyl and 2-methoxyethyl esters of 

aliphatic carboxylic acids undergo partial reduction with 

NaAlH2(OCH2CH2OCH3)2 to form aldehydes in 70–90% yields (Eq. 44). 67–72  

   

 

 (44)   

 

Reduction of the diester 76 gives the dialdehyde in the form of a dihydrate 77. 

(74, 75)  

   

 

 

Since the hydride does not react with phenyl (68) or tert-butyl carboxylates at 

low temperature, (242b) selective reductions of diesters can be performed by 

using this procedure (Eq. 45). (290)  

   

 

 (45)   

 

Under the conditions of partial reduction, the hydride tolerates not only amide 

(246) but also nitrile groups; the acetoxy nitrile 78 is transformed into the 

desired hydroxy nitrile via the stable hemiacetal 79. (291)  
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The yields of aldehydes in partial reductions of alkyl arene- and 

aralkanecarboxylates can be significantly improved by modifying the parent 

hydride with heterocyclic bases (73) (Eqs. 46 (292) and 47 (73)).  

   

 

 (46)   

 

   

 

 (47)   

 

The morpholine-modified hydride can be used for the partial reduction of 

aromatic (Eq. 48) (73) as well as heterocyclic (Eq. 49) (293) α- β -unsaturated 

esters; replacement of the morpholine-modified hydride in the latter reaction 

(Eq. 49) by LiAlH4 leads to decomposition. (293)  
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 (48)   

 

   

 

 (49)   

 

 

 

Alternatively, LiAlH(OC4H9-t)3 reduces phenyl esters of alicyclic, arylaliphatic, 

and particularly aliphatic carboxylic acids to give the corresponding aldehydes 

in yields of up to 77% (Eq. 50). (7, 59, 63-67, 161, 174) Alcohols are formed as 

byproducts. (64)  

   

 
 (50)   

 

 

3.1.2.4. Reduction of Acyl Chlorides  
Simple acyl chlorides are reduced rapidly by LiAlH(OCH3)3 (65, 161) and 

LiAlH(OC4H9-t)3 (63, 65, 77, 174) at 0° to give the primary alcohols in yields 

comparable to those obtained by using LiAlH4; (65, 174) Ca[AlH2(OC4H9-i)2]2 

(165) and NaAlH2(OCH2CH2OCH3)2 67–70,167,168 are somewhat less 

reactive, and higher temperatures (25–105°) are needed to obtain alcohols in 

high yields. Consequently, LiAlH4 is the reagent of choice unless the presence 

of other easily reducible groups or carbon–carbon double bonds requires the 

use of a more selective reagent (see, e.g., Refs. 185, 186 and 294a) (Eqs. 51 

(165) and 52 (294b)).  

   

 
 (51)   
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 (52)   

 

For the same purpose, NaBH4 (183, 295, 296) NaBH(OCH3)3, (295, 296) or 

tetra-n-butylammonium octahydrotriborate (297) can be used; the last reduces 

acyl chlorides to primary alcohols in the presence of keto and formyl groups. 

3.1.2.5. Partial Reduction of Acyl Chlorides to Aldehydes  
Aromatic acyl chlorides undergo reduction by LiAlH(OC4H9-t)3 at low 

temperature to give aldehydes in 60–80° yields; (59, 63, 65, 67, 76-78, 296) 

ortho substituents decrease the yield. Nitro, 76–78,298a cyano, or ester 

groups (78) and urethanes (Eq. 53), (299) as well as conjugated 

carbon–carbon double bonds, 78,298a are not affected by the hydride (Eq. 54). 

(298a)  

   

 

 (53)   

 

   

 

 (54)   

 

The lower aldehyde yield in reductions of aliphatic and alicyclic acid chlorides 

(30–60%) (77, 78) can be improved by performing the reaction on a small 

scale and by strictly maintaining low temperature during the hydride addition 

298b–g (Eqs. 55 (300) and 56 (301)) to prevent overreduction and formation of 

esters as byproducts. (302)  
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 (55)   

 

   

 

 (56)   

 

 

 

α -Fluoroaldehydes are prepared by reduction of α -fluoroacyl chlorides with 

LiAlH(OC4H9-t)3 (Eq. 57), which, unlike some other hydrides, does not cause 

hydrogenolysis of the aliphatic carbon–fluorine bond. (303)  

   

 

 (57)   

 

 

 

Reduction of acyl chlorides by LiAlD(OC4H9-t)3 provides access to 

1-deuterium-labeled aldehydes (304-308) (Eq. 58). (306)  

   

 

 (58)   

 

 

 

Alternatively, acyl chlorides can be converted into aldehydes with NaAlH4, (67, 

80) bis(triphenylphosphine)copper(I)borohydride, (309) 

bis(cyanotrihydridoborato)-tetrakis(triphenylphosphine)dicopper, (310) 

(n-C4H9)3SnH-palladium complexes, (311) or NaBH4-pyridine in 

dimethylformamide solutions, (10) or by catalytic reduction. (76, 78, 312) 

3.1.2.6. Reduction of Nitriles  
Nitrile groups attached directly to an aromatic ring are reduced by 

LiAlH(OCH3)3, (65, 81, 161, 174, 296) NaAlH2(OCH2CH2OCH3)2 67–70,94,167 

(Eq. 59), (94) and Al2H3(OCH2CH2OCH3)3 (313) as readily as by LiAlH4, (59, 
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65, 81, 173, 174, 296) AlH3, (65, 296) and AlH(C4H9-i)2 (222) to give primary 

amines in high yields.  

   

 

 (59)   

 

However, aliphatic nitriles carrying relatively acidic α -hydrogen atoms react 

with NaAlH2(OCH2CH2OCH3)2 with evolution of hydrogen and afford only 

traces of primary amines, (94, 167) similarly, reduction of arylaliphatic nitriles 

by this hydride gives unsatisfactory results. (94) Since the hydrogen evolution 

and accompanying side reactions also complicate the LiAlH4 reductions of 

these nitriles, (161, 174, 296) AlH3, (65, 296) LiAlH4– AlCl3, (296) BH3-(CH3)2S 

(5) LiAlH(OCH3)3, (161, 174, 296) or Al2H3(OCH2CH2OCH3)3 (313) are more 

suitable reagents. The relative stability of the cyano function toward 

NaAlH2(OCH2CH2OCH3)2 (230, 291) and LiAlH(OC4H9-t)3 (63, 65, 77, 81, 174, 

314) can be utilized for selective reductions of the carbonyl group in cyano 

aldehydes, cyanoketones, cyanoesters, and cyanolactones; a cyano group 

attached to the pyridine ring is not attacked by the former hydride. (315, 316) 

However, the stability of the cyano group can be influenced by reaction 

conditions; rapid reduction with LiAlH(OC4H9-t)3 of the 6-keto-12-cyanohydrin 

ether 80 gives the expected 12 β -cyano-6 β -hydroxy derivative (see p. 234 in 

Ref. 1), but prolonged treatment with the same hydride yields the imino lactone 

81. (317)  

   

 

 

 

 

The NaAlH2(OCH2CH2OCH3)2–CuBr–2-butanol complex (113, 114) is a useful 

reagent for converting α , β -unsaturated nitriles into saturated nitriles (50–99% 

yields) without overreduction, hydrodimerization, or decyanation; conjugate 

reduction of alkoxy- and carbalkoxy-substituted nitriles proceeds less readily. 

(115) The epoxide group is tolerated by this reagent. (116) The triene dinitrile 

82 can be reduced to the dinitrile 83; (115, 116) in contrast, reduction by 
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magnesium in methanol, which is capable of transforming α , β -unsaturated 

nitriles to saturated nitriles, (318) gives a transannular saturated dinitrile. (115, 

116)  

   

 

 

 

3.1.2.7. Partial Reduction of Nitriles to Aldehydes  
Transformation of nitriles into aldehydes (82, 296, 319) by NaAlH(OC2H5)3, 

(319, 320) LiAlH(OC2H5)3, (7, 59, 79, 81-84, 296) LiAlH2(OC2H5)2 (82) or 

NaAlH2(OCH2CH2OCH3)2 (321) provides an alternative to the well-known 

methods using AlH(C4H9-i)2 (222, 322) or the Stephen reduction. (323) 

Aromatic aldehydes and dialdehydes and certain heterocyclic aldehydes can 

be prepared by reduction of nitriles or dinitriles with NaAlH(OC2H5)3 in 50–95% 

yields (Eq. 60). (319)  

   

 

 (60)   

 

Aliphatic nitriles give generally low aldehyde yields, and certain nitriles such as 

o-phthalonitrile and 9-cyanofluorene do not react at all with this hydride. (319) 

Partial reduction of aliphatic, alicyclic, and aromatic nitriles by LiAlH(OC2H5)3 

gives aldehydes in 55–95% yields (81-84) (Eq. 61). (82)  

   

 

 (61)   

 

Deuterium-labeled aldehydes can be prepared by reacting a nitrile with 

LiAlD(OC2H5)3 (Eq. 62). (324)  
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 (62)   

 

However, the use of LiAlH(OC2H5)3 has several disadvantages. In some 

instances, aldehyde yields as low as 10–20% are encountered. Compounds 

bearing a relatively acidic α hydrogen, such as phenylacetonitrile, react with 

evolution of hydrogen and fail to give an aldehyde. (81, 82) Some α , β 

-unsaturated nitriles (324a) or α -substituted nitriles 324b,c do not react at all 

with this reagent. The partial nitrile reduction can be accompanied by formation 

of the corresponding primary amine. (325) 

 

In some reactions such as in reduction of the nitrile 84a, LiAlH2(OC2H5)2 is a 

superior reagent.  

   

 
 

Interestingly, this reagent is unreactive toward the epimeric nitrile 84b (see 

also Ref. 326), as are both LiAlH(OC4H9-n)3 (82) and AlH(C4H9-i)2 toward 84a. 

(327) 

 

Alternatively, NaAlH2(OCH2CH2OCH3)2 can be used for transforming nitriles 

into aldehydes (Eq. 63). (328)  

   

 

 (63)   

 

Schiff bases, if sufficiently stable, are the products of the partial reduction of 

nitriles (Eq. 64); in the presence of bases, these Schiff bases undergo 

cyclization to form indoloquinolines. (329)  
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 (64)   

 

A similar reaction leading directly to spiroindolines presumably proceeds also 

via formation of a Schiff base; in this case, LiAlH4 gives a mixture of the 

spiroindoline and primary amine. (Eq. 65). (330)  

   

 

 (65)   

 

 

 

Cyanohydrin ethers, which are prepared from the cyanohydrin and ethyl vinyl 

ether in essentially quantitative yield, can be partially reduced to form the 

corresponding aldehyde ethers (331, 332) (Eq. 66). (331)  

   

 

 (66)   

 

 

3.1.2.8. Reduction of Carboxylic Acid Amides  
Simple secondary and tertiary amides are generally more reactive than 

primary amides in reductions to amines by LiAlH4, (65, 174) AlH3, (65) 

LiAlH(OCH3)3, (65, 161) or Ca[AlH2(OC4H9-i)2]2 (165) Amides are stable 

toward LiAlH(OC4H9-t)3, 63,65,333 higher alkoxyaluminum hydrides, (334) and 

NaAlH(OCH2CH2OCH3)2 at low temperatures (about –70°); (230, 335) 

elevated temperature or longer reaction times are needed to obtain amines in 
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high yields with the last hydride. 67–70,94,167 The reaction course and 

product yields are markedly influenced by the amide structure and the nature 

of the hydride used. Whereas LiBH(C4H9-s)3 is unreactive toward the bicyclic 

amide 85, the alkoxy hydride gives selectively the amine 86. (336)  

   

 

 

In contrast, reduction of the monocyclic amide 87 under the same conditions is 

accompanied by formation of an aldehyde as the minor product. (336)  

   

 

 

The propionamide 88 reacts with NaAlH2(OCH2CH2OCH3)2 to give the 

trans-spiroiminopyrroiidine 89, whereas AlH3, formed in situ from LiAlH4 and 

chloroform, gives the expected amine 90. (337)  
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The amide 91 reacts with LiAlH3(OC4H9-n) and LiAlH4 to afford the amine 92 

and alcohol 93 in opposite ratios; borane also gives the cleavage product 94. 

(338)  

   

 

 

 

Hydride 92 93 94 
 

LiAlH3(OC4H9-n) (79%) (13%) (0%) 

LiAlH4 (10%) (67%) (0%) 

BH3 (58%) (0%) (—)  
 

 

 

Reduction of N-formyl derivatives (Eq. 67) with NaAlH2(OCH2CH2OCH3)2 is an 

effective method for reductive N-methylation of heterocyclic nitrogen bases. 

(339)  

   

 

 (67)   

 

 

 

N-Acylated heterocyclic bases can be converted selectively into either N-alkyl 

compounds or deacylated bases by action of NaAlH2(OCH2CH2OCH3)2 at 
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proper reaction temperatures; LiAlH4 is less selective, always giving a mixture 

of both products (Eq. 68). (340)  

   

 

 (68)   

 

Low-temperature debenzoylation produces the free base and benzaldehyde in 

high yields (Eq. 69). (340) The principle of this procedure has been utilized 

with success for the synthesis of optically active α , β -epoxyaldehydes from 

methyl N-( α , β -epoxyacyl)prolinates. (103, 104)  

   

 

 (69)   

 

However, a modification of this method using the morpholine-complexed 

hydride makes it possible to reduce other functions without cleavage of the 

N-acyl group (Eq. 70). (340)  

   

 

 (70)   

 

 

3.1.2.9. Partial Reduction of Carboxylic Acid Amides to Aldehydes  
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Controlled reduction of tertiary amides with metal alkoxyaluminum hydrides to 

form aldehydes provides an alternative (88) to the partial reduction of 

N,N-disubstituted amides such as N-acylaziridines, N-acylimidazoles, and 

N-acylc arbazoles, or N-methylanilides with LiAlH4, (59, 88, 296, 341, 342) 

AlH(C4H9-i)2, (2, 22, 341, 343) or NaAlH4. (91) Reduction of 

N,N-dimethylamides of aliphatic, alicyclic, aromatic, arylaliphatic, and some 

heterocyclic carboxylic acids with LiAlH2(OC2H5)2 or LiAlH(OC2H5)3 produces 

aldehydes in 60–90% yields (Eqs. 71, (88) 72, (344a) and 73 (88, 89)). The 

effectiveness of both these hydrides varies widely with the amide structure. 

7,59,79,88,89,296,344b  

   

 

 (71)   

 

   

 

 (72)   

 

   

 

 (73)   

 

 

 

Combination of the partial reduction with the Huang–Minlon modification of the 

Wolff–Kishner reaction represents a method for transforming a carboxamide 

into a methyl group (Eq. 74). (345)  

   

 

 (74)   
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Reduction with LiAlD2(OC2H5)2 provides access to 1-deuterium-labeled 

aldehydes; the hydroxy amide 95 thus gives the hydroxy-17-deuterioaldehyde 

isolated as the hemiacetal 96. (346)  

   

 

 

 

 

Both LiAlH2(OC2H5)2 and LiAlH(OC2H5)3 fail to reduce conjugated 

N,N-dimethylamides to conjugated aldehydes; (88) in this case, AlH(C4H9-i)2 is 

the superior reagent. (222) 

 

In some instances, the use of NaAlH2(OCH2CH2OCH3)2 can be advantageous. 

(94) Partial reduction of the amide 97 followed by reduction of the aldehyde 

(without isolation) gives the alcohol 98; in contrast, LiAlH4 and LiAlH2(OC2H5)2 

also produce fairly large amounts of the tertiary amine. (92)  

   

 

 

Debenzoylation of the amide 99 and simultaneous formation of benzaldehyde 

proceeds more easily with NaAlH2(OCH2CH2OCH3)2 than with LiAlH4, which 

produces the cyclic amine 100 in lower yield (80%). (229)  
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Aliphatic, alicyclic, and aromatic aldehydes are obtained in 60–80% yields by 

NaAlH2(OCH2CH2OCH3)2 reduction of N-acylsaccharins (Eq. 75), which are 

available by reaction of sodium saccharinate with an acyl chloride; an α , β 

-unsaturated amide, N-cinnamoylsaccharin, gives cinnamaldehyde in 77% 

yield.  

   

 

 (75)   

 

The method thus represents an extension of the partial reduction of 

N,N-dimethylamides with LiAlH2(OC2H5)2 or LiAlH(OC2H5)3. (98) 

 

Unlike LiAlH4, which converts N-methyl-N-(2-pyridyl)benzamide (101) into 

benzyl alcohol (98%), the 

NaAlH2(OCH2CH2OCH3)2-N-methylhexahydropyrazine complex forms 

benzaldehyde. N-Methyl-N-(2-pyridyl)carboxamides appear to be generally 

suitable intermediates for the transformation into aldehydes with the use of the 

latter hydride complex. (99)  
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3-Acylthiazolidinethiones react with LiAlH(OC4H9-t)3 (Eq. 76) (101) or 

AlH(C4H9-i)2 to form aldehydes in 70–90% yields. (100-102)  

   

 

 (76)   

 

 

 

Reaction of N-acylimidazoles with LiAlH(OC4H9-t)3 96 provides a convenient 

synthetic route to aldehydes containing other reducible groups (Eq. 77). (97)  

   

 

 (77)   

 

 

 

Controlled reduction of methyl N-( α , β -epoxyacyl)prolinates such as 102 

possessing established absolute configurations gives rise to α , β-epoxy 

aldehydes of high enantiomeric purity. (103, 104)  
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3.1.2.10. Reduction of Lactams  
Simple lactams such as 1-methyl-2-piperidinone (94) or ε -caprolactam (94, 

167) react with NaAlH2(OCH2CH2OCH3)2 to form cyclic amines in high yields 

(85–95%) as easily as with LiAlH4, (169, 341, 347) NaAlH4, (348) or 

AlH(C4H9-i)2. (169, 341, 343) The nature of the products, however, can be 

significantly altered by the reaction conditions. The 2-pyrrolidinone carbonyl, 

which is stable toward NaAlH2(OCH2CH2OCH3)2 at low temperatures, (290) is 

reduced rapidly at ambient temperature to yield a pyrrolidine. (94) On the other 

hand, an extended reaction at higher temperatures leads to dimerization and 

trimerization, presumably via the intermediate △ 2-pyrroline (Eq. 78). (349) In 

high dilution, ε-caprolactam does not undergo reduction by 

NaAlH2(OCH2CH2OCH3)2 but yields a complex with the hydride capable of 

initiating anionic polymerization of the lactam. (350-355)  

   

 

 (78)   

 

Intermediates formed in reduction of lactams can be utilized in condensation 

reactions (Eq. 79) (356a) and for the preparation of 2-cyano-substituted cyclic 

amines (Eq. 80); (327) in both examples, LiAlH4 is less effective.  
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 (79)   

 

   

 

 (80)   

 

 

 

Reduction of the diastereomeric lactams 103a, b followed by cleavage of the 

intermediate products gives the keto aldehydes 104ab, which can be 

transformed into the cyclopentenones 105ab with high enantiomeric excess. 

(356b)  
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In contrast to LiAlH4, the less reactive LiAlH2(OCH3)2 does not attack the ether 

group of the lactam 106. (357, 358)  

   

 

 

In some cases, such as in the reduction of 3-alkyl-3-phenyl-2-indolinones, the 

reaction can be stopped at the carbinolamine stage (Eq. 81). (359, 360)  

   

 

 (81)   

 

A rapid reduction of lactams with LiAlH2(OC2H5)2 leads to enamines; (327) in 

the reduction of the lactam 107, the procedure using AlH(C4H9-i)2 (222, 361) is 

less successful, giving a 57 : 43 mixture of the desired enamine 107a and the 

piperidine base 107b. (327)  
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Conversion of α , β -unsaturated lactams such as 108 with 

NaAlH2(OCH2CH2OCH3)2 into unsaturated bases in 60–90% yields (362, 363) 

provides an alternative procedure to similar reductions with AlH(C4H9-i)2. (222)  

   

 

 

The complex LiAlH4·2AlCl3 is a more effective reagent than LiAlH4 or lithium 

ethoxyaluminum hydrides in transforming α , β -unsaturated lactams into 

saturated bases (Eq. 82). (364)  

   

 

 (82)   

 

 

 

Lactams are generally not reduced by LiAlH(OC4H9-t)3; (190, 365-368) 

lumiflavins may be an exception. (369) 

 

Whereas the hydantoin carbonyl in 5-phenyl-substituted hydantoins such as 

109 is attacked by NaAlH2(OCH2CH2OCH3)2 to form the 2-imidazolone 109a, 

(370) the same group in 5, 5-diphenyl derivatives (e. g., 110) undergoes 

complete reduction that affords 2-imidazolidinone 111 as the final product. 

(371, 372)  
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Partial reductions of the hydantoin carbonyl can be achieved by using a limited 

amount of the hydride (Eq. 83). (372)  

   

 

 (83)   

 

 

 

The photochemical cyclization of enamides (373, 374) in the presence of a 

chiral hydride complex provides access, although in modest yield, to 

isoquinoline alkaloids such as (–)-xylopinine (112), presumably via [1, 

5]-sigmatropic rearrangement of the intermediate 113 and reduction of the 

(–)-lactam 114 (375, 376) (see, however, Refs. 377a and 377b).  
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3.1.2.11. Reduction of Cyclic Imides  
Substituted N-methylsuccinimides (94, 167) and N-methylglutarimides (378) 

undergo reduction by NaAlH2(OCH2CH2OCH3)2 to form N-methylpyrrolidines 

and N-methylpiperidines, respectively, in high yields. A sterically congested 

imide such as 115 undergoes regioselective hydride attack at the more 

hindered imide carbonyl group (see Ref. 60), producing the lactam 116 as the 

single product. (379)  

   

 
 

 

 

Successful selective reduction (85–95%) of one of the diastereotopic carbonyl 

groups of succinimides by NaAlH2(OCH2CH2OCH3)2 or NaAlH2(OC2H5)2 (Eq. 

84) represents the first step in their transformation into optically active lactones. 

(380, 381)  
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 (84)   

 

 

 

N-Benzylphthalimide reacts with NaAlH2(OCH2CH2OCH3)2 to form 

N-benzylisoindole along with lesser amounts of N-benzylisoindoline (117); 

LiAlH4 affords isoindoline 117 as the sole product. (382)  

   

 

 

 

 

The stability of imides toward LiAlH(OC4H9-t)3 (383, 384) is utilized in the 

diastereoselective synthesis of D-threo-sphingamine (Eq. 85); LiAlH4 and 

NaBH4 are less suitable reagents because they attack one of the phthalimide 

carbonyls. (385)  

  

 (85)   
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3.2. Miscellaneous Open-Chain Nitrogen Compounds  
3.2.1.1. Reduction of Imines  
Reactions of aldimines and ketimines with complex metal hydrides and metal 

alkoxyaluminum hydrides proceed with saturation of the carbon-nitrogen 

double bond (59, 127, 133-135, 169, 295, 296, 341) (however, see pp. 55 and 

56 in Ref. 1). In some cases such as in the reduction of the ketimine 118, 

where LiAlH2(OC4H9-t)3, NaBH4, or 9-borabicyclo[3.3.1]nonane give no 

reaction, NaAlH2(OCH2CH2OCH3)2 affords the diastereomeric amines in 

higher yield and with higher stereoselectivity than LiAlH4, BH3, or NaBH3(CN) . 

The method has been used with success for the preparation of optically active 

fluorinated amines. (386)  

   

 

 

 

 

Reduction of the anil 119 by NaAlH2(OCH2CH2OCH3)2 to the endo and exo 

amines 120a and 120b, respectively, shows higher stereoselectivity than 

catalytic hydrogenation (120a:120b = 90:10) or reduction by sodium metal in 

ethanol (120a:120b = 55:45). (387)  
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Asymmetric reductions of ketimines by chiral LiAlH4–(–)-menthol, 

LiAlH4–(+)-borneol, and LiAlH4–(–)-quinine complexes give amines in only low 

optical purity (1–10% e.e). (388) Somewhat higher, albeit still unsatisfactory, 

optical yields of amines (9–24% e.e.) are achieved by using the 

LiAlH4–3-O-benzyl-1,2-O-cyclohexylidene- α -D-glucofuranose complex (27a) 

or its ethanol-modified derivative (27b). (127, 128) 

3.2.1.2. Reduction of Imidoyl Chlorides  
An imidoyl chloride such as 121 reacts with LiAlH(OC4H9-t)3 to form the imine 

122, which can be transformed via acylation and hydrolysis into the amide 123.  

   

 
 

Since imidoyl chlorides can be prepared from amides, the reaction sequence 

represents a general method for acyl exchange in secondary amides. (389) 

3.2.1.3. Reduction of Oximes  
The course of hydride reductions of oximes depends markedly on the oxime 

structure and the nature of the hydride used. Whereas LiAlH(OCH3)3 (65, 161) 

and LiAlH(OC4H9-t)3 (63, 65) react with oximes only with hydrogen evolution, 

diborane yields hydroxylamines, 296,390,391 and LiAlH4, (65, 174) AlH3, (65) 

or NaAlH2(OCH2CH2OCH3)2 (94, 167) reduce aldoximes and aliphatic or 

simple alicyclic ketoximes to primary amines. Some oximes such as 124 

undergo rearrangement (59, 145, 150) prior to reduction and form secondary 

amines, in this case the cyclic amine 125; LiAlH4 gives the same product in 

lower yield (~32%). (392)  
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In contrast to LiAlH4, which reduces substituted alicyclic ketoximes to primary 

amines, NaAlH2(OCH2CH2OCH3)2 yields aziridines (Eq. 86) (393) or primary 

amines (Eq. 87). (189)  

   

 

 (86)   

 

   

 

 (87)   

 

 

 

Reduction of aryl alkyl or benzyl ketoximes by NaAl2(OCH2CH2OCH3)2 gives 

aziridines as major products along with minor amounts of primary amines (Eq. 

88).  

   

 

 (88)   

 

In some reactions secondary amines can occur as byproducts. O-Alkyl oximes 

yield more primary amines at the expense of aziridines. When compared with 

NaAlH2(OCH2CH2OCH3)2 in this series, LiAlH4 generally produces more 
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primary amine and less aziridine. (150) 

 

The effect of the hydride nature on the product distribution in reductions of α , β 

-unsaturated alicyclic ketoximes is illustrated by the reduction of the anti-oxime 

126, which by action of NaAlH2(OCH2CH2OCH3)2 affords the aziridines 127, 

128 and 129 free of primary and secondary amines; under similar conditions, 

LiAlH4 forms the aziridine 127 (56%) along with the saturated aziridine (mixture 

of cis and trans isomers; 6%), an unsaturated primary amine (28%), and 

3,5,5-trimethyl-1-azacycloheptane (10%). (152, 153)  

   

 

 

 

 

In the asymmetric reduction of ketoximes and their O-methyl or 

O-tetrahydropyranyl derivatives by the chiral 

LiAlH4–3-O-benzyl-1,2,-O-cyclohexylidene- α -D-glucofuranose (1:1) complex 

(27a), the (S)-amine (10–56% e.e.) is the predominating enantiomer (Eq. 89).  

   

 

 (89)   

 

The ethanol-modified LiAlH4–monosaccharide complex (1:1:1) 27b yields 

predominantly the (R)-amine (13–19% e.e.) (Eq. 90). (132, 394)  

   

 

 (90)   

 

 

3.2.1.4. Reduction of N-Alkylidenephosphinic Amides  
Various (R)-N-alkyldiphenylphosphinic amides are prepared in 21–75% yields 

and 8–34% enantiomeric excess by reduction of prochiral 
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N-alkylidenediphenylphosphinic amides with a chiral LiAlH4 complex (Eq. 91). 

Dephosphinylation with hydrochloric acid leads to (R)-amine hydrochlorides. 

(395)  

   

 

 (91)   

 

 

3.2.1.5. Reduction of N-Alkylidenesulfinamides  
In reductions of dl-N-alkylidenesulfinamide 130 by chiral lithium 

alkoxyaluminohydride complexes, LiAlH4–(–)-menthol (1:2) gives the 

N-alkylsulfinamide 131 in highest yield, with greatest stereoselectivity, but with 

only very low asymmetric induction. (396)  

   

 

 

 

3.2.1.6. Reduction of Isocyanates and Isothiocyanates  
Whereas LiAlH4, (65, 169, 174) AlH3, (65) LiAlH(OCH3)3, (65, 161) and 

NaAlH2(OCH2CH2OCH3)2 (397) reduce isocyanates to form substituted 

N-methylamines, LiAlH(OC4H9-t)3 gives formamides in high yields. (63, 398) 

Since isocyanates easily undergo dimerization or trimerization even by mildly 

basic reagents, 399–402 the product formation can depend on reaction 

conditions (Eqs. 92 and 93).  
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 (92)   

 

   

 

 (93)   

 

The product in Eq. 93 seems to have arisen by the addition of the formamide to 

the isocyanate. Dehydration of formamides provides easy access to aliphatic, 

vinylic, and aromatic isonitriles. (398) A modification of the procedure given by 

Eq. 92, using a short reaction time, is useful for the preparation of various 

4-substituted N-( β -styryl)formamides (Eq. 94). (403, 404)  

   

 

 (94)   

 

 

 

Thiocyanates are stable toward LiAlH(OC4H9-t)3. 405a–c Thioformamides are 

produced by rapid reduction of isothiocyanates with NaAlH2(OCH2CH2OCH3)2 

(Eq. 95). (405b)  
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 (95)   

 

 

3.2.1.7. Reduction of Urethanes and Cyanamides  
Urethanes readily undergo reduction by LiAlH4, (59, 169, 341, 406) 

AlH(C4H9-i)2, (406) or NaAlH2(OCH2CH2OCH3)2 406,407a to form substituted 

N-methylamines (Eq. 96). (407b)  

   

 

 (96)   

 

Occasionally, reduction of unsaturated urethanes by LiAlH4 or 

NaAlH2(OCH2CH2OCH3)2 proceeds with concomitant, presumably 

intramolecular, hydride addition to the carbon–carbon double bond (see also p. 

90 in Ref. 59) (Eq. 97). (408)  

   

 

 (97)   

 

The stability of urethanes toward LiAlH2(OC4H9-t)2, (406) LiAlH(OC4H9-t)3, (406, 

409) or NaBH4 (409) can be utilized for selective reductions of a keto function 
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in keto urethanes. 

 

N-Cyano derivatives undergo decyanation on treatment with 

NaAlH2(OCH2CH2OCH3)2 at high temperatures (Eq. 98). 410  

   

 

 (98)   

 

 

3.2.1.8. Reduction of Nitro Compounds  
Primary and secondary nitroalkanes are reduced by LiAlH4, (59, 65, 169, 174, 

296) LiAlH(OCH3)3, (65, 161) NaAlH(OC2H5)3, (319) or 

NaAlH2(OCH2CH2OCH3)2 (167, 411) with evolution of hydrogen to form 

primary amines. Reaction of 1-nitropropane with LiAlH(OC4H9-t)3 involves a 

relatively rapid hydrogen evolution but no reduction. (63, 65) Nitroarenes, 

which are stable toward LiAlH(OC4H9-t)3, (63, 65) AlH3, (65) or LiAlH4 on silica 

gel, (412) react with NaAlH2(OCH2CH2OCH3)2 to yield either azoxyarenes, 

(411, 413) azoarenes, 238,413 or hydrazoarenes, (167, 411) depending on the 

reaction conditions (Eq. 99). (413)  

   

 

 (99)   
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Nitrobenzene is reduced by LiAlH(OCH3)3 either to azoxybenzene (0°, 3 hours) 

or azobenzene (25°, 24 hours). (65, 161) An unusual reaction course is seen 

in the reduction of the highly hindered nitro derivative 132; by comparison, 

LiAlH4 gives the oxime (10%) along with 2,4,6-tri-tert-butylaniline (6%) and 

unreacted starting material. (414)  

   

 

 

β -Arylethylamines are prepared in good yields by reduction of β -nitrostyrenes 

(Eq. 100). (415)  

   

 

 (100)   

 

 

3.2.1.9. Reduction of N-Nitroso, Azoxy, Azo, Azido, and Nitrimino Compounds 
and Nitrate Esters  
N-Nitroso-1,3-oxazines are reduced to the N-amino derivatives by 

NaAlH2(OCH2CH2OCH3)2 (Eq. 101); LiAlH4 cleaves the carbon–oxygen bond 

in the heterocyclic ring and produces N-(3-hydroxypropyl)-N-benzyl-hydrazine. 

(416)  

   

 

 (101)   
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Azoxybenzene and azobenzene, which are stable toward LiAlH(OC4H9-t)3 (63, 

65) and AlH3, (65) react with LiAlH4 (65, 174) or LiAlH(OCH3)3 (65, 161, 174) to 

form hydrazobenzene. The nitrate ester group, － ONO2, is inert to 

LiAlH(OC4H9-t)3. (417) Azido compounds, which are completely unreactive 

toward the latter hydride, 418–420 undergo reduction by 

NaAlH2(OCH2CH2OCH3)2 to produce primary amines. 421 In the nitrimine 

group, , only the carbon–nitrogen double bond is attacked by 

LiAlH(OC4H9-t)3, yielding a nitramine . (422, 423) 

3.2.1.10. Reduction of Open-Chain Ammonium, Hydrazonium, and 
Dithiocarbamidium Salts  
Hydroxy-substituted acetylenic quaternary iodides such as 133 are converted 

by NaAlH2(OCH2CH2OCH3)2 or LiAlH4 into α -allenic alcohols. 424  

   

 

 

Hydrazonium methiodides derived from alkyl-substituted alicyclic ketones 

undergo a slow reduction by NaAlH2(OCH2CH2OCH3)2 to give cis and trans 

aziridines in yields that are higher than those obtained by reacting the 

corresponding oxime with the same hydride (Eq. 102). (393)  

   

 

 (102)   

 

 

 

Formation of α , β -unsaturated aziridines by reduction of anti-hydrazonium 

methiodides of α , β -unsaturated cyclohexanones is enhanced by using 

partially hydrolyzed NaAlH2(OCH2CH2OCH3)2 (Eq. 103). (154)  
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 (103)   

 

syn-Hydrazonium methiodides give either saturated or α , β -unsaturatedd 

aziridines as major products, depending on the type of the hydride used (Eq. 

104). (154)  

   

 

 (104)   

 

 

 

Reduction of dithiocarbamidium salts by NaAlH2(OCH2CH2OCH3)2 affords 

formamide thioacetals in moderate yields (36–71%) (Eq. 105); LiAlH4 and 

NaBH4 are less effective reagents. (425)  

   

 

 (105)   

 

 

3.3. Heterocyclic Nitrogen Compounds  
3.3.1.1. Reduction of Heterocyclic Bases and Their Quaternary Salts  
Azirines react readily with NaAlH2(OCH2CH2OCH3)2 to form aziridines in high 

to almost quantitative yields (Eq. 106). (151, 426)  
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 (106)   

 

 

 

2-Alkyl- or 2-aryl-substituted 1-methyl- △ 1-dihydropyrrolinium perchlorates 

(Eq. 107) (427, 428) and 1-methyl- △ 1-tetrahydropyridinium perchlorates (Eq. 

108) (427, 429) are reduced by chiral lithium alkoxyaluminum hydrides to form 

optically active 2-alkyl- or 2-aryl-substituted 1-methylpyrrolidines and 

1-methylpiperidines, respectively, in 75–95% chemical yields; only modest 

asymmetric induction is noted in these reactions.  

   

 

 (107)   

 

   

 

 (108)   

 

 

 

High stereoselectivity can be achieved in reductions of some iminium salts by 

LiAlH(OC4H9-t)3. Reaction of the quaternary salt 134 with this hydride leads to 

the cis base 135 as the single product; NaBH4 gives the cis and trans isomers 

in a 80:20 ratio. (430, 431)  
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Pyridine is stable toward LiAlH(OCH3)3 (65, 161) and LiAlH(OC4H9-t)3. (63, 65) 

Reductions of pyridinium and alkylpyridinium methiodides by LiAlH4, (432, 433) 

AlH3, (434, 435) NaBH4, (436, 437) NaAlH4, or NaAlH2(OCH2CH2OCH3)2 (438) 

give mixtures of 1-methyl-3-piperideines and 1-methylpiperidines (Eq. 109); 

NaBH4 affords highest product yields. (437, 438) In LiAlH4, (433) AlH3, (435) 

and particularly in NaAlH4 (438) reductions, the formation of piperideines and 

piperidines is accompanied by fission of the pyridine ring to yield dienylamines. 

However, reduction of N-alkoxycarbonyl, N-aryloxycarbonyl, or 

N-acylpyridinium salts by the LiAlH(OC4H9-t)3–CuBr complex leads 

regioselectively, although in only moderate yields, to N-alkoxycarbonyl, 

N-aryloxycarbonyl, or N-acyl-1,4-dihydropyridines. (439)  

   

 

 (109)   

 

   

 

 

 

 Molar Ratio A:B 
 

NaBH4 60:40 

NaBH3(CN)  60:40 
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LiAlH(OCH3)3–CuBr 79:21 

LiAlH(OC4H9-t)3–CuBr ~100:0 (A = 65% yield)  
 

 

 

Transformation of the quaternary salt 136 proceeds uniformly to give the 

enamine 137; (440) in a similar case, the tetrahydro derivative is the product of 

reduction by NaBH4. (157)  

   

 

 

 

 

Pyridine N-oxide and its alkyl derivatives react with LiAlH4, (65, 174, 441) 

LiAlH(OCH3)3, (65, 161) AlH3, NaBH4, and NaAlH2(OCH2CH2OCH3)2 (441) to 

form 3-piperideines, piperidines, and pyridines; AlH3 is the superior reagent, 

giving the highest yield of product mixtures (Eq. 110). (441)  

   

 

 (110)   

 

The reduction of 1-alkoxypyridinium salts follows a similar course. (441) 
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Heterocyclic N-oxides are stable toward LiAlH(OC2H5)3; (442) 

NaAlH2(OCH2CH2OCH3)2 behaves similarly at shorter reaction times or at low 

temperature (Eq. 111). (443, 444)  

   

 

 (111)   

 

 

 

Various N-(carbalkoxy)-1,2-dihydroquinolines are prepared in 85–95% yields 

from quinolines via quinoline-N-boranes and sequential treatment with 

NaAlH2(OCH2CH2OCH3)2 and methyl chloroformate (Eq. 112). (445, 446)  

   

 

 (112)   

 

 

 

Partial reduction of 4(1H)-pyridones to the 2,3-dihydro derivatives (60–90% 

yield) is achieved with LiAlH(OC2H5)3 (Eq. 113) (447) or 

NaAlH2(OCH2CH2OCH3)2. (448)  
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 (113)   

 

 

 

Reduction of di- and trisubstituted N-hydroxyimidazolinium salts by 

NaAlH2(OCH2CH2OCH3)2 is utilized in the preparation of imidazoles (overall 

yield 50–80%) from alkenes (Eq. 114). (449)  

   

 

 (114)   

 

 

 

2,3,5-Trialkylisoxazolinium salts with electron-withdrawing substituents at C-4 

are reduced by LiAlH4, NaBH4, or LiAlH(OC4H9-t)3 to afford 4-substituted 

isoxazolidines (Eq. 115) or mixtures of 3- and 4-isoxazolines (Eq. 116). (450)  

   

 

 (115)   

 

   

 

 (116)   
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Hydride reduction of the isoxazoline 138 followed by benzoylation gives rise to 

diastereomeric α -amino- γ -hydroxyamides 139a and 139b. The 

diastereoselectivity is markedly increased when LiAlH4 is replaced by 

NaAlH2(OCH2CH2OCH3)2 or LiAlH2(OC4H9-t)2. (451)  

   

 

 

 

Hydride Yield (%) Ratio 139a:139b 
 

LiAlH4 (96) 69:31 

NaAlH2(OCH2CH2OCH3)2 (87) 94:6 

LiAlH2(OC4H9-t)2 (85) 95:5  
 

 

3.4. Sulfur Compounds  
3.4.1.1. Reactions of Thiols and Sulfides  
In the presence of LiAlH(OC4H9-t)3, benzenethiol liberates hydrogen 

substantially more easily than 1-hexanethiol; (63, 65) LiAlH(OCH3)3 (65, 161) 

resembles LiAlH4 (65, 174) and AlH3, (65) all yielding rapidly 1 equivalent of 

hydrogen in the presence of aliphatic as well as aromatic thiols. (452) 

 

p-Tolyl methyl sulfide (65) and phenyl n-propyl sulfide (63) are inert to 

LiAlH(OC4H9-t)3, LiAlH4, (174) LiAlH(OCH3)3, (65, 161) AlH3, (65) NaBH4, (295) 

and LiBH(C2H5)3. (184) An aryl cycloalkyl sulfide shows similar stability (453a) 

toward the complex LiAlH(OCH3)3– CuI. (113, 114) Alkyl 1-alkynyl sulfides are 

converted by the LiAlH(OCH3)3– CuBr complex into alkyl cis-1-alkenyl sulfides 

(~90%) and by LiAlH4 into alkyl trans-1-alkenyl sulfides (~100%). (118) 

3.4.1.2. Reduction of Disulfides  
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Di-n-butyl disulfide is reduced by LiAlH(OCH3)3 (65, 161) under hydrogen 

evolution to n-butanethiol as rapidly as with LiAlH4 (65, 174) and much more 

rapidly than by AlH3, (65) essentially no reduction occurs with LiAlH(OC4H9-t)3. 

63,65,453b The more reactive diphenyl disulfide is reduced rapidly to 

benzenethiol by LiAlH4, (65, 174) LiAlH(OCH3)3, (65, 161) AlH3 (65) and very 

rapidly by LiBH(C2H5)3, (184) LiAlH(OC4H9-t)3 reacts with the aromatic 

disulfide only with difficulty. (63, 65) Since NaBH4 also reduces disulfides to 

thiols, (295, 452) LiAlH(OC4H9-t)3 offers the possibility of selective reductions 

in the presence of a disulfide linkage. (63-453b) 

3.4.1.3. Reduction of Sulfoxides  
Two equivalents of hydride are required for the reduction of dimethyl sulfoxide 

to dimethyl sulfide with AlH3, (65) LiAlH(OCH3)3, (65, 161) and LiAlH4 (see 

footnote in Ref. 454); (65, 174, 455, 456) the sulfoxide is not attacked by 

LiAlH(OC4H9-t)3 or LiBH(C2H5)3. (184) Rapid reduction of aliphatic, aromatic, 

and heterocyclic sulfoxides by NaAlH2(OCH2CH2OCH3)2 gives sulfides in 

70–98% yields (Eq. 117). 457  

   

 
 (117)   

 

Alternatively, NaBH4– CoCl2, (12) LiAlH4– TiCl4, (458) and low-valence 

species of group IV, V, and VI metals (459) can be used as reducing agents. 

However, exceptions can occur; NaAlH2(OCH2CH2OCH3)2 as well as LiAlH4 

fail to reduce 2-methyl-2-vinylthiacyclohexane 1-oxide to the corresponding 

sulfide. (460) 

 

Attempted kinetic resolution of racemic dialkyl and aryl alkyl sulfoxides by 

incomplete reduction with chiral lithium alkoxyaluminum hydrides (Eq. 118) 

gives (R) or (S) sulfoxides in only low optical yields. (461)  

   

 

 (118)   

 

 

3.4.1.4. Reduction of Sulfones  
In contrast to AlH3 (65) and LiAlH(OC4H9-t)3, (63, 65) which do not react with 

diphenyl sulfone at all, LiBH(C2H5)3 causes alkylation to form ethylbenzene 

(75%); (184) NaAlH2(OCH2CH2OCH3)2 is either inert (160, 462) or, like 

LiAlH(OCH3)3, (65, 161) gives sulfides only in low yields. 457 The ease of 
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reduction of sulfones to sulfides by LiAlH4 (65, 174) appears to decrease on 

going from four- or five-membered cyclic to aromatic, to six-membered cyclic, 

to aliphatic sulfones. (454, 463, 464) Like LiAlH4, NaAlH2(OCH2CH2OCH3)2 

affords thia-2-cyclohexene as the major product of reduction of 

thiacyclohexane 1,1-dioxide (Eq. 119), presumably via a sulfone dianion and 

sulfide anion. (463) 2-Methyl-2-vinylthiacyclopentane-1, 1-dioxide does not 

react with these hydrides. (460)  

   

 

 (119)   

 

 

 

The 2- and 4-hydroxybenzyl phenyl sulfones undergo hydrogenolysis on 

reaction with NaAlH2(OCH2CH2OCH3)2 (Eq. 120) or LiBH4. (465a)  

   

 

 (120)   

 

 

3.4.1.5. Reduction of Alkane- and Arenesulfonic Acids and Esters  
Methanesulfonic acid and p-toluenesulfonic acid interact with LiAlH4, (65, 174) 

LiBH(C2H5)3, (184) AlH3, (65) LiAlH(OCH3)3, (65, 161) and LiAlH(OC4H9-t)3 (63, 

65) only with evolution of hydrogen. Alkyl and cycloalkyl methanesulfonates 

(mesylates) and p-toluene-sulfonates (tosylates) are essentially inert toward 

LiAlH(OCH3)3 (65, 161) or  

   

 

 (121)   
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Analytical Normalized 
Yields (%) 

   

 

A B C 

Refs. 

 

LiAlH4, THF, 25° 54 26 20 174, 470 

LM-9BBN, a, THF, 0° 88 12   0 469 

LiBH(C2H5)3, THF, 0° 84 16   0 184, 469, 

470 

LiBH(C4H9-s)3, THF, 

25° 
52 48   0 470 

NaBH(C2H5)3, THF, 

25° 
83 17   0 470 

NaBH(C2H5)3, C6H6, 

25° 
18 82   0 469 

LiBHSia3,
b THF, 25° 20 80   0 470 

LiCuH(C4H9-n)  80c   0   0 471 

LiAlH(OCH3)3–CuI, 

THF 

98c   0   0 472a 

 
aLM-9-BBN = lithium B-methyl-9-borabicyclo[3.3.1]nonyl hydride. 
b
LiBHSia3 = lithium trisiamylborohydride. 

c
The analytical yield is not normalized. 

 

LiAlH(OC4H9-t)3 63,65,466,467 (however, see Ref. 465b) and many other 

hydride reagents such as AlH3, (65) borane–tetrahydrofuran, (468) 

9-borabicyclo[3.3.1]nonane, (469) thexylborane, disiamylborane, and LiBH4. 

(470) The effect of various hydrides on the reductive displacement of a 

secondary tosyloxy group in the less reactive cyclohexyl tosylate, and 

formation of the alkene and alcohol as byproducts, is summarized in the table 

accompanying Eq. 121. 

 

The high effectiveness of LiBH(C2H5)3 (469, 470) or the LiAlH(OCH3)3–CuI 

complex (472a) is also seen in reductions of aliphatic primary (Eq. 122) and 

secondary sulfonates.  

   

 
 (122)   
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NaAlH2(OCH2CH2OCH3)2 is less effective in these reactions. (473a) As shown 

in reductions with NaBH(C2H5)3, the product distribution can be influenced by 

solvents; (469, 470) replacement of diethyl ether by bis(2-methoxyethyl) ether 

leads to resistance of the tosyloxy group toward the action of LiAlH4. (473b) 

However, the stability of this group toward metal tri-tert-butoxyaluminum 

hydrides can be weakened by neighboring functional groups. (474, 475) 

 

The ability of NaAlH2(OCH2CH2OCH3)2 to coordinate with oxygen functions 

476–481 can be utilized for regioselective reduction of the epoxytosylate 140 

to form the desired diol 141a, presumably by way of an alkoxyaluminum 

hydride intermediate involving the C-6 hydroxyl group. (482, 483)  

   

 

 

 

 

Both LiCuH(C4H9-n) (471) and NaBH3(CN) (484, 485) tolerate a number of 

other reducible groups and are therefore suitable reducing agents for selective 

displacement of sulfonyloxy groups in functionalized tosylates and mesylates. 

 

Lithium trimethoxyaluminum hydride is a superior reagent for reduction of the 

chiral acetylenic mesylate 142 to the chiral allene 143 by a preferred anti 
substitution mechanism. (486) This result is in accordance with the 

predominant anti substitution in reductions of chiral tosylates and 

camphorsulfonate esters of 1,3-di-tert-butyl-2-propyn-1-ol by LiAlH2(OCH3)2. 

(467)  
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Reduction of the racemic mesylate 142 by LiAlH4 or AlH3 yields only 3-decyne 

(144) (83–89%). (486) Transformations of acetylenic mesylates into allenes 

can be carried out also with NaAlH2(OCH2CH2OCH3)2. 487 

3.4.1.6. Reduction of Sulfonamides and Thioimides  
Alkane- and arenesulfonamides derived from aliphatic, alicyclic, and aromatic 

primary and secondary amines or cyclic amines undergo reductive cleavage 

by NaAlH2(OCH2CH2OCH3)2 to form the corresponding amines in 55–98% 

yields (488-491) (Eq. 123); (490) the reductions proceed more easily than with 

LiAlH4. (488)  

   

 

 (123)   

 

Lower yields are observed in reactions where alkene formation by elimination 

of the p-toluenesulfonamide group competes with the amine regeneration. The 

aziridine ring, which is stable toward NaAlH2(OCH2CH2OCH3)2 at low 

temperatures, (151, 426) is cleaved under the conditions of the sulfonamide 

reduction (488, 490) (Eq. 124). (488)  

   

 

 (124)   

 

N-Tosylazetidines are stable toward NaAlH2(OCH2CH2OCH3)2 in boiling 

benzene. (488) 

 

Primary triflamides (trifluoromethanesulfonamides), which afford stable salts 

with LiAlH4 and do not undergo reduction by this hydride, are reduced by 
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NaAlH2(OCH2CH2OCH3)2 in minutes to give the parent primary amine in higher 

than 90% yield. On the other hand, secondary triflamides, which are stable 

toward NaAlH2(OCH2CH2OCH3)2, are reduced rapidly by LiAlH4 to form 

secondary amines in almost quantitative yields. (492-494) 

 

N-( α -Chlorocycloalkylthio)imides such as 145 yield cycloalkene sulfides (e.g., 

146). (495)  

   

 

 

 

3.4.1.7. Reduction of Sulfur Heterocyclic Compounds  
α -Hydroxyepisulfides such as 147 are reduced by NaAlH2(OCH2CH2OCH3)2 

to give β-hydroxythiols with high regioselectivity (see Refs. 476–481 and 

496–499a,b.). (500)  

   

 

 

 

 

2-Dimethylamino-1,3-dithiolan-2-ylium perchlorate reacts with complex metal 

hydrides to form the formamide thioacetal (Eq. 125); NaBH4 produces this 

compound in 60% and LiAlH4 in 20% yields. (425)  

   

 

 (125)   

 

 

 

Reduction of 2-methylthio-3-methyl-4,5-dihydrothiazolium iodide by 

NaAlH2(OCH2CH2OCH3)2 is temperature-dependent and gives either the 

expected 2-methylthio-3-methylthiazolidine or a mixture of 
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3-methylthiazolidine-2-thione (148) and 3-methylthiazolidine (149). The thione 

148 is stable toward the hydride (425) (see also Refs. 100-102).  

   

 

 

 

 

The penam derivative 150 undergoes cleavage on reaction with 

LiAlH-(OC4H9-t)3 to yield the isothiazolone 151 as the major product. (501)  

   

 

 

 

 

Treatment of the penam sulfone 152 with a large excess of LiAlH(OC4H9-t)3 or 

KBH4 leads to fission of the thiazolidine ring to form the 2-azetidinone 153 in 4 

and 12% yields, respectively; KBH4 in slight excess reduces the penam 

sulfone 152 almost quantitatively to the alcohol 154, which is considered to be 

an intermediate in the transformation of 152 into the 2-azetidinone 153. (502)  
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4. Reduction of Various Functional Groups with 

Selected Metal Alkoxyaluminum Hydrides and Complex 

Metal Hydrides 

 

The reactions of selected metal alkoxyaluminum hydrides and complex metal 

hydrides with various functional organic groups are summarized in the 

following table. The symbol (+) indicates positive reaction and the symbol (–), 

very slow or insignificant reaction; the symbol (±) denotes positive or negative 

reaction, depending on the substrate structure and reaction conditions. When 

the literature lacks any information about the hydride reactivity the symbol 0 is 

used.  

 SMEAHa LTBAa LTMAa CALHb NaBH4 LiAlH4 
 

Haloalkanes or 

Haloarenes ® alkanes or 

arenes 

± – ± ± – ± 

Aldehydes ® alcohols + + + + + + 

Ketones ® alcohols + + + + + + 

Epoxides ® alcohols ±c – ± + – + 

Carboxylic acids ® alcohols + – + + – + 

Carboxylic 

acids ® aldehydes 

+d +e, f     0     0 – +e 

Esters ® alcohols +g –h + + – + 

Esters ® aldehydes +i +j     0     0 – – 

Cyclic anhydrides ® diols + – + + – + 

Cyclic 

anhydrides ® lactones 

and/or hydroxylactones 

– +     0     0 + + 

Lactones ® diols + ± + + – + 

Lactones ® lactols +k ± –     0 – – 

Acyl chlorides ® alcohols + + + + + + 

Acyl chlorides ® aldehydes – +l –     0 – – 

Nitriles ® amines ± – + + – + 

Nitriles ® aldehydes +m – –     0 – – 

Amides ® amines ± – + + – + 

Amides ® aldehydes +n – –     0 – +n 
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Lactams ® cyclic amines ± –     0 + – + 

Imides ® cyclic amines or 

other products 

+o –     0     0 – + 

Imines ® amines + +     0     0 + + 

Azido 

compounds ® amines 

+ –     0     0 – + 

Oximes ® amines or other 

products 

± –     0 + – + 

Nitro compounds ® amines 

or other products 

± – ±     0 – + 

Urethanes ® substituted 

methylamines 

+ –     0 + – + 

Disulfides ® thiols + – +     0 – + 

Sulfoxides ® sulfides + – +     0 – + 

Sulfones ® sulfides ± – –     0 – + 

Alkanesulfonates ® alkanes 

or alcohols 

+ – +p     0 – + 

Sulfonamides ® amines + –     0     0 – +  
a
Abbreviations used for the metal hydrides are listed in the “Tabular Survey” section on p. 334. 

bThe abbreviation CALH denotes calcium alkoxyaluminum hydrides. 
cNo reduction takes place at 0°. 
dThe acids are treated with γ -saccharin chloride and the resulting N-acylsaccharins are 

reduced at 0–5°. 
e
The acids are treated with 1,1¢-carbonyldiimidazole, and the resulting N-acylimidazoles are 

reduced with the hydride. 
f
The acids are treated with the reaction product from dimethylformamide and oxalyl chloride in 

the presence of pyridine, and the intermediates are reduced in situ at –70°. 
g
No reduction takes place at about –78°; tert-butyl and phenyl esters are generally stable 

toward the hydride at low temperatures. 
hThe reaction proceeds readily at 37–140°. 
iThe reaction proceeds at –40 to –70° or at 0 to –55° by using the hydride modified by 

N-methylhexahydropyrazine or morpholine. 
j
Phenyl esters are used as the reactants. 
k
Either the unmodified hydride at –70° or the hydride modified with ethanol, or pyridine, or 

2-propanol is used at 0° to room temperature. 
l
The reaction is carried out at –78° to room temperature. 
m

The reaction is carried out at –15° to room temperature. 
n
The reduction of dimethylamides, N-methylanilides, or 1-acylaziridines is carried out at –15°, 

0°, or room temperature. 
oReduction of N-substituted cyclic imides at –78° gives hydroxylactams. 
pThe reaction is carried out with the LTMA-CuI complex and gives predominantly alkanes. 
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5. Experimental Considerations 

 

References to the preparation and properties of metal alkoxyaluminum hydrides, 

purification of solvents and chemicals, apparatus used for reductions, and the selection of 

reaction conditions are given in Ref. 1. Dry methanol, ethanol, and tert-butyl alcohol for 

the preparation of the corresponding metal alkoxyaluminum hydrides are obtained best by 

drying the alcohols with molecular sieves. (503) 

 

An alternative method for preparing a standardized solution of LiAlH(OC4H9-t)3 in 

bis(2-methoxyethyl) ether, useful for partial reductions of acyl chlorides, involves 

extraction of the commercial LiAlH4 with diethyl ether in a Soxhlet apparatus, reaction of 

the ethereal solution of LiAlH4 with 3 equivalents of dry tert-butyl alcohol, removal of 

diethyl ether in a stream of dry nitrogen, and dissolution of the alkoxyhydride in 

bis(2-methoxyethyl) ether. (504) Preparations of hydride reagents such as 

NaAlH2(OCH2CH2OCH3)2
*–copper(I) bromide—2-butanol, (113-115) 

NaAlH2(OCH2CH2OCH3)2–morpholine, (73, 293) 

NaAlH2(OCH2CH2OCH3)2–N-methylhexahydropyrazine, (73, 292) and 

NaAlH2(OCH2CH2OCH3)2–ethanol (73, 227) are described in detail in the “Experimental 

Procedures” section. The LiAlH(OCH3)3–copper(I) iodide (2:1) reagent is prepared as 

follows. Concentrated (0.9–1.1 M) LiAlH(OCH3)3 (54.5 mmol) solution in tetrahydrofuran is 

added dropwise in an atmosphere of argon and under stirring to an ice-cooled suspension 

of copper(I) iodide (5.18 g, 27.2 mmol) in dry tetrahydrofuran (10 mL). The stirred 

suspension becomes gelatinous, and tetrahydrofuran is added in 5-mL portions to 

facilitate stirring. A total of 150 mL is usually required. After the addition is complete, the 

resulting dark-brown mixture is stirred at 0° for 30 minutes. The LiAlD(OCH3)3–copper(I) 

iodide reagent is prepared from LiAlD(OCH3)3 and copper(I) iodide in a similar way. 

472a,b 

 

Calcium alkoxyaluminum hydrides are available either from commercial sources (505)† or 

can be prepared by partial alcoholysis of calcium aluminum hydride (162-164) and by 

reaction of sodium aluminum hydride with calcium chloride and alcohols. (163, 164) The 

preparation of Ca[AlH2(OC3H7-i)2]2·2 THF by an alternative route from sodium aluminum 

hydride, calcium chloride, sodium isopropoxide, and aluminum chloride is as follows. A 

solution of aluminum chloride (1.59 g, 11.9 mmol) in tetrahydrofuran (30 mL) is added 

slowly under nitrogen to a stirred suspension of sodium aluminum hydride (0.64 g, 

11.9 mmol), powdered calcium chloride (1.98 g, 17.8 mmol), and sodium isopropoxide 

(3.90 g, 47.5 mmol) in dry tetrahydrofuran (65 mL). The mixture is stirred at room 

temperature for 1 hour and then under reflux for about 0.5 hour until the Ca:Al molar ratio 

in the solution is 0.48. The mixture is filtered under nitrogen and the filtrate is evaporated 

in vacuo. The resulting white solid is dried in vacuo (0.01 mm) at room temperature for 2 

hours to give 4.9 g (85% yield) of product. For C20H48Al2CaO6 (478.6) calculated: Al 11.3 

and Ca 8.4%; molar ratio Hactive:Al = 2.00; found: Al 12.4 and Ca 8.8%; molar ratio 

Hactive:Al = 1.83. (164) 
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6. Experimental Procedures 

6.1.1.1. dl-9,9′-Spirobifluorene-2,2′-dimethanol [Reduction of a Dicarboxylic 
Acid to a Diol by NaAlH2(OCH2CH2OCH3)2] (176)  
A 70% solution of NaAlH2(OCH2CH2OCH3)2 (10 g, 35 mmol) in benzene was 

added under nitrogen slowly and dropwise to a suspension of 2.0 g (5 mmol) 

of 9,9¢-spirobifluorene-2,2¢-dicarboxylic acid in 20 mL of benzene. After 2 

hours of heating under reflux, the dicarboxylic acid dissolved in the reaction 

mixture. The mixture was cooled to 10°, decomposed by addition of water, 

acidified with concentrated hydrochloric acid, and extracted with chloroform. 

The organic phase was separated, washed with water, and dried over 

anhydrous magnesium sulfate, and the solvents were evaporated. 

Crystallization of the residue from benzene gave 1.57 g (84%) of product, mp 

254–255°; IR ( KBr):3400, 1612, 1465, 1451, and 1031 cm–1; NMR ( CDCl3) δ : 

1.99 (s, 2OH), 4.30 (s, 2CH2O), 6.57–7.82 (14 ArH); mass spectrum, m/z 376 

(M+). 

6.1.1.2. 3-Phenylpropanal [Conversion of a Carboxylic Acid to an Aldehyde via 
Reduction of the Carboxymethyleniminium Chloride in situ by LiAlH(OC4H9-t)3] 
(192)  
Oxalyl chloride (0.5 mL) was added to a solution of N,N-dimethyl-formamide 

(1.5 g, 18 mmol) in dichloromethane (3 mL) at 0°. After this solution was stirred 

for 1 hour, the solvent was removed under reduced pressure. To the 

N,N-dimethylchloromethyleniminium chloride thus obtained as white powder 

was added acetonitrile (3 mL), dry tetrahydrofuran (5 mL), and then a solution 

of 3-phenylpropionic acid (0.30 g, 2 mmol) and pyridine (1.6 g, 19 mmol) in dry 

tetrahydrofuran (3 mL) at –30°, and the reaction mixture was stirred at this 

temperature for 1 hour. To the carboxymethyleniminium chloride thus formed 

was added under nitrogen a suspension of 10 mol% (0.038 g, 0.2 mmol) of 

copper(I) iodide in dry tetrahydrofuran and a tetrahydrofuran solution of 

LiAlH(OC4H9-t)3 (2.6 mL of a 1.54 M solution, 4 mmol) at –78°. The mixture 

was stirred for 10 minutes, and the reaction was then quenched by addition of 

aqueous 2 N hydrochloric acid. The aqueous layer was extracted with diethyl 

ether, and the extract was washed with aqueous sodium bicarbonate and dried 

over anhydrous magnesium sulfate. The solvent was removed by evaporation; 

TLC of the residue on silica gel plates (eluted with hexane–diethyl ether, 3:2) 

gave 0.217 g (81% yield) of the product. 

6.1.1.3. 3′,4,5,5′,6′,7′,8′,8a′-Octahydro-2′-methylspiro[furan-3(2H),1¢(2¢H)-nap
hthalen]-5-ol [Partial Reduction of a Lactone to a Lactol (Hemiacetal) by the 
NaAlH2(OCH2CH2OCH3)2–ethanol Reagent] (73, 227)  
To a solution of NaAlH2(OCH2CH2OCH3)2 (50% solution in benzene) (2 mL, 

5.1 mmol) in 2 mL of dry toluene stirred under nitrogen at 0° was added 

dropwise by means of a syringe a mixture of dry ethanol (0.18 mL, 3 mmol) 
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and dry toluene (1 mL). Part of this reagent solution (0.5 mL) was added to an 

ice-cooled solution of 3′,5′,6′,7′,8′,8a¢-hexahydro-2¢-methyl-(1 α ′,2 α ′,8a α 

′)spiro[furan-(3(2H),1′(2′H)-naphthalen]-5(4H)-one (25 mg, 0.114 mmol) in dry 

toluene (1 mL). After 1 hour a further amount of the reagent solution (1.5 mL) 

was added, the mixture was allowed to stand for 30 minutes, and the reaction 

was quenched by addition of water. Benzene extraction and column 

chromatography on silica gel gave 24 mg (96% yield) of the product, mp 

141–143°, and 1 mg (~4% yield) of (1 α ,2 α ,8a 

α )-1,2,3,5,6,7,8,8a-octahydro-1-hydroxymethyl-2-methyl-1-naphthaleneethan

ol as byproduct. 

6.1.1.4. tert-Butyl 
8-{3-Hydroxy-7-(2-tetrahydropyranyloxy)-2-oxa-6-bicyclo[3.3.0]-octyl}-6-(2-tetr
ahydropyranyloxy)-7-octenoate [Reduction of a Lactone Ester to a Lactol 
(Hemiacetal) Ester by NaAlH2(OCH2CH2OCH3)2] (230)  
To a solution of 47.8 g (91.0 mmol) of tert-butyl 

6-(2-tetrahydropyranyloxy)-8-{3-oxo-7-(2-tetrahydropyranyloxy)-2-oxa-6-bicycl

o-[3.3.0]octyl}-7-octenoate in 1 L of dry toluene was added dropwise under 

argon 116 mL (415 mmol) of a 70% solution of NaAlH2(OCH2CH2OCH3)2 in 

toluene at –70°. The mixture was stirred at this temperature for 6 hours and 

then decomposed with a mixture of 400 mL of methanol and 400 mL of water 

at –70°. The resulting mixture was diluted at 20° with 400 mL of toluene and 

1.2 L of a saturated sodium chloride solution and extracted with ethyl acetate. 

The extract was washed with a saturated sodium chloride solution and dried 

over anhydrous sodium sulfate. Evaporation of the solvents under reduced 

pressure gave 48.19 g (~100% yield) of the product; NMR ( CDCl3) δ : 

5.27–5.70 (m, 2H, CH ＝ CH), 4.50–4.74 (m, 2H, OCHO), 1.43 [s, 9H, 

C(CH3)3]; IR (film): 3370 (OH), 1730 (CO2C4H9-t), and 980 (CH ＝ CH) cm–1. 

6.1.1.5. (S)-(+)-2,3,6-Trimethyl-5-(2,2,4-trimethyl-1,3-dioxolane-4-ethyl)phenol 
[Hydrogenolysis of an Aromatic Ester Group to a Methyl Group by 
NaAlH2-(OCH2CH2OCH3)2] (240)  
A solution of 1.02 g (2.79 mmol) of dimethyl (S)-(+) 

2-hydroxy-6-methyl-4-(2,2,4-trimethyl-1,3-dioxolane-4-ethyl)-1,3-benzenedicar

boxylate in 5 mL of xylene was added under argon dropwise over a 5-minute 

period to a stirred solution of 6 mL (2.17 mmol) of NaAlH2(OCH2CH2OCH3)2 

(70% solution in benzene) in 5 mL of xylene. The resulting solution was stirred 

and refluxed for 3.75 hours and then cooled to 10°, at which point a solution of 

1.16 mL of concentrated sulfuric acid in 5 mL of water was cautiously added 

dropwise. The resulting slurry was diluted with 23 mL of methanol and refluxed 

with stirring for 10 minutes. After cooling, the slurry was filtered and the 

granular solid was washed successively with methanol and ether. The filtrates 

and washings were combined and concentrated in vacuo. The residue was 

taken up in ether, and the solution was washed with saturated brine, dried over 

anhydrous magnesium sulfate, and filtered. Evaporation of the solvent gave 
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769 mg of a yellow oil that was chromatographed on EM silica gel 60 

(0.063–0.2 mm; 30 g). Elution with 4:1, 2:1, and 1:1 hexane–diethyl ether 

afforded 640 mg (83% yield) of the product as a colorless oil that crystallized. 

A portion of this material was recrystallized from hexane, giving a colorless 

solid, mp 60–62°, (c 2.0, CHCl3); IR (CHCl)3:3610 cm–1 (OH); NMR 

( CDCl3) δ : 6.55 (s, 1H, ArH), 4.80 (br s, 1H, OH), 3.78 (m, 2H, CH2O), 2.19, 

2.15, 2.10 (3 s, 9H, ArCH3), 1.41 [s, 6H, C(CH3)2], and 1.35 (s, 3H, CH3); UV 

(95% C2H5OH) nm max ( ε ): 274 (955), 281 (985), and sh 223 (9500). 

6.1.1.6. 4-Fluoro-3,5-dimethoxybenzaldehyde [Partial Reduction of an 
Aromatic Ester to an Aldehyde by the 
NaAlH2(OCH2CH2OCH3)2–N-Methylhexahydropyrazine Reagent] (292)  
N-Methylhexahydropyrazine (10.9 mL, 98 mmol) dissolved in 48 mL of toluene 

was added under nitrogen at 0° to a solution of NaAlH2(OCH2CH2OCH3)2 

(25.6 g, 89 mmol) in toluene (ca. 70% solution). This reagent was added 

dropwise with stirring to a solution of 4.1 g (19 mmol) of methyl 

4-fluoro-3,5-dimethoxybenzoate in 90 mL of toluene at 0 to –5°. The mixture 

was stirred for an additional 30 minutes, cooled to –10°, and 20 mL of water 

was added. The precipitate was removed by filtration and washed with toluene. 

The combined filtrate and washings were washed with 1 N hydrochloric acid 

followed by water, dried, and evaporated. Crystallization of the residue from 

heptane gave 3.3 g (91% yield) of the pure product, mp 97–98°; IR ( KBr): 

2860, 1700, 1616, 1241, and 1133 cm–1; NMR ( CDCl3) δ : 9.95 (s, 1H), 7.18 (d, 

JHF = 12.2 Hz), and 3.97 (s, 6H). 

6.1.1.7. dl-4-Tetrahydropyranyloxy-1-cyclohexene methanol [Reduction of an 
α , β -Unsaturated Ester to an Allylic Alcohol by LiAlH3(OC2H5) ] (276)  
To a stirred suspension of 4.56 g (0.120 mol) of LiAlH4 in 250 mL of dry diethyl 

ether was added 5.52 g (0.120 mol) of dry ethanol, the mixture was cooled to 

0°, 20.1 g (83.6 mmol) of methyl 

dl-4-tetrahydropyranyloxy-1-cyclohexene-1-carboxylate was added, and the 

mixture was stirred at this temperature for 1 hour. After additional stirring at 

25° for 2 hours, the mixture was decomposed by addition of 23 mL of 1 N 

sodium hydroxide and worked up to give 17.2 g (97% yield) of an oily product 

showing no C ＝ O absorption near 1700 cm–1 in the IR spectrum. 

6.1.1.8. 3-Ethyl-7,11-dimethyl-2-trans,6-trans,10-dodecatrien-1-ol [Reduction 
of an α , β -Unsaturated Ester to an Allylic Alcohol by 
NaAlH2(OCH2CH2OCH3)2] (506)  
A solution of NaAlH2(OCH2CH2OCH3)2 in benzene (3.58 M, 0.691 mL, 

2.47 mmol) was added under nitrogen to a stirred solution of ethyl 3-ethyl-7, 

11-dimethyl-2-trans,6-trans,10-dodecatrienoate (627 mg, 2.25 mmol) in 5 mL 

of dry diethyl ether at 0°. The mixture was allowed to warm to room 

temperature and was stirred for 2.5 hours. Water was added to the mixture at 
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0° until precipitation occurred, and the precipitate was removed by filtration. 

The solvent was evaporated; bulb-to-bulb distillation of the residue gave 

501 mg (94% yield) of the pure product; NMR ( CDCl3) δ : 0.99 (t, J = 7.5 Hz, 

3H, CH2CH3), 1.58 and 1.69 (2 s, 9H, allyl CH3), 1.83–2.35 (m, 10H, allyl CH2), 

2.39 (s, 1H, exchanged by D2O, OH), 4.15 (d, J = 7 Hz, 2H, CH2O), 5.15 (br s, 

2H, vinyl H), and 5.40 (t, J = 7 Hz, 1H, C-2 vinyl H); IR (film): 3310 and 

1675 cm–1; mass spectrum, m/z 237 (MH+). 

6.1.1.9. trans-7-Methyl-2-phenyl-3,5,6-octatrien-2-ol [Reduction of a 
4,5-Alkadien-2-yn-l-yl Acetate to a trans-2,4,5-Alkatrien-l-ol by LiAlH3(OCH3) ] 
(507)  
To a 0.67 M solution of LiAlH4 (20 mL, 13.4 mmol) in dry tetrahydrofuran 

stirred under argon was added slowly via syringe 0.43 g (13.4 mmol) of dry 

methanol at 0°. After additional stirring for 15 minutes, a solution of 2.54 g 

(10 mmol) of 7-methyl-2-phenyl-5,6-octadien-3-yn-2-yl acetate in 2.5 mL of dry 

tetrahydrofuran was added to the reagent, and the mixture was heated to 70° 
for 2 hours. The resulting mixture was cooled to 0°, decomposed by addition of 

a solution of tetrahydrofuran in water (1:1), and the precipitate was removed by 

filtration. The product (1.71 g, 80%) was obtained by column chromatography 

on silica gel by using petroleum ether–diethyl ether (90:10) as the eluent; IR: 

1950 (C ＝ C ＝ C), 3040–3020 ( ＝ CH), 1640 (C ＝ C), 990–970 (trans 

CH ＝ CH), and 850 ( ＝ C － H) cm–1; NMR δ : 1.55 (s, 3H), 1.66 (d, 

J = 3 Hz, 6H), 5.4–6.2 (m, 3H), and 7.25 (m, 5H). 

6.1.1.10. Methyl 3-(3,4,5-Trimethoxyphenyl)propionate [Reduction of an α , β 
-Unsaturated Ester to a Saturated Ester by the 
NaAlH2(OCH2CH2OCH3)2-Copper(I) Bromide–2-Butanol Reagent] (114)  
A solution of NaAlH2(OCH2CH2OCH3)2 in benzene (11.2 mL, 40 mmol) was 

added dropwise to a suspension of copper(I) bromide (5.70 g, 40 mmol) in 

tetrahydrofuran (75 mL) maintained at –5 to 0° (bath temperature) under argon. 

After 30 minutes at 0°, the mixture was cooled to –78° and 2-butanol (8.0 mL, 

90 mmol) was added rapidly. Within 10 minutes, a solution of methyl 3, 4, 

5-trimethoxycinnamate (1.26 g, 5.0 mmol) in tetrahydrofuran (10 mL) was 

added rapidly. The reaction mixture was stirred at –78° for 15 minutes and at 

–20° for 2 hours. Then 10 mL of water was added and the mixture was poured 

into a saturated aqueous ammonium chloride solution. The organic layer was 

washed with water and concentrated by rotary evaporation. Distillation of the 

residue in a shortpath still gave 1.23 g (97% yield) of the pure product as a 

colorless liquid; IR (neat) 1740 cm–1; NMR ( CDCl3) δ : 6.42 (s, 2H, ArH), 3.80 

(s, 9H, OCH3), and 2.4–3.1 (m, 4H, CH2CH2); mass spectrum, m/z: M+ 

calculated for C13H18O5, 254.1167; found, 254.1154. 

6.1.1.11. 4-Methyl-4H-1,4-benzoxazine-2-carboxaldehyde [Partial Reduction 
of an α , β -Unsaturated Ester to an α, β -Unsaturated Aldehyde by the 
NaAlH2-(OCH2CH2OCH3)2-Morpholine Reagent] (293)  
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A 70% toluene solution (3.2 mL) of NaAlH2(OCH2CH2OCH3)2 (11 mmol) was 

diluted with 4.8 mL of dry toluene, and to this solution was added dropwise 

under nitrogen 1.07 g (12 mmol) of morpholine in 6 mL of dry toluene at 0°; 
4.6 mL of this reagent was added dropwise in an atmosphere of nitrogen to a 

solution of 103 mg (0.5 mmol) of methyl 4-methyl-4H-1, 

4-benzoxazine-2-carboxylate in 6 mL of dry toluene at –40°, and the mixture 

was stirred at this temperature for an additional 20 minutes. The reaction 

mixture was decomposed by addition of water and extracted with toluene. The 

organic layer was separated, the solvents were evaporated under reduced 

pressure, and the oily residue was subjected to preparative TLC on silica gel 

60 F254 (Merck, 20 cm × 20 cm × 2 mm). Elution with benzene–ethyl acetate 

(1:9) gave 83 mg (95% yield) of product (Rf = 0.20) as yellow crystals, mp 

142–144° (ethyl acetate); IR (KBr): 1670 (C ＝ O), 1640 (C ＝ C), 1590, and 

1500 cm–1; NMR ( CDCl3) δ : 2.98 (s, 3H, NCH3), 6.11 (s, 1H, CH), 6.28–6.50 

(m, 1H, ArH), 6.58–6.85 (m, 3H, ArH), and 8.46 (s, 1H, HC ＝ O); mass 

spectrum, m/z (relative intensity): 175 (M+, 100), 160 (24), and 146 (72). 

6.1.1.12. Methyl 8-Oxooctanoate [Partial Reduction of an Acyl Chloride Ester 
to an Aldehyde Ester by LiAlH(OC4H9-t)3] (300)  
To a stirred suspension of 0.86 g (22.7 mmol) of LiAlH4 in 20 mL of 

bis(2-methoxyethyl) ether cooled to 5–10° was added under nitrogen dropwise 

5 mL of tert-butyl alcohol. When the hydrogen evolution ceased, the solution of 

LiAlH(OC4H9-t)3 was stirred for an additional 30–60 minutes and transferred 

under nitrogen into a dropping funnel. It was then added dropwise under 

nitrogen during 1 hour to a stirred solution of 5.0 g (24.2 mmol) of methyl 

7-chloroformylheptanoate in 20–30 mL of bis(2-methoxyethyl) ether 

maintained at –78° (acetone-dry ice bath). The reaction mixture was stirred at 

the same temperature for an additional 60 minutes and allowed to warm to 20°. 
About 50 g of ice and 1 mL of concentrated hydrochloric acid were added and 

the mixture was extracted with diethyl ether. The ether solution was washed 

several times with water and the organic phase was dried over anhydrous 

sodium sulfate. Evaporation of solvents (12 mm) at 30–40° (water bath 

temperature) left 4 g (96% yield)* of the crude product as a yellowish liquid. 

Kugelrohr distillation (0.2 mm) at 80° (air bath temperature) afforded the 

analytically pure product (single peak in GLC on SE-30, 140°); IR (film): 2710 

(CHO), 1720–1740 (CO2CH3 + HCO), and 1200–1150 (CO2CH3) cm–1; mass 

spectrum, m/z (relative intensity): 172 (M+), 141 (21), 129 (45), 97 (68), 87 (95), 

and 74 (100); 2, 4-dinitrophenylhydrazone, mp 81–83°. 

6.1.1.13. Benzaldehyde-d1[Conversion of an Acyl Chloride to an Aldehyde-d1 
by Reduction with LiAlD(OC4H9-t)3] (308)  
To a well-stirred suspension of LiAlD4 (2.52 g, 60 mmol) in dry diethyl ether 

(150 mL) a solution of freshly distilled dry tert-butyl alcohol (13.83 g, 189 mmol) 

in dry diethyl ether (60 mL) was added at such a rate as to maintain a gentle 

reflux. The mixture was stirred for an additional 15 minutes at room 
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temperature and the solvent and excess tert-butyl alcohol were then removed, 

affording 13.1 g (86% yield) of LiAlD(OC4H9-t)3. A slurry of the hydride (13.1 g, 

51.4 mmol) in tetrahydrofuran (50 mL) was added to a well-stirred solution of 

benzoyl chloride (6.85 g, 48.7 mmol) in dry tetrahydrofuran (21 mL) 

maintained at –78°. The mixture was stirred at this temperature for 1 hour and 

brought to room temperature by removing the acetone–dry ice bath. The 

mixture was then poured onto crushed ice (100 g), and the product was 

extracted several times with diethyl ether. Diethyl ether and tetrahydrofuran 

were removed by evaporation in vacuo, and the residue was redissolved in 

diethyl ether (100 mL) and washed twice with water (60 mL) to remove any 

trace of tetrahydrofuran. The ethereal solution was dried over anhydrous 

magnesium sulfate, filtered, and evaporated to dryness, yielding 5.1 g of the 

crude product. This was purified by conversion into the bisulfite addition 

compound with 40% sodium bisulfite solution. The solid was filtered, washed 

with diethyl ether, and reconverted to the product with 10% sodium 

bicarbonate solution. Extraction with diethyl ether, drying over anhydrous 

magnesium sulfate, filtration, and removal of the solvent afforded 3.9 g (74% 

yield) of the pure product as a colorless liquid; IR (neat): 2100, 2500 (both C 

－ D stretching), and 1680 (C ＝ O) cm–1; NMR δ 7.42–7.92 (m, 5H, ArH). 

6.1.1.14. 2-Methyl-3-n-propylhexanenitrile [Selective Reduction of an α , β 
-Unsaturated Nitrile to a Saturated Nitrile by the 
NaAlH2(OCH2CH2OCH3)2-Copper(I) Bromide–2-Butanol Reagent] (115)  
To 1.86 g (13.0 mmol) of copper(I) bromide in dry tetrahydrofuran (10 mL) 

cooled to 0° was added under nitrogen 7.4 mL (26.0 mmol) of 

NaAlH2(OCH2CH2OCH3)2 (3.5 M solution in benzene). The resulting dark 

solution was stirred at 0° for 30 minutes and cooled to –78°. 2-Butanol (2.3 mL, 

26.0 mmol) was cautiously introduced via syringe, followed by a solution of 

2-methyl-3-n-propyl-2-hexenenitrile (0.197 g, 1.3 mmol) in dry tetrahydrofuran 

(5 mL). After 2 hours at –78°, the reaction mixture was maintained at room 

temperature for 4 hours, and 6 mL of a saturated solution of ammonium 

chloride was added. The mixture was extracted with dichloromethane, the 

organic phase was separated, dried, and filtered; and the solvents were 

evaporated. The residue was purified by column chromatography on silica gel 

(elution with diethyl ether–hexane, 1:1), which afforded 0.166 g (83% yield) of 

the pure product; IR (neat): 2960, 2870, 2220, 1455, and 1380 cm–1; NMR 

( CDCl3) δ : 1.50–1.10 (m, 13H) and 0.90 (m, 6H); mass spectrum, m/z 

153.1517 (calculated), 153.1522 (observed). 

6.1.1.15. 1-Methyl-1-isochromanecarboxaldehyde [Partial Reduction of a 
Nitrile to an Aldehyde by NaAlH2(OCH2CH2OCH3)2] (328)  
To a solution of 3.4 g (20 mmol) of 1-methyl-1-isochromanecarbonitrile in 

50 mL of dry tetrahydrofuran was added at –15° under nitrogen 4.04 g 

(20 mmol) of NaAlH2(OCH2CH2OCH3)2 as a 70% solution in toluene. The 

mixture was stirred at this temperature for 1 hour and then at room 
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temperature for 1 hour. The resulting mixture was cooled to 0° and added to a 

dilute sulfuric acid solution. The organic layer was separated and the aqueous 

layer was extracted with diethyl ether. The combined organic phase was 

washed with sodium bicarbonate solution and brine, dried over anhydrous 

magnesium sulfate, and concentrated. Distillation of the oily residue in vacuo 

gave 2.8 g (80% yield) of the product, bp 56–58° (air-bath temperature) 

(0.01 mm); NMR ( CDCl3) δ : 1.52 (s, CH3), 2.6–2.9 (m, CH2), 3.8–4.2 (m, 

OCH2), 7.1 (m, 4H, ArH), and 9.56 (s, OCH). 

6.1.1.16. 2-(2-Methoxyphenylthio)benzaldehyde [Partial Reduction of an 
Aromatic Dimethylamide to an Aldehyde by LiAlH(OC2H5)3] (511)  
To a stirred suspension of 6.0 g (0.158 mol) of LiAlH4 in 100 mL of dry diethyl 

ether was added dropwise during 30 minutes 3.9 g (0.044 mol) of ethyl acetate 

at 0–7°. The mixture was stirred for an additional 30 minutes, and over 5 

minutes a solution of 30.2 g (0.105 mol) of N, 
N-dimethyl-2-(2-methoxyphenylthio)benzamide in a mixture of 150 mL of dry 

tetrahydrofuran and 100 mL of dry diethyl ether was added at –10 to 0°. The 

reaction mixture was stirred for 6 hours, allowed to stand overnight at room 

temperature, and decomposed with a 30% solution of sulfuric acid (100 mL). 

The mixture was filtered and the organic layer of the filtrate was separated, 

dried over anhydrous magnesium sulfate, and evaporated to give 22.8 g (89% 

yield) of the crude product; crystallization from ethanol afforded pure product, 

mp 107.5–109.5°; UV nm (log ε ): 233 (4.23), 340 (3.49), 271 (inflection, 3.85), 

and 284 (3.74); IR (Nujol): 762, 1028, 1253, 1280, 1469, 1480, 1561, 1590, 

1681, 1700, 2765, 3020, and 3065 cm–1; NMR ( CHCl3, CFCl3) δ : 10.35 (s, 1H, 

CHO), 7.80 (m, 1H, H6 of benzaldehyde), 6.80–7.50 (m, 7H, remaining ArH), 

and 3.76 (s, 3H, OCH3). 

6.1.1.17. (+)-2-Methyl-3-phenyl-(2R,3S)-epoxypropanal [Partial Reduction of 
an Epoxyamide to an Epoxyaldehyde by NaAlH2(OCH2CH2OCH3)2] (103)  
A solution of NaAlH2(OCH2CH2OCH3)2 (70% in benzene) (9.16 mL, 32.7 mmol) 

in dry diethyl ether (9.2 mL) was added under argon dropwise over 5 minutes 

to a solution of methyl N-[2-methyl-3-phenyl-(2R, 3S)-epoxypropionyl]prolinate 

(4.30 g, 14.9 mmol) in dry diethyl ether (130 mL) at 0°. After stirring at this 

temperature for 1 hour, the reaction was quenched by addition of a saturated 

solution of ammonium chloride (34 mL). The resulting mixture was stirred at 0° 
for 30 minutes, filtered through a pad of Celite, and diluted with diethyl ether. 

The ether solution was washed successively with 20% ammonium chloride 

solution and saturated sodium chloride solution. Filtration and evaporation of 

solvents gave the crude product as a brown oil, which was purified by column 

chromatography on silica gel, using diethyl ether as the eluent, to give 1.73 g 

(72% yield) of the product as a pale brown oil, (c = 1.01, CHCl3). 

Distillation in vacuo afforded the pure product as a colorless oil, bp 75–82° 
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(0.9 mm), (c = 2.00, CHCl3), with an optical purity of 98%; IR 

(CHCl3): 1730 (CHO), 890 and 850 (epoxide group) cm–1; NMR ( CDCl3) δ : 

1.22 (s, 3H, CH3), 4.27 (s, 1H, CH), 7.30 (s, 5H, C6H5), and 9.00 (s, 1H, CHO); 

mass spectrum, m/z 162 (M+), 145, and 133. 

6.1.1.18. dl-N-(2,2-Diphenyl-1-methylcyclopropyl)formamide[Reduction of an 
Isocyanate to a Formamide by LiAlH(OC4H9-t)3] (398)  
dl-2, 2-Diphenyl-1-methylcyclopropyl-1-isocyanate (16.6 g, 0.066 mol) 

dissolved in 100 mL of dry tetrahydrofuran was added during 3 hours to a 

solution of 25 g (0.1 mol) of LiAlH(OC4H9-t)3 in 150 mL of dry tetrahydrofuran 

at –15°. After 2 hours of additional stirring, 50 mL of 50% formic acid was 

added with fast mechanical stirring at the same temperature. The mixture was 

taken up in diethyl ether, washed with dilute hydrochloric acid and saturated 

sodium carbonate solution, and dried over anhydrous magnesium sulfate. 

Evaporation of the solvents gave 17 g of the crude product, which was 

crystallized from chloroform–hexane to give 14.2 g (85% yield) of the product, 

mp 114.0–114.5°. Recrystallization from chloroform–hexane gave the pure 

product, mp 115.5–116.5°; IR ( CCl4): 3415 (w, d), 2750 (w), 1704 (s), and 

1215 cm–1; NMR δ : 1.41 (s, 3H, CH3), 1.3–1.9 (m, 2H, CH2), 5.95 (br s, 1H, 

NH), 7.1–7.7 (m, 10H, ArH), and 7.82 (1H, CHO). 

6.1.1.19. 8-Chloro-10-(4-methylhexahydropyrazino)-10,11-dihydrodibenzo[b,f]
thiepin [Reduction of a Heterocyclic N-Carbalkoxy Derivative (Urethane) to a 
Heterocyclic N-Methyl Base by NaAlH2(OCH2CH2OCH3)2] (512)  
A solution of NaAlH2(OCH2CH2OCH3)2 (47 mmol) in benzene (15 mL) was 

added dropwise to a solution of 9 g (14.9 mmol) of 

8-chloro-10-(4-ethoxycarbonylhexahydropyrazino)-10,11-dihydrodibenzo[b,f]th
iepin in 60 mL of dry benzene and the mixture was heated to 60° for 5 hours. 

After cooling, 18 mL of water was added dropwise and the mixture was 

allowed to stand overnight. The organic phase was washed with 15% sodium 

hydroxide solution and water, dried over potassium carbonate, and evaporated. 

Crystallization of the residue from ethanol gave 4.80 g (92% yield) of the 

product, mp 99–100°. 

6.1.1.20. 4-Hydroxy-4-(6-methoxy-2-naphthalenyl)-1,2-pentadiene [Reduction 
of an Acetylenic Quaternary Amino Alcohol to an α -Allenic Alcohol by 
NaAlH2-(OCH2CH2OCH3)2] 424 
A solution of NaAlH2(OCH2CH2OCH3)2 (265 g, 1.32 mol) in dry tetrahydrofuran 

(2900 mL) was added to a stirred suspension of 

4-hydroxy-4-(6-methoxy-2-naphthalenyl)-1-trimethylamino-2-pentyne iodide 

(281 g, 0.66 mol) in dry tetrahydrofuran (1900 mL) at 20–30° over a period of 

30 minutes. Stirring was continued for 2 hours at 25°, and 2 N aqueous sodium 

hydroxide (1100 mL) was added with external cooling, whereupon two phases 

separated. From the upper layer, most of the tetrahydrofuran was removed by 
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evaporation under reduced pressure. The lower layer was extracted with three 

700-mL portions of benzene, and the benzene extracts were combined with 

the residue from the upper layer. This mixture was washed with three 250-mL 

portions of water, dried over anhydrous sodium sulfate, and evaporated in 
vacuo to give 134 g (84% yield) of the pure product as a slowly crystallizing oil, 

mp 52–54°. 

6.1.1.21. Methyl 1-Ethyl-1,2,3,4,6,7,12,12b-octahydro- α -methylthioindolo 
[2,3-a]-quinolizine-1-propanoate [Stereoselective Reduction of an Ester of a 
Heterocyclic Iminium Salt to an Ester of a Saturated Base by LiAlH(OC4H9-t)3] 
(430, 431)  
To a solution of 

1-ethyl-2,3,4,6,7,12-hexahydro-1-[3-methoxy-2-(methylthio)-3-oxopropyl]-1H-i

ndolo [2,3-a] quinolizin-5-ium perchlorate (0.328 g, 0.68 mmol) in 1.5 mL of dry 

tetrahydrofuran was added under nitrogen a solution of 0.535 g (2.11 mmol) of 

LiAlH(OC4H9-t)3 in 2.5 mL of dry tetrahydrofuran at 4°. The mixture was stirred 

at 22° for 3 hours, and the reaction was quenched by adding a mixture of a 

saturated sodium sulfate solution and dichloromethane. The organic layer was 

separated, dried by filtration through anhydrous magnesium sulfate, and then 

evaporated to dryness under reduced pressure. Column chromatography on 

alumina (Brinkmann, activity grade II, 2 g, eluted with diethyl ether–chloroform 

1:1) gave 0.259 g (98.5% yield) of the crystalline product, mp 101–103°; IR 

( CHCl3): 3500 (m), 2940 (s), 1725 (s), 1460 (m), and 1155 (s) cm–1; NMR 

( CDCl3) δ : 1.08 (dt, 3H), 1.66 (m, 6H), 1.95 (s, 3H), 2.80 (m, 9H), 3.58 (s, 3H), 

3.60 (m, 1H), 7.20 (m, 4H), and 7.71 (br s, 1H); mass spectrum, m/z 386. 

6.1.1.22. Methyl 1,2-Dihydro-4-chloro-6-methoxyquinoline-1-carboxylate 
[Conversion of a Quinoline to an N-Carbalkoxy-1,2-dihydroquinoline via 
Reduction of a Quinoline N-Borane by NaAlH2(OCH2CH2OCH3)2] (445)  
To 0.194 g (1 mmol) of 4-chloro-6-methoxyquinoline in 20 mL of dry 

tetrahydrofuran was added 1 mL of 1.0 M borane-tetrahydrofuran complex 

(1 mmol) in tetrahydrofuran at –78°. After 30 minutes, 0.57 mL (2 mmol) of 

NaAlH2(OCH2CH2OCH3)2 (3.5 M in benzene) diluted with 2 mL of dry 

tetrahydrofuran was added. The resulting deep yellow reaction mixture was 

stirred at –78° for 30 minutes. Methyl chloroformate (1.14 g, 12 mmol) was 

then added all at once, and the dry-ice bath was removed. After 18 hours at 

room temperature, the pale-yellow reaction mixture was cooled to 0° and 2 mL 

of water was added. The solvent was decanted from the aluminum salts into a 

separatory funnel containing 100 mL of water, and the product was extracted 

with three 20-mL portions of dichloromethane. The combined extracts were 

dried over anhydrous sodium sulfate and evaporated. The crude product was 

dissolved in 5 mL of dichloromethane and filtered through a small plug of silica 

gel to remove aluminum salts carried into the organic layer during extraction. 

The dichloromethane was removed by evaporation, and residual solvent as 

well as volatile carbonates were removed under reduced pressure (0.1 mm, 
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room temperature, 12 hours). Bulb-to-bulb distillation of the crude material at 

145–150° (0.1 mm) gave 0.225 g (88% yield) of the pure product as a 

pale-yellow oil; IR (neat) (major bands): 761, 873, 1035, 1056, 1136, 1164, 

1192, 1230, 1249, 1266, 1285, 1344, 1381, 1449, 1493, 1571, 1607, and 

1719 cm–1; NMR ( CDCl3) δ : 3.77 (s, 3H, C-6 OCH3), 3.81 (s, 3H, CO2CH3), 

4.41 (d, J = 4.8 Hz, 2H, C-2 H, 6.15 (t, J = 4.8 Hz, C-3 H), 6.83 (dd, J = 2.8 and 

9.0 Hz, 1H, C-7 H), 7.12 (d, J = 2.8 Hz, 1H, C-5 H), and 7.47 (d, J = 9.0 Hz, 

C-8 H). 

6.1.1.23. 1,3 α -Dimethyl-2 β -cyano-4 α -(3-methoxyphenyl)piperidine 
[Conversion of a Lactam to a Cyano-Substituted Base via Reduction by 
LiAlH2(OC2H5)2 and Cyanation] (327)  
A solution of 3.0 g (12.8 mmol) of 

cis-1,3-dimethyl-4-(3-methoxyphenyl)-2-piperidone in dry diethyl ether (34 mL) 

was cooled in an ice bath and treated with 1.33 M LiAlH2(OC2H5)2 in diethyl 

ether (10.0 mL, 13.3 mmol) over 3 minutes. The resulting suspension was 

pipetted during 10 minutes into a vigorously stirred, cooled (ice bath) solution 

of 8.30 g (128 mmol) of potassium cyanide in 1.5 M sulfuric acid (112 mL). The 

mixture was allowed to warm to room temperature over 14 hours, degassed for 

30 minutes with nitrogen, poured into 3.75 M aqueous sodium hydroxide 

(100 mL), and extracted with three 75-mL portions of chloroform. The 

combined organic extracts were dried and evaporated to afford 3.12 g (~100% 

yield) of the product, mp 77–78° after recrystallization from 

dichloromethane–hexane; NMR ( CDCl3) δ : 7.16 (m, 1H), 6.71 (m, 3H), 3.80 

(s, 3H), 3.72 (m, 1H), 1.4–3.3 (m, 6H), 2.40 (s, 3H), 0.93 (d, J = 7 Hz), 3H). 

6.1.1.24. (S)-(+)-2,3-Decadiene [Reduction of a Chiral Propargyl Mesylate to a 
Chiral Allene by LiAlH(OCH3)3] (486)  
A solution of 2.32 g (10 mmol) of (S)-(–)-3-decyn-2-yl methanesulfonate in 

10 mL of dry tetrahydrofuran was added under nitrogen to a stirred solution of 

3.84 g (30 mmol) of LiAlH(OCH3)3 in 50 mL of dry tetrahydrofuran at –20°. The 

reaction was followed by GLC, and after stirring at this temperature for 48 

hours, the mixture was decomposed by addition of aqueous ammonium 

chloride solution. The resulting mixture was extracted with light petroleum and 

the extract was subjected to primary purification on a silica gel column, using 

light petroleum as the eluent. The solution was concentrated, and preparative 

GLC of the residue on a 6-m 20% Carbowax 20 M column gave 1.09 g (79% 

yield) of the product, (c 2.0, CH3OH)(73% e.e.); 3-decyne (0.21 g, 

15% yield) was obtained as byproduct The ratio of retention times for the 

alkadiene and alkyne at 170° was 1:1.16. 

6.1.1.25. Di-n-butyl Sulfide [Reduction of a Sulfoxide to a Sulfide by 
NaAlH2(OCH2-CH2OCH3)2] 457 
A solution of NaAlH2(OCH2CH2OCH3)2 (4.3 mL) in benzene (3.46 M) was 
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added slowly under stirring and in an atmosphere of nitrogen to 1.62 g 

(10 mmol) of di-n-butyl sulfoxide in 10 mL of dry benzene. The resulting 

mixture was stirred under reflux for 30 minutes, cooled, and poured into 1 N 

hydrochloric acid. The organic layer was separated and the aqueous phase 

was extracted with 25 mL of chloroform. The combined organic layer and 

extracts were dried over anhydrous magnesium sulfate and evaporated to 

dryness. Distillation of the residue (single spot in TLC) under normal pressure 

gave 1.43 g (98% yield) of the product, bp 183–186° (760 mm). 

����������������������������������������������������

���������������




7. Tabular Survey 

 

Hydride reductions of carboxylic acids and their derivatives, nitrogen 

compounds, and sulfur compounds are grouped in Tables I–XXXI and follow 

the discussion in the “Scope and Limitations” section. Polyfunctional 

compounds in which more than one group is reduced by a hydride can be 

found in tables pertaining to reduction of each specific functional group. 

Steroids, carbohydrates, and organometallic compounds containing the 

functionalities covered in this chapter are not included in the tabular survey. 

Because of the lack of experimental material, reductions of imidoyl chlorides; 

N-alkylidene-sulfinamides; isothiocyanates; azo, azoxy, and nitrilimino 

compounds; and nitrate esters as well as open-chain dithiocarbamidium salts, 

sulfides, and sulfones are not included in the tables. 

 

Within each table the compounds are listed according to increasing carbon 

number and complexity of the molecular formula using the Chemical Abstracts 

convention. If a reference contains more than one set of conditions for the 

reduction of one reactant, only that providing the best product yield is 

presented. Yields and percent enantiomeric excess (if available) are given in 

parentheses; numbers not in parentheses are the product ratios. A dash 

indicates that no yield is given in the reference. When there is more than one 

reference for a given reactant–hydride reaction, the first reference is the one 

that gives the best recorded yield. In some cases yields have been calculated 

by the author from the literature data. 

 

The literature has been reviewed through December 1985. Examples of 

reductions published during the last quarter of 1985 are not given in the tables 

but cited in an addendum at the end of the tables. A list of standard 

abbreviations used throughout the tables follows:  

Ac acetyl 

BCGF 3-O-benzyl-1,2-O-cyclohexylidene- α -D-glucofuranose 

BME bis(2-methoxyethyl) ether 

(+)-BN (+)-borneol 

(–)-BN (–)-borneol 

Bz benzoyl 

(–)-CND (–)-cinchonidine 

(R)-(+)-DBN (R)-(+)-2,2′-dihydroxy-1,1′-binaphthyl 

(S)-(–)-DBN (S)-(–)-2,2′-dihydroxy-1,1′-binaphthyl 

(+)-DMDB (2S,3R)-(+)-4-dimethylamino-3-methyl-1,2-diphenyl-2-butanol 

(CHIRALDTM) 
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DME 1,2-dimethoxyethane 

d.e. percent diastereomeric excess 

e.e. percent enantiomeric excess 

ether diethyl ether 

EtOH ethanol 

IA inverse addition 

LAH lithium aluminum hydride 

LTBA lithium tri-tert-butoxyaluminum hydride 

LTMA lithium trimethoxyaluminum hydride 

MHP N-methylhexahydropyrazine 

MPL morpholine 

Ms methanesulfonyl 

(–)-MTH (–)-menthol 

(–)-NME (–)-N-methylephedrine 

o.p. percent optical purity 

opt. y. percent optical yield 

Py pyridine 

(+)-QND (+)-quinidine 

(–)-QN (–)-quinine 

SMEAH sodium bis(2-methoxyethoxy)aluminum hydride 

THF tetrahydrofuran 

THP tetrahydropyranyl 

Ts p-toluenesulfonyl  
 

 

  

Table I. Reduction of Carboxylic Acids  
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Table II. Partial Reduction of Carboxylic Acids to Aldehydes  
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View PDF  
 

  

Table III. Reduction of Carboxylic Acid Anhydrides  
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Table IV. Partial Reduction of Carboxylic Acid Anhydrides to Lactones 
and Hydroxylactones  
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Table V. Reduction of Lactones and Lactols (Hemiacetals) to Diols  
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Table VI. Partial Reduction of Lactones to Lactols (Hemiacetals)  
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Table VII. Reduction of Unsaturated Lactones  
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Table VIII. Reduction of Carboxylic Acid Esters  
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Table IX. Reduction of α , β -Unsaturated Carboxylic Acids and Esters  
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Table X. Partial Reduction of Carboxylic Acid Esters to Aldehydes  

 

View PDF  
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8. Addenda to the Tables 

 

Listed below are references to recent papers that are not cited in the 

corresponding tables. The cut-off date is December 1985.  

Table I. Ref. 531a 

Table IV. Refs. 590a, 590b 

Table VI. Refs. 601a, 601b, 606a 

Table VIII. Refs. 637b, 658a, 675a, 696a 

Table IX. Refs. 637b, 741a, 743c 

Table XVII. Refs. 531a, 960a 

Table XX. Ref. 1014a 

Table XXVII. Ref. 1041c 

Table XXX. Ref. 1059c  
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End 

Notes 

 

* 

The formula is used for simplicity; recent results show that this 

hydride is unstable and that the actual reducing agent is instead a 

mixture of LiAlH(OC2H5)3 and LiAlH4 (see pp. 4–7 in Ref. 1); as 

observed experimentally, even LiAlH(OC2H5)3 is not a uniform 

compound. 81,82,85a,85b,88 

* Differences in reactivity can occur at low temperatures; in contrast to 

LiAlH4, LiAlH(OCH3)3 does not reduce ethyl benzoate at –80°. (81) 

* CHIRALDTM, Aldrich Chemical Company. 

* See the footnote on p. 256. 

† The formula is used for simplicity; according to recent results, the 

actual reducing agent is presumably a mixture of LiAlH(OC2H5)3 and 

LiAlH4 (see pp. 4–7 in Ref. 1). 

* In addition to references given in Ref. 1, NaAlH2(OCH2CH2OCH3)2 

can also be purchased from Hexcel Corporation, Zeeland, Michigan 

(USA). (2) 

† Manufactured by ANIC, Italy. 

* The high yields of aldehyde obtained by reacting 5–10 g of the acyl 

chloride with the hydride decreased markedly when the reaction was 

performed on a larger scale; the acyl chloride was reduced even at 

–40° to the alcohol, which reacted with the acyl chloride to form an 

ester. (300) Presumably, more efficient mixing is necessary (508) to 

achieve immediate contact of the acyl chloride with the hydride and 

to prevent side reactions (see also Refs. 509 and 510). 
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The [3 + 2] Nitrone–Olefin Cycloaddition Reaction 

 

Pat N. Confalone, E. I. du Pont de Nemours and Company, Wilmington, Delaware 

Edward M. Huie, E. I. du Pont de Nemours and Company, Wilmington, Delaware 

1. Introduction 

 

Early researchers studying the condensation product of carbonyl compounds 

with N-substituted hydroxylamines elected to coin the term “nitrone” as a 

combination of the words “nitrogen” and “ketone.” (1) This was done to 

emphasize the parallel between this newly discovered functionality and the 

already rich chemistry of the carbonyl group.  

   

 

 

For example, nitrones are capable of reacting with carbanions of various types, 

a consequence of the iminium species embedded in the nitrone that renders 

the functionality susceptible to nucleophilic attack. Thus 

C-phenyl-N-methylnitrone undergoes a Reformatsky reaction with ethyl 

bromoacetate in complete analogy with benzaldehyde. (2) The intermediate 

zinc alkoxide cyclizes to 2-methyl-3-phenylisoxazolidin-5-one, a type of 

compound that can also be prepared by the related nucleophilic addition of 

dialkyl malonates to nitrones. (3)  

   

 

 

 

 

This chapter deals with a unique property of nitrones not shared by the 

corresponding carbonyl compounds, namely, a marked ability to undergo a 

[3 + 2] cycloaddition reaction in the presence of a dipolarophile. We address 
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the reaction of nitrones of general structure 1 with substituted olefins, both 

intermolecular and intramolecular. This process yields isoxazolidines directly, 

affording products related to those obtained in the Reformatsky reaction but 

arising by a different reaction mode.  

   

 

 

 

 

The earliest description of a [3 + 2] cycloaddition involving a nitrone is that of 

Beckmann in 1890, who reported that a 1:1 adduct is formed when an aryl 

isocyanate is heated in the presence of a nitrone. (4) This observation was 

ignored until the systematic studies of Huisgen in the 1960s established the 

scope and applications of dipolar cycloadditions as a route to a great variety of 

heterocycles. (5-7) In 1960 LeBel described an intramolecular nitrone–olefin 

dipolar cycloaddition that occurs when melonal (2) is condensed with 

N-methylhydroxylamine. (8) The cyclopentane derivative 3 is generated with 

complete stereochemical control over the newly formed asymmetric centers. 

This prototypical reaction proceeds via the intermediate nitrone olefin. In spite 

of the obvious power of this reaction in forming carbocyclic rings with high 

regio- and stereochemical selectivities, applications of this methodology, 

particularly in natural product total synthesis, have not appeared until recently. 

Regio- and stereocontrol in the intermolecular version of the reaction is much 

more complicated and is covered later in this chapter.  

   

 

 

 

 

The intent of the review presented in this chapter is to provide the reader with a 

thorough understanding of the nitrone–olefin [3 + 2] cycloaddition reaction and 

to illustrate its power by describing some significant applications to complex 

synthetic problems. Various aspects have been reviewed. (1, 9) This 

documentation of the nitrone–olefin cycloaddition reaction begins with the 
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preparation and stability of the nitrone component and is followed by 

mechanistic considerations. A presentation of the dipolarophile syntheses is 

beyond the scope of this chapter; however, the tabular survey provides leading 

references to specific examples. The important concepts of regio- and 

stereoselectivities are introduced next. Since the general rules of 

regiochemistry that apply in the intermolecular version of the reaction are often 

reversed in the intramolecular version, the latter are dealt with separately. 

Finally, important applications to the total synthesis of natural products are 

presented. The versatile utility of the nitrone–olefin cycloaddition reaction in 

the synthesis of natural products has been the major driving force in the 

development of this long-neglected chemistry. The authors believe that an 

in-depth understanding of the key transformations of the isoxazolidines 

afforded by the reaction will place this chemistry firmly within the arsenal of 

organic reactions. 
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2. Preparation of the Nitrone Component 

2.1. Oxidation of N,N-Disubstituted Hydroxylamines  
The conversion of N,N-disubstituted hydroxylamines to cyclic and acyclic 

nitrones can be accomplished by oxidation with molecular oxygen, (10) yellow 

mercuric oxide, (11) “active” lead oxide, (12) potassium ferricyanide, (13-16) 

potassium permanganate, (17) tert-butyl hydroperoxide, (18) or hydrogen 

peroxide. (9)  

   

 

 

For example, 5-ethyl-1-hydroxy-2,2-dimethylpyrrolidine yields the cyclic 

nitrone 4 when air is bubbled into an ethanol solution containing cupric acetate 

and ammonia. (11) The most important oxidant with wide generality is yellow 

mercuric oxide, which produces the stabilized nitrone 5 from 

N-hydroxy-1,2,3,4-tetrahydroisoquinoline. (19, 20)  

   

 

 

Reactive cyclic nitrones such as 1-pyrroline-1-oxide and 

2,3,4,5-tetrahydropyridine-1-oxide oligomerize on attempted isolation. (21) 

These nitrones are therefore generated in situ and used directly in solution. 

The unsubstituted five- and six-membered ring nitrones 8 and 9 are usually 

generated this way because there are no regiochemical consequences. With 

unsymmetrical cyclic hydroxylamines, regiochemical control is limited and not 

readily predictable. For example, the phenyl-substituted compound 6 yields the 

regioisomers 10 and 11 (22) in a ratio of 3:7, whereas the lower homolog 7 

affords only the nitrone 12. (20)  
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Because of these uncertainties, oxidation of unsymmetrical cyclic 

hydroxylamines is of limited use unless the regiochemistry is forced as in the 

conversion of 2,2-dimethyl-1-hydroxypyrrolidine to 

5,5-dimethyl-1-pyrroline-1-oxide. (11)  

   

 

 

 

2.2. Condensation Reactions with Carbonyl Compounds  
An excellent method for the preparation of nitrones is the reaction of an 

N-substituted hydroxylamine with an aldehyde or ketone. (9, 23)  

   

 

 

This reaction proceeds smoothly and in high yield when R1 is an alkyl or aryl 

group and R2 and R3 are not sterically demanding. (24) For example, 

N-phenylhydroxylamine and n-butyraldehyde afford an 80% yield of 

N-phenyl-C-(n-propyl)nitrone (13). (13)  

   

 

 

The extremely hygroscopic nitrone hydrochloride 14 is produced from 

N-methylhydroxylamine hydrochloride and cyclohexanone. (23) With some 
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less reactive ketones, the dialkyl ketal derivatives are used to activate the 

system for nitrone formation.  

   

 

 

For example, benzophenone diethyl ketal and N-methylhydroxylamine 

hydrochloride readily afford C-diphenyl-N-methylnitrone in 84% yield. (23)  

   

 

 

Alternatively, the bisulfite addition compounds of aldehydes and ketones can 

be used with N-substituted hydroxylamines to yield the nitrones, often 

quantitatively. (15) 

2.3. Miscellaneous Methods  
Five-membered cyclic nitrones are obtained by reductive cyclization of g 

-nitroketones in yields of 50–80%, using zinc dust in aqueous ammonium 

chloride.  

   

 

 

An intermolecular variation of this method is the zinc dust reduction of 

nitrobenzene in the presence of benzaldehyde at –8° for 2 hours to give a 90% 

yield of C,N-diphenylnitrone. (25-29) 

 

An elegant Grob-type fragmentation of the cyclic hydroxyamine tosylate 15 

generates the nitrone–olefin in situ and affords the tricyclic adduct 16. (30) The 

addition of 1.05 equivalents of potassium tert-butoxide is critical since its 

omission leads only to elimination of p-toluenesulfonic acid, affording a low 

yield of N-hydroxy-4a,5-octahydroquinoline. Apparently, the N-hydroxylamino 

nitrogen is too weakly basic to initiate the concerted fragmentation pathway, so 
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the competing E1 elimination dominates. Formation of the potassium salt of the 

substrate increases this basicity and facilitates the desired fragmentation.  

   

 

 

 

 

Nitrones can also be prepared by N-alkylation of oximes, (1, 31) thermal 

rearrangement of oxaziranes, (32, 33) and a variety of other routes. (34, 35) 

These alternatives have been reviewed; (9) they are usually of limited 

synthetic utility and often lack generality. Finally, if a nitrone is relatively 

unstable, generation in solution and immediate reaction with the olefin 

component will usually overcome difficulties associated with isolation of a 

reactive nitrone. A recent report, (36) however, describes the preparation of 

the reactive cyclic nitrone 9 by palladium-catalyzed dehydrogenation of 6 in 

water at 80° in 56% yield. The generality of this new method has not yet been 

examined. A simple synthesis of nitrones by oxidation of secondary amines 

with hydrogen peroxide has appeared recently. (36a) Additional references to 

the preparation and use of other specific nitrones can be obtained from the 

tabular survey. 

����������������������������������������������������

���������������




3. Stability of the Nitrone Component 
 

Although nitrones are hydrolytically unstable, reverting to the hydroxylamine 

and carbonyl precursors (particularly with ketone adducts), a facile 

dimerization is the chief mode of reactivity for most nitrones. Oxidation of 

N-hydroxypiperidine yields the dimer on attempted isolation. (20) The 

monomeric cyclic nitrone 2,3,4,5-tetrahydropyridine-1-oxide (THPO) can be 

trapped in solution with an olefin and is thus available for cycloaddition 

chemistry. The dimer can also be thermally cracked to yield the monomer, but 

the former method is preferred.  

   

 

 

The structure of the nitrone dimer derived from acetone and 

N-phenylhydroxylamine was finally solved by X-ray diffraction after a number 

of incorrect assignments had been made. (37, 38)  

   

 

 

This adduct presumably arises from a [3 + 2] cycloaddition of 

C-dimethyl-N-phenylnitrone to its tautomer. In general, therefore, the nitrones 

derived from condensation reactions are frequently prepared in the presence 

of the olefin component in order to minimize the dimerization reaction. 

Otherwise, use of an excess of the nitrone component is advisable. The cyclic 

nitrones, usually prepared by oxidation of a cyclic hydroxylamine precursor, 

are not isolated in practice but are used immediately in solution. 
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���������������




4. Mechanism 

 

The [3 + 2] dipolar cycloaddition reaction of a nitrone to an olefin is an orbital 

symmetry allowed thermal [ π 2s +  π 4s] process and is a specific example of 

the general reaction of a 1,3-dipole adding across a dipolarophile, which is 

virtually any double or triple bond. The resulting adduct is a five-membered 

ring heterocycle of general structure 17, a synthetic concept well exploited by 

the work of Huisgen and co-workers. (5, 39, 40)  

   

 

 

The cycloaddition reaction involves a nitrone as the 1,3-dipole and olefins or 

acetylenes as the dipolarophiles and leads to isoxazolidines and isoxazolines, 

respectively, as the cycloadducts. It was recognized early that a nitrone 

possesses two all-octet resonance forms.  

   

 

This dipolar character, described in terms of valence-bond theory, possesses 

proximate nucleophilic and electrophilic centers, which readily explains the 

facile [3 + 2] mode of cycloaddition characteristic of the nitrone group. In 

general, the additions of nitrones to dipolarophiles are stereospecifically 

suprafacial, exhibiting small activation energies and large negative activation 

entropies. These facts, together with small solvent polarity effects and 

considerations of reactivity and regioselectivity, all require a highly ordered 

transition state. Accordingly, some workers have concluded that the dipolar 

cycloaddition proceeds via a concerted four-center mechanism, (40, 41) 

passing through the transition state 18. 

 

The principles of orbital symmetry conservation provide a permissive, although 

not obligatory, theoretical basis for this concerted mechanism, (42, 43) as do 

the observations of [ π 4s +  π 6s] to the exclusion of [ π 4s +  π 4s] dipolar 

cycloadditions in the reactions of 1,3-dipoles with trienes. (44, 45) 

 

Nitrone–olefin cycloadditions are minimally influenced by solvent polarity. Thus 

the rate of the cycloaddition of N-methyl-C-phenylnitrone to ethyl acrylate 

increases by a factor of only 2–6 when the solvent is changed from toluene to 

dimethyl sulfoxide, in spite of a change in dielectric constant by a factor of over 
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20. These observations have been used to rule out a third mechanism, (46, 47) 

namely, a process involving a zwitterionic species such as 19, since 

cycloadditions known to proceed via such species exhibit a marked effect of 

solvent polarity on rate. (48) In fact, this lack of solvent effect as well as the 

production of certain byproducts in selected dipolar cycloadditions, (49) have 

led others to conclude that nitrone–olefin cycloadditions proceed through the 

spin-paired diradical 20. (50-52)  

   

 

Proponents of the concerted mechanism, however, argue that the solvent 

polarity data merely indicate an early and highly ordered transition state. This 

viewpoint is supported by ab initio calculations. (53-55) 

 

Perhaps the strongest body of evidence for the concerted mechanism is the 

marked stereospecific bond formation of nitrone–olefin cycloadditions, which is 

an absolute consequence of a concerted mechanism. This fact, however, can 

still be consistent with a diradical mechanism if bond rotations in the 

intermediate are slower than ring closure to the isoxazolidine. A rate of bond 

rotation comparable to ring closure would lead to a loss of the observed 

stereoselectivity. However, the diradical mechanism fails to rationalize 

adequately the observed regiochemistry of intermolecular nitrone–olefin 

cycloadditions, particularly of electron-rich monosubstituted olefins compared 

with their electron-deficient counterparts. 

 

It was only through the application of frontier molecular orbital (FMO) theory to 

this problem that a coherent picture of a mechanism based on a concerted 

nonsynchronous process emerged. This theoretical solution to the mechanistic 

dilemma (48, 56-59) went far beyond the usual rationalization of steric and 

electronic effects in the transition state of a concerted process. (60, 61) Thus 

the reactivity and regiochemical control in the [3 + 2] dipolar cycloaddition of a 

nitrone to a substituted olefin can now be understood by consideration of the 

interactions of the corresponding frontier molecular orbitals. 

 

Perturbation theory has been applied to a variety of chemical phenomena and 

describes the interaction of two molecular orbitals that give rise to a new set of 

orbitals. Fukui first advocated the FMO approximation of the second-order 

perturbation expression that governs this phenomenon. (51) Simply stated, 

this theory holds that the orbitals that overlap best and are closest in energy 

will interact the most. If this interaction is between orbitals containing two or 
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three electrons, stabilization occurs since electronic energy is lowered on 

balance. However, the presence of four electrons leads to destabilization as a 

result of the resulting closed-shell repulsions. (62, 63) The key approximation 

of FMO theory is to include in the stabilizing terms of the perturbation 

expression only energy changes arising from interactions of the highest 

occupied molecular orbital (HOMO) of one of the reactants and the lowest 

unoccupied molecular orbital (LUMO) of the other and vice versa. Sustmann 

(64) first applied FMO theory to 1,3-dipolar cycloadditions, while Houk (59) and 

Bastide and Henri-Rousseau (65) used it to explain reactivity and 

regioselectivity of the reaction. 

 

Consider the reactivity of N-methyl-C-phenylnitrone with four monosubstituted 

olefins of differing electronic character ranging from electron-deficient to 

electron-rich. The energies of the HOMO and LUMO for these reactants, 

determined by photoelectron spectroscopy and electron affinity data, 

respectively, are listed in Table A in order of increasing HOMO energies. (57, 

58, 66) The order of reactivity of the nitrone with these diverse dipolarophiles 

can be predicted by comparison of the relative energy differences for the 

dominant HOMO–LUMO interaction for each pairwise reaction. For example, 

the dominant interaction for the reaction of N-methyl-C-phenylnitrone and 

nitroethylene is between the LUMO of the dipolarophile and the HOMO of the 

dipole since this represents an energy of 7.88 eV, whereas the alternative 

HOMO dipolarophile/LUMO dipole for this reaction requires an energy of 

11.0 eV. Similar calculations for the other three examples lead to the values 

summarized in Table B, listed in order of increasing energy differences.  

  

Table A.   

 

Reactant E (eV) LUMO E (eV) HOMO 
 

N-Methyl-C-phenylnitrone –0.4   –8.58 

Nitroethylene –0.7 –11.40 

Methyl acrylate   0.0 –10.72 

Propene +1.8   –9.88 

Methyl vinyl ether +2.0   –9.05  
 

  

Table B.   
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Monosubstituted 
olefin 

Energy of Dominant FMO 
Interation (eV) 

 

Nitroethylene 7.88 

Methyl acrylate 8.58 

Methyl vinyl ether 8.65 

Propene 9.48  
 

 

 

 

Thus the order of reactivity for nitrone [3 + 2] cycloaddition to these 

monosubstituted olefins is nitro > carbomethoxy > methoxy > methyl, in 

complete accord with the experimental facts. (67, 68) The success of this 

theoretical approach is quite remarkable since the frontier orbital 

approximation totally ignores interactions of extra frontier orbitals, closed-shell 

repulsions, and coulombic terms. (69) 

 

Extension of FMO theory to the vexing problem of nitrone olefin regioselectivity 

is accomplished by the observation that the LUMO dipole–HOMO 

dipolarophile interaction dominates in the case of electron-rich olefins. In the 

alternative very electron-deficient case, the HOMO dipole-LUMO dipolarophile 

dominates. This switchover clearly complicates intermediate examples and 

explains the regiochemical mixtures often encountered in certain dipolar 

cycloadditions of these compounds. 

 

Although reactivity is rationalized in terms of relative energy differences of the 

reactant frontier orbitals, regiochemistry is correlated with the coefficients 

associated with the atomic orbitals in each FMO. The dominant stabilizing 

interaction in the transition state is between atomic orbitals of interacting atoms 

with the largest coefficients. Consider the general cycloaddition of nitrones to 

propene, where the dominant interaction is that of the LUMO of the nitrone with 

the HOMO of propene. It is known that the atomic orbital coefficient of the 

nitrone LUMO is larger at carbon than at oxygen whereas the coefficient of the 

terminal carbon of the propene double bond is larger than that of the central 

carbon in the HOMO of this substrate. Therefore, the transition state for this 

reaction favors bonding of the nitrone carbon to the terminal olefinic carbon, 

thus affording the 5-methyl-substituted isoxazolidine as the major 

regiochemical adduct, in agreement with experimental observations. However, 

nitrone addition to nitroethylene involves the nitrone HOMO and the LUMO of 

the substrate. Thus the lower energy transition state should now lead to 
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4-substituted isoxazolidines, again in accord with the actual results. 

 

A final example is the reaction of N-tert-butylnitrone with the dipolarophiles 

acrylonitrile and cyanoacetylene. The HOMO dipole–LUMO interaction is 

dominant for the reaction with acrylonitrile since this interaction has a lower 

relative energy difference (E = 8.62 vs. E = 11.42 eV) for the alternative 

LUMO–HOMO couple. However, the coefficients at the termini of the nitrone 

HOMO are nearly equal, so no particular regioisomer is favored by analysis of 

this interaction. The alternative higher-energy interaction of the nitrone 

LUMO–acrylonitrile HOMO couple favors the transition state leading to the 

5-cyanosubstituted isoxazolidine. Therefore, it is argued that this latter 

interaction leads to regioisomeric control even though it contributes less to the 

total energy stabilization of the transition state itself. With cyanoacetylene, a 

decrease in the nitrone LUMO–cyanoacetylene HOMO interaction practically 

eliminates this control element, leading to prediction of a mixture of 

regioisomers. Experimentally, N-tert-butylnitrone affords a single 5-substituted 

cycloadduct with acrylonitrile and a 50:50 mixture of both 4- and 5-substituted 

isoxazolines on reaction with cyanoacetylene. (48) Thus FMO theory offers a 

sophisticated theoretical basis for both reactivity and regioselectivity in 

nitrone–olefin [3 + 2] dipolar cycloadditions. From these considerations a 

unifying view of the mechanism has emerged that involves an early and highly 

ordered transition state in which both reactant reactivity and product 

regiochemistry can be rationalized. 
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5. Regio- and Stereoselectivity of the Intermolecular 

Reaction 

 

As a general rule, the [3 + 2] cycloaddition reaction of nitrones to olefins 

follows the predictions of frontier orbital calculations; thus most dipolarophiles 

yield C-5-substituted isoxazolidines as a result of maximum overlap of the 

LUMO of the nitrone with the HOMO of the olefinic partner. Thus it is predicted 

and experimentally verified that an increased tendency to form C-4-substituted 

isoxazolidines will be observed as the electron affinity of the dipolarophile 

increases. These considerations dominate the usual free-energy arguments 

based on repulsive steric interactions and attractive van der Waals forces. 

These latter elements play a major role in transition-state energies and are 

more influential in determination of stereochemistry rather than regiochemistry. 

5.1. Aryl Monosubstituted Olefins  
The regiochemistry of the [3 + 2] cycloaddition of nitrones to monosubstituted 

olefins correlates with the electronic nature of the olefinic substituents and their 

substitution pattern and to a lesser extent their steric requirements. The 

regiochemistry is primarily a reflection of the HOMO–LUMO considerations 

outlined in the section on mechanism. For example, the reaction of 

C-cyclopropyl-N-methylnitrone with styrene gives the 5-substituted 

isoxazolidine 21. The alternative 4-substituted regioisomer 22 is not observed. 

(70)  

   

 

 

 

 

The cycloaddition of THPO to 3,4-dimethoxystyrene in refluxing toluene 

affords only the adduct 23. (71)  
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A similar result is obtained when the nitrone 24 is heated at 90° in neat styrene 

to produce the cycloadduct 25 without contamination by the regioisomer 26. 

(72)  

   

 

 

The marked tendency of the C － O bond generated during the cycloaddition 

to become attached to the benzylic carbon is also found even in simple 

nitrones such as N-methylnitrone, derived from formaldehyde and 

N-methylhydroxylamine, leading to 2-methyl-5-phenylisoxazolidine on reaction 

with styrene. (73)  

   

 

 

The reaction of the nitrofurfural-derived nitrone 27 with 4-vinylpyridine leads 

regiospecifically to the 5-substituted isoxazolidine 28. (74)  
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The functionalized cyanonitrone 29 reacts with styrene at 100° to produce the 

expected 5-substituted product 30. (75)  

   

 

 

Finally, 1-(3,4-dimethoxyphenyl)butadiene reacts exclusively with THPO at the 

terminal double bond to yield regioisomer 31 as a mixture of diastereomers. 

(76)  

   

 

 

 

5.2. Alkyl Monosubstituted Olefins  
Monosubstituted olefins bearing a simple aliphatic group behave like the 

monoaryl analogs, as can be seen from the reactions of 

N-methyl-C-phenyl-nitrone and 1-hexene to yield the 5-substituted product 

2-methyl-3-phenyl-5-n-butylisoxazolidine exclusively. (77)  
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A second example is the reaction of the nitrone 32 with 3-chloropropene to 

furnish the regioisomer 33. (78)  

   

 

 

 

 

In the reaction of propene with C,N-diphenylnitrone a trace amount of 

regioisomer was actually isolated, affording the adducts 34 and 35 in a ratio of 

98:2. (79)  

   

 

 

This result emphasizes the marked tendency to form the C-5 regioisomer in 

[3 + 2] nitrone cycloadditions to unactivated monosubstituted olefins. Cyclic 

nitrones behave in a similar fashion, as seen in the cycloaddition of the 

silyloxynitrone 36 and 1-pentene to furnish the bicyclic adduct 37. (80)  
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5.3. Electron-Deficient Monosubstituted Olefins  
The regiochemistry of the [3 + 2] cycloaddition reaction of nitrones to olefins 

monosubstituted with an electron-withdrawing group is more complex than 

those with unactivated double bonds. As a general rule, acrylates behave 

analogously to styrene, often affording the 5-substituted isoxazolidines 

exclusively. Thus the cyclic nitrone 3,4-dihydroisoquinoline-N-oxide adds to 

ethyl acrylate to yield only the regioadduct 38. (81)  

   

 

 

N-tert-Butylnitrone reacts similarly with methyl acrylate to afford only 

2-tert-butyl-5-carbomethoxyisoxazolidine. (68)  

   

 

 

However, there are many examples in which amounts of the 4-substituted 

isoxazolidines are isolated in the reactions of acrylates. 

C-Cyclopropyl-N-methylnitrone adds to methyl acrylate to produce a 70:30 

mixture of the 4- and 5-substituted adducts 39 and 40, respectively. (68)  

   

 

 

The cycloaddition of C,N-diphenylnitrone to methyl acrylate affords a 2:1 ratio 

of cycloadducts 41 (as a mixture of diastereomers) and 42. (82)  
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Because of their electronic similarities, acrylonitriles and acrylamides behave 

analogously to the acrylates. For example, the nitrones 43 and 45 readily add 

to acrylonitrile to yield the 5-substituted adducts 44 (83) and 46, (84) 

respectively.  

   

 

 

One of the few reported additions of acrylamide is its reaction with the nitrone 

27 to give the product 47. (74)  
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Severe perturbations in the nitrone structure can result in the production of 

only 4-substituted isoxazolidines as in the generation of the adduct 49 from the 

anthraquinone-derived nitrone 48 and acrylonitrile. (85)  

   

 

 

 

 

There is an excellent correlation between increased production of the 

4-substituted regioisomers with increasing strength of the electron-withdrawing 

substituents. Thus C-phenyl-N-methylnitrone reacts with nitroethylene to yield 

the C-4 product exclusively or with phenyl vinyl sulfone to yield a mixture of 

regioisomers. (68, 86)  
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This same nitrone reacts with methyl acrylate to afford a 70:30 mixture of 

regioadducts, C-4-substituted predominating, and with styrene to yield 100% 

of the C-5 product. An apparently anomalous behavior of the nitrone derived 

from tert-butylhydroxylamine and formaldehyde toward nitroethylene is 

reported, (48) in which only the unexpected 5-substituted product 

2-tert-butyl-5-nitroisoxazolidine is formed.  

   

 

 

To further complicate theoretical considerations, the 

cycloheptatrienone-derived nitrone 50 on treatment with phenyl vinyl sulfone 

produces only the thermally labile C-4 regioisomer 51, which subsequently 

rearranges to the fused bicyclic adduct 52. (87)  

   

 

 

 

5.4. Electron-Rich Monosubstituted Olefins  
Significantly fewer examples of nitrone [3 + 2] cycloadditions to electron-rich 

systems are reported. However, it is quite clear that the reaction is 

regiospecific, yielding C-5-substituted adducts. Thus reaction of 

C-ethoxycarbonyl-N-phenylnitrone with ethyl vinyl ether at 80° produces the 

product 53 as the sole regioisomer. (88)  
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A related example is the reaction of C,N-diphenylnitrone with vinyl acetate to 

afford the cycloadduct 54. (89)  

   

 

 

The differing stereochemistry at C-3 between 53 and 54 is noteworthy. Cyclic 

nitrones such as 1-pyrroline-1-oxide react similarly, giving the expected 

regiochemistry in the adduct 55. (90)  

   

 

 

Reaction of the complex nitrone 56 with ethyl vinyl ether proceeds to give the 

C-5 regioisomer 57, (90) unlike the reaction of the related nitrone 48 with 

electron-deficient monosubstituted olefins which affords a C-4 regioisomer.  

   

 

 

 

5.5. 1,1-Disubstituted Olefins  
In general, the [3 + 2] cycloaddition of nitrones to 1,1-disubstituted olefins 

yields predominantly isoxazolidines disubstituted at C-5. In contrast to 

monosubstituted olefins, the regiochemical outcome of these reactions is 

influenced more by the substitution pattern on the olefin than by the electronic 

nature of the substituents. Thus the reaction of C,N-diphenylnitrone with 

1-tert-butylthio-1-cyanoethylene affords a mixture of products. (91)  
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N-Methylnitrone adds to ethyl 1-phenylacrylate to yield the adduct 58 as the 

only regioisomer. (73)  

   

 

 

Even the enamine derived from pyrrolidine and acetophenone yields the 

related nitrone adduct 59 on treatment with C-4-chlorophenyl-N-phenylnitrone. 

(92)  

   

 

 

In a related example C,N-diphenylnitrone reacts with ethyl 

1-acetamidoacrylate to furnish the 5,5-disubstituted product 60. (93) Finally, 

the exocylic olefins 61 and 62 derived from norbornane and adamantane react 

normally with C,N-diphenylnitrone to give the expected adducts 63 and 64, in 

spite of steric crowding at the 1,1-disubstituted carbons of the double bonds. 

(94, 95)  
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The reaction of C-benzoyl-N-phenylnitrone with diketene is interesting 

because the expected 5,5-disubstituted regioisomer 65 decarboxylates to yield 

the “allene” cycloadduct 66. (96)  

   

 

 

In fact, the only examples of the production of 4,4-disubstituted isoxazolidines 

from 1,1-disubstituted olefins involve either a single powerful 

electron-withdrawing substituent (e.g., nitro) or two moderately 

electron-withdrawing substituents. An illustration of the latter is the reaction of 

THPO with diethyl methylenemalonate to yield the 4,4-disubstituted bicyclic 

adduct 67. (79)  
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5.6. 1,2-Disubstituted Olefins  
The selectivity of symmetrical 1,2-disubstituted olefins in nitrone cycloaddition 

is obviously uncomplicated by regiochemical considerations, as in the 

combination of C,N-diphenylnitrone and dimethyl fumarate to yield the trans 

adduct 68. (97)  

   

 
 

Of greater interest is the regioselectivity of the reaction of nitrones with 

unsymmetrical 1,2-disubstituted olefins. Such substitution patterns may seem 

to augur poorly for regiochemical control, since the presence of directing 

groups on opposite carbons will often work at cross purposes. In practice, 

however, this class of olefins often exhibits an exceptional degree of 

regioselectivity. For example, the cycloaddition of C-benzoyl-N-phenylnitrone 

to β -nitrostyrene produces only the regioisomer 69, in which the more 

electron-withdrawing nitro substituent occupies the C-4 position. (97)  
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A related result is shown by the reaction of the same nitrone with methyl 

crotonate to afford the regioisomer 70, in which the more electron withdrawing 

carbomethoxy group is also attached to C-4. Cyclic nitrones such as 

5,5-dimethyl-1-pyrroline-1-oxide exhibit similar regioselectivity with, for 

example, ethyl crotonate to yield the bicyclic product 71. (98)  

   

 

 

 

 

Regiochemical complications arise when the olefin contains substituents of 

similar electron-withdrawing abilities; trans-1-phenylpropene reacts with 

nitrones to give mixtures of regioisomers. (99) A similar outcome is observed 

(100) in the reaction of 3-nitropropenenitrile with C-phenyl-N-tert-butylnitrone 

to afford a 60:40 mixture of isoxazolidines 72 and 73.  
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5.7. Cyclic Olefins  
A special class of 1,2-disubstituted olefins is cyclic olefins, many of which 

undergo cycloaddition reactions with nitrones. Regiochemical concerns are 

absent in a symmetrical cyclic olefin such as 1,4-cyclohexadiene, whose 

monoadduct with N-methylnitrone can only be the bicyclic compound 74. (101) 

Although 1,3-cyclohexadiene is capable of regiochemical complications, its 

monoadduct 75 is formed regioselectively in 78% yield. (101)  

   

 
 

No trace of the isomeric adduct 76 was detected. Addition of 

1-pyrroline-1-oxide to 2,3-dihydrofuran yields the tricyclic compounds 77 and 

78.  

   

 

 

The ratio of products is rationalized on the basis of the exo mode of 

cycloaddition as depicted in 79 rather than the endo mode 80, which 
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incorporates significant steric interactions not present in 79. (102) Both 

products arise from attachment of the nitrone oxygen to the olefinic carbon 

bearing the heteroatom. If the heteroatom is electron withdrawing, as in 

benzo[b]thiophene S,S-dioxide, the reaction with C,N-diphenylnitrone yields 

the regioisomeric analog 81. (103)  

   

 

 

An instructive reaction is that of C-phenyl-N-methylnitrone with the bicyclic 

diene 82. The disubstituted olefin is unreactive under the conditions where the 

more sterically congested tetrasubstituted olefin reacts exclusively to yield 83. 

This result is rationalized on the basis of HOMO–LUMO considerations. (104)  

   

 

 

 

 

The reaction of nitrones with indenes differs significantly from that with 

dihydronaphthalenes in regiochemical outcome.  
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Reaction of 3,4-dihydroisoquinoline-N-oxide with indene (84, n = 1) or with 

1,2-dihydronaphthalene (84, n = 2) affords the product mixtures indicated. 

Clearly, the former reaction is only somewhat regioselective for the 

C-4-substituted tricyclic system 85, whereas the latter is highly regioselective 

for the C-5-substituted system 86. (99) 

5.8. Acyclic Trisubstituted Olefins  
The regiochemistry of the [3 + 2] cycloaddition of nitrones to trisubstituted 

olefins parallels that of the corresponding mono- and disubstituted olefins. In 

general, the more electron-poor olefinic carbon becomes attached at C-4 in the 

product isoxazolidine. Thus C,N-diphenylnitrone adds to dimethyl 

ethylidenemalonate to provide the adduct 87 as the sole regioisomer. (105)  
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Similarly, the reaction of C-(2-pyridyl)-N-phenylnitrone and the trisubstituted 

olefin 88 affords the cycloadduct 89. (106) 

 

These generalities are reversed with C-acylnitrones. Thus reaction of the 

dipolarophile tricarbomethoxyethylene with either C-phenyl-N-methylnitrone or 

C,N-diphenylnitrone leads to the expected predominance of the regioisomers 

A. However, under identical reaction conditions, C-benzoyl-N-phenylnitrone 

affords the regioisomer B as the major product. (107) This reversal of the 

regiochemical outcome in the case of C-acylnitrones is expected to be general.  

   

 

 

Nitrone Ratio-Regioisomers A:B  
 

C-Phenyl-N-methylnitrone (R1 = C6H5, R
2 = CH3) 99:1 

C,N-Diphenylnitrone (R1, R2 = C6H5) 82:8 

C-Benzoyl-N-phenylnitrone (R1 = COC6H5, R
2 = C6H5) 25:75  
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5.9. Cyclic Trisubstituted Olefins  
C-Phenyl-N-methylnitrone adds to carvone to yield the cycloadduct 90, (81) 

whereas C-(2-nitrostyryl)-N-phenylnitrone adds to the enamine 

1-(N-morpholinyl)cyclohexene to furnish the expected product. (108)  

   

 

 

The reaction of C-4-chlorophenyl-N-phenylnitrone with the pyrrolidine-derived 

enamine 91 proceeds anomalously to afford the bicyclic regioisomer 92. (109)  

   

 

 

In contrast, 1-(N-morpholinyl)cyclohexene adds C,N-diphenylnitrone to yield 

the expected adduct 93. (110)  
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These contradictory results are rationalized on the basis of differing stabilities 

of the regioisomeric cycloadducts under the reaction conditions and varying 

degrees of steric crowding in cyclic enamines. Moreover, the reactions of 

cyclic enamines with nitrones generally do not give very good yields, rendering 

product analysis difficult and firm conclusions questionable. However, the 

regiochemistry found in the production of 93 is generally the one observed and 

is the regioadduct predicted on the basis of HOMO–LUMO considerations. (92) 

 

The cycloaddition of N-methylnitrone to a variety of cyclic trisubstituted olefins 

proceeds in the expected manner to yield the benzotricyclic compounds 94. 

(111)  

   

 
 

Finally, the strained trisubstituted olefin 95 reacts with C,N-diphenylnitrone to 

afford the complex polycyclic compound 96 as the only reported regioisomer in 

undisclosed yield. (112)  
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5.10. Tetrasubstituted Olefins  
Although there are very few examples of the cycloaddition of nitrones to 

tetrasubstituted olefins, it is expected that the regiochemistry of the products 

can be predicted by extrapolation of the rules for less-substituted analogs. 

Thus the reaction of C,N-diphenylnitrone with dimethylketene dimethyl acetal 

affords the regioisomer 97. (81) As expected, the oxazolidine oxygen becomes 

attached to the more electron-rich olefinic carbon.  

   

 

 

 

5.11. Monosubstituted Acetylenes  
Terminal acetylenes undergo a [3 + 2] cycloaddition reaction with nitrones to 

afford the corresponding isoxazolines. Thus C-phenyl-N-methylnitrone adds to 

methyl propiolate to yield two regioisomers in a ratio of 58:42. (67)  

   

 

 

However, this lack of regioselectivity is seldom observed with 

electron-deficient monosubstituted acetylenes. The major and often exclusive 

product is the 4-substituted-4-isoxazoline, except when N-tert-butylnitrone is 

employed, the latter yielding the 5-substituted regioisomer.  

   

����������������������������������������������������

���������������




 

 

For example, the nitrone 98 reacts with methyl propiolate to furnish the 

4-substituted adduct 99. (113)  

   

 

 

9-Ethynylacridine affords a related product 100 when treated with 

C,N-diphenylnitrone. (114)  

   

 

 

 

5.12. Disubstituted Acetylenes  
The N-phenylnitrone 101, derived from anthraquinone, and the 

N-methylnitrone 102 add to dimethyl acetylenedicarboxylate and 

phenylacetylene carboxylic acid to produce the 4,5-disubstituted isoxazolines 

103 and 104, respectively. (85) 

 

The latter example demonstrates the principle paralleled in 1,2-disubstituted 

olefins, that the more electron-withdrawing substituent becomes attached to 

C-4.  
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Finally, the trapping of benzyne by C-phenyl-N-methylnitrone affords the 

bicyclic adduct 105. (67, 115-117)  

   

 

 

 

5.13. Stability of 4-Isoxazolines  
A number of facile thermal rearrangements of 4-isoxazolines are reported, 

indicating a degree of instability in these nitrone–acetylene adducts. For 

example, the adduct 106, derived from the cycloaddition of dimethyl 

acetylenedicarboxylate and N-tert-butylnitrone, rearranges on heating at 80° to 

the 4-oxazoline isomer 107. The intermediacy of the aziridine has been 

implicated. (118)  
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Interestingly, the isoxazoline 108a is stabilized by a double-bond shift to the 

isomeric species 109, whereas the related compound 108b, with its double 

bond flanked by two ester groups, undergoes rearrangement to the product 

110. (67)  
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6. Regioselectivity and Stereoselectivity of the 

Intramolecular Reaction 

6.1. C-Alkenylnitrones  
6.1.1.1. Olefin Aldehydes and N-Substituted Hydroxylamines  
Entropic factors allow the intramolecular version of the nitrone–olefin 

cycloaddition reaction to proceed under milder conditions than the 

corresponding intermolecular equivalent. These intramolecular processes 

produce either a fused or a bridged bicyclic isoxazolidine when the reactive 

nitrone and olefinic partners are suitably disposed in a single molecule. This 

tremendously useful concept was pioneered by LeBel employing substrates in 

which the nitrone moiety was separated from  

   

 

 

the olefin by a propylene or butylene linkage. (119) Thus the olefinic nitrone 

111, generated by either oxidation of an N-alkenylhydroxylamine or 

condensation of an unsaturated aldehyde with N-methylhydroxylamine, is not 

isolable but cyclizes under the reaction conditions to the fused bicyclic system 

112. None of the isomeric bridged product 113 is produced despite the 

preference for that regiochemistry in the intermolecular reaction. (119) 

 

However, bridged bicyclic adducts can be formed in selected cases in which 

steric interactions in transition states leading to the fused systems raise the 

energetics sufficiently to allow formation of the bridged adduct to compete. 
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Thus the nitrone 114 cyclizes to both the fused adduct and the bridged bicyclic 

product in a ratio of 55:45. (120)  

   

 

 

The intramolecular cycloaddition of the nitrone olefin derived from cis- and 

trans-heptenal illustrates the stereospecificity of the reaction. Thus the cis 

isomer affords only the trans methyl product, whereas the corresponding trans 

olefin leads to the epimeric adduct. (8)  

   

 

 

 

 

When these reactions are extended from C-(4-pentenyl)nitrones to the 

homologous C-(5-hexenyl) series, a third stereoisomer is often observed. The 

cyclo-addition of N-methyl-C-(5-hexenyl)nitrone affords three cycloadducts. 

The additional product, the trans-fused bicyclic adduct, is apparently formed 

under thermodynamic control. (8)  
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In contrast, the reaction of (+)-citronellal with N-substituted hydroxylamines 

affords predominantly the trans-fused product, which isomerizes to the 

cis-fused adduct at 300°.  

   

 

 

 

 

The transition state leading to cis-fused adducts involves a twist conformation 

and allows favorable orbital overlap during cycloaddition for both syn (115) and 

anti (116) nitrone configurations. Trans-fused products, on the other hand, are 

formed from a slightly deformed chair conformation. In this instance, effective 

orbital overlap is impossible in the anti nitrone and exists only for the syn 

configuration 117.  

   

 

Product distribution can be rationalized on the basis of the relative energy 

barrier for the syn  anti interconversion versus that for the cycloaddition 

itself. In cases where the barrier is high, cis-fused adducts are favored. 

 

Reaction of the aldehyde olefin 118 with N-phenylhydroxylamine yields only 

the cis-fused adduct 119. (121) Neither the trans-fused isomer nor the bridged 

regioisomer 120 is detected. (121)  
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A useful synthetic entry into morphine-related analgesics employs the 

cycloaddition of the nitrone olefin derived from the aldehyde 121 and 

N-methyl-hydroxylamine to furnish the tetracyclic product 122. (122)  

   

 

 

 

 

A [3 + 2] cycloaddition route to carbon-bridged dibenzocycloheptanes involves 

cyclization of the nitrone olefins 123a and 123b to the polycyclic adducts 124a 

and 124b, respectively. The nitrone 123a, a mixture of syn and anti isomers, is 

a stable crystalline product at room temperature, undergoing intramolecular 

cycloaddition above 110°, whereas the homolog 123b cyclizes spontaneously. 

These results are explained by the low reactivity of the stilbene-type olefin and 

the greater strain present in the isomer 124a bridged by only a single carbon 

atom. (123)  

   

 

 

 

The parent example of this series involves treating 

5-cycloheptenecarboxaldehyde with N-methylhydroxylamine to furnish a single 

tricyclic adduct. (124)  
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Control of stereochemical centers around a cyclopentane ring is found when 

the aldehyde olefins 125 and 126 react with N-methylhydroxylamine to afford 

the cycloadducts 127 and 128, respectively. (125) The three contiguous 

asymmetric centers are generated stereospecifically in a single step from an 

acyclic precursor. In complete analogy with the prototypical reaction, the 

thermodynamic product has the more sterically encumbered substituent 

occupying the less congested exo orientation.  

   

 

 

 

 

The optically active aldehyde olefin 129, obtained by reductive fragmentation 

of 5-bromo-5-deoxyglucosides, affords a single stereoisomer 130 on treatment 

with N-methylhydroxylamine. (126)  

   

 

 

The absence of the alternative adduct 131 is rationalized by a syn periplanar 

steric interaction between the nitrone and the α -acetate in its transition state 

132b, an effect not present in the transition state 132a leading to 130. (127)  
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The intramolecular [3 + 2] dipolar cycloaddition reaction affords a ready entry 

to adamantane derivatives. The bicyclic olefin aldehyde 133 yields the 

protoadamantane system and the adamantane analog on treatment with a 

variety of N-substituted hydroxylamines. (128, 129) Although the 

protoadamantane  

   

 
 

product always predominates, the product ratio is markedly influenced by 

reaction conditions, especially solvent. 

 

Related reactions yield other classes of polycyclics. For example, aldehydes 

134 (130) and 135 (124) lead to the indicated adducts.  
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The tricyclic adducts 136 and 137 are produced on cyclization of the 

cyclopentenyl- and cyclohexenylnitrones. Only the former reaction proceeds 

stereo-specifically; the latter leads to a mixture of diastereomers. (120)  

   

 

 

 

 

A convenient route to 2,4-disubstituted noradamantane analogs proceeds via 

cycloaddition of C-bicycloalkenylnitrones such as 138 and 139. The products 

are produced under quite mild conditions in high yield, a result of favorable 

entropic factors in these rigid substrates. (128, 131)  
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A novel synthesis of unusual azabicyclic diols relies on nitrone–olefin 

cycloaddition reactions. Thermolysis of the N-hydroxyoxazine 140 produces 

the fragmentation products 141 and 142, which then cyclize stereospecifically 

to the observed products 143–145.  
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The product ratios are rationalized on the basis of severe 1,5-transannular 

nonbonded interactions in the transition states of these kinetically controlled 

reactions. (101) 

6.1.1.2. Heteroatom-Linked Olefin Aldehydes and N-Substituted 
Hydroxylamines  
The intramolecular nitrone–olefin cycloaddition reaction includes 

heteroatom-linked olefinic aldehydes. For example, treatment of the 

formamido derivative 146 with N-methylhydroxylamine yields the cis-fused 

tricyclic adduct in 80% yield. (132)  

   

 

 

An oxa-linked example is the cycloaddition of O-vinylsalicylaldehyde to afford 

the fused and bridged products in a ratio of 1:2.  

   

 

 

In most examples studied, the predominance of cis-fused products over the 

trans-fused isomers is observed. For example, the ratio of tetracyclic adducts 

147 and 148 is 4:1, favoring cis-fusion. (132)  
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An interesting and potentially important variation is the in situ generation of a 

heteroatom-linked system in the reaction of keto nitrone 149 with allylamine to 

produce the cycloadduct 150. (46)  

   

 

 

 

6.1.1.3. Olefin Ketones and N-Substituted Hydroxylamines  
The earliest report of a nitrone–olefin cycloaddition derived from an olefinic 

ketone is that in which 7-octen-2-one is treated with N-methylhydroxylamine to 

yield a stereoisomeric mixture of fused and bridged bicyclic adducts in a ratio 

of 2:1, respectively. (133)  

   

 
 

In contrast, 6-hepten-2-one affords only a cis-fused bicyclic compound. (8, 

133)  
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In a related reaction, 5,6-heptadien-2-one yields the unsaturated analog 151. 

This result is a consequence of reaction solely at the terminal double bond. 

However, 6,7-octadien-2-one affords a mixture of three stereoadducts in a 

ratio of 44:16:40. (134) This is a result of cycloaddition to both allenic double 

bonds followed by acid-catalyzed addition of ethanol to the regioisomer 

derived from addition to the internal double bond.  

   

 

 

 

 

A transannular nitrone cycloaddition is the reaction of △ 
1,10-trans-5-oxo-5,10-secosteroid 152 with N-methylhydroxylamine to yield the 

complex steroid analog 153a. An analogous reaction also occurs with 

hydroxylamine itself to yield the unsubstituted derivative 153b.  
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The cis isomer of 152 fails to react, a consequence of the greater distance 

between the reactive centers compared to those in the trans isomer. (135) 

 

The functionalized nitrones 154a,b derived from keto olefins undergo 

cycloaddition to yield the products 155a,b.  

   

 

 

It is noteworthy that 154b affords a single stereoisomeric product in contrast to 

its descarbomethoxy analog, which produces a mixture. (133) A useful 

synthesis of the functionalized bicyclo[x·1·y] system 156 relies on 

nitrone–olefin cycloaddition reactions of the general structure 157. Where 

m = 1, n = 3, a bridged regioisomer 158 is obtained along with an equal 

amount of the expected product 156 (m = 1, n = 3). (136, 137)  
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The isolation of only cis-fused adduct where n = 2 is attributable to the 

transition state that permits maximum orbital overlap of the nitrone and olefinic 

centers.  

   

 

 

 

Cycloalkanones such as 159 and 160 react with N-substituted hydroxylamines 

to give the isoxazolidines via the intermediate nitrones. Only a single polycyclic 

diastereomer is formed by the cycloaddition reaction, affording a novel 

synthesis of functionalized bridged bicycloalkanes of general structure 161. 

(138)  
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A related reaction affords the tetracyclic linearly fused cyclopentanoid 

framework on treatment of the nitrone precursor 162 with 

N-methylhydroxylamine. 

 

Inclusion of sodium ethoxide allows both stereoisomers of 162 to be converted 

to the same cycloadduct. However, in the absence of sodium ethoxide, only 

the stereoisomer directly leading to nitrone 162a undergoes cyclization; the 

other leads to intractable material. This is a result of base-catalyzed 

epimerization affording the desired intermediate stereoisomer. (139)  

   

 

 

 

6.1.1.4. Heteroatom-Linked Olefin Ketones and N-Substituted Hydroxylamines  
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One of the few examples of this class of intramolecular [3 + 2] nitrone olefin 

dipolar cycloadditions is the reaction of the keto amide olefin 163 with 

N-methylhydroxylamine to yield the isomeric tetracyclic adducts 164 and 165 

in a ratio of 1:13. (140, 141)  

   

 

 

 

 

A highly unusual intramolecular cycloaddition of a cyclic nitrone to a cyclic 

olefin linked by two heteroatoms is that of the tricyclic nitrone 166, which is 

thermally transformed into an exotic pentacyclic trioxadiaza cage compound. 

(142)  

   

 

 

 

6.2. N-Alkenylnitrones  
6.2.1.1. N-Alkenylhydroxylamines and Aldehydes  
N-(3-Butenyl)-C-phenylnitrone yields the 1-aza-7-oxabicycloheptane 167 in 

72% yield on heating in xylene under reflux. None of the regioisomer 168 is 

detected, a result of a lack of orbital overlap in its transition state relative to its 

competitor.  

   

����������������������������������������������������

���������������




 

 

 

 

This preference may also be rationalized on electronic considerations since 

the production of 167 is the expected mode of addition of a nitrone to a 

terminal double bond. (120) 

 

Product regiochemistry in these cyclizations is markedly influenced by the 

number of carbon atoms in the spacer that links the nitrone nitrogen and the 

double bond. Thus the series of homologous N-alkenylnitrones 169 yield 

cycloadducts of differing regiochemistry. The nitrone 169a affords only the 

regioisomer 170a, whereas its homolog 169b furnishes only 171b, a product 

with the opposite sense of regiochemical cycloaddition. The bis-homo analog 

169c is converted to a 1:3 mixture of cycloadducts 170c and 171c.  

   

 

A similar reaction is observed with C-4-nitrophenylnitrones 172, yielding 

exclusively 173 and 174, respectively. (143)  
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These diverse results are rationalized by assuming that C －C bond formation 

is more advanced than C － O bond formation in the transition state of the 

cycloaddition reaction. This assumption is readily supported for dipolar 

cycloadditions in which the LUMO (dipole)–HOMO (dipolarophile) interaction is 

the controlling factor. Thus if a two-carbon spacer is placed between the 

nitrone nitrogen and the olefin, the transition state 175 is favored compared 

with the highly strained alternative 176.  

   

 

Since the higher energy of 176 arises from angle strain, which is relieved in the 

homologous transition state 177, it is not unexpected that the opposite 

regiochemistry is generated. In this instance, the alternative transition state 

178, which is also unstrained, is disfavored since it requires a 

seven-membered ring closure during the cycloaddition process, assuming that 

C － C bond formation is early.  
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N-Alkenylnitrone cycloadditions are also useful for the synthesis of bridged 

polycyclics, as exemplified in the cyclization of the bicylic nitrone 179 to the 

adduct 180. (131)  
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7. Applications to Natural Product Total Synthesis 

7.1. Introduction  
The utility of nitrone–olefin [3 + 2] cycloadditions in the total synthesis of 

natural products arises not from the presence of the isoxazolidine moiety in 

naturally occurring substances but from the various transformation products of 

this saturated heterocycle. The most important of these is the conversion of 

the isoxazolidine ring system to an N-substituted 1,3-amino alcohol by a 

reduction step.  

   

 

 

 

 

The attachment to the aldehyde of two additional carbon atoms laden with the 

useful functionality present in the 1,3-amino alcohol is very powerful 

methodology. Nevertheless, applications to natural product synthesis did not 

appear in force until the mid-1970s. (144, 145) Since this transformation not 

only yields new carbon–carbon and carbon–oxygen bonds but also 

incorporates a nitrogen atom in the molecule, the obvious synthetic targets are 

nitrogenous substances, particularly alkaloids. The reaction is not limited to the 

synthesis of nitrogen-containing compounds, however, and examples of 

applications to non-nitrogenous targets have been reported. 

7.2. Intramolecular Cycloadditions  
7.2.1.1. Biotin (Vitamin H)  
The use of the [3 + 2] nitrone–olefin cycloaddition reaction requires the 

identification of an actual or latent 1,3-amino alcohol in the target structure. 

The latter is exemplified in the total synthesis of the important vitamin biotin 

(181). (144, 145) Although there is no 1,3-amino alcohol present in biotin, the 

diamino precursor 182 can be derived in principle from the 1,3-amino alcohol 

starred in 183.  
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This transformation could be accomplished in theory by oxidation of 183 to an 

amino ketone followed by a Beckmann rearrangement and hydrolysis to yield 

182, thus illustrating the identification of a latent 1,3-amino alcohol in the target 

molecule. The actual synthesis involves the intramolecular cycloaddition of the 

olefinic nitrone 184 to yield the tricyclic isoxazolidine 185. This serves to fix the 

three contiguous asymmetric centers on the tetrahydrothiophene ring in the 

required all-cis configuration of biotin. Reduction of the N － O bond of 185 

with zinc and acid yields the desired N-benzylamino alcohol 186, which is 

converted to biotin in two steps after oxidation and a Beckmann rearrangement. 

The formation of 185 is achieved with complete stereospecificity and is an 

excellent example of the ability of the reaction to proceed in a stereocontrolled 

manner.  

   

 

 

 

 

An alternative synthesis of biotin (146) employs a [3 + 2] cycloaddition of the 

nitrone enol sulfide 187, derived from L-(+)-cysteine. This substance 

undergoes spontaneous cyclization at 25° to yield a mixture of adducts 188 

and 189 in a ratio of 9:1.  
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The lack of stereochemical control in this initial study is solved by constructing 

the 10-membered ring compound 190, inspired by deliberations on the 

transition states leading to 188 and 189. This substrate cyclizes exclusively to 

the desired tricylic structure, which is then converted into biotin in six steps.  

   

 

 

 

7.2.1.2. Amino Glycosides  
A chiral synthesis (147) of L-daunosamine, the sugar moiety of the antitumor 

agent adriamycin, involves reaction of the masked aldehyde 191 with 

(S)-(–)-N-hydroxymethylbenzenemethanamine to yield the nitrone 192, which 

cyclizes in refluxing xylene to produce the diastereomers 193 and 194 as an 

82:18 mixture. The desired major product 193 is separated in optically pure 

form and carried forward in the synthesis. The ability of the intramolecular 

version of this reaction to reverse the normal mode of cycloaddition to an enol 

ester system is noteworthy. The driving force to form the fused 5,5-bicyclic 

nucleus overcomes other energetics usually at play in the intermolecular 

reaction. Thus the nitrone carbon of 192 becomes exclusively bound to the 

oxygen-bearing carbon of the enol acetate unit in 191, an orientation opposite 

to that found in the intermolecular variant. The application of the nitrone–olefin 

reaction in this instance is predicated on an acid-catalyzed transformation of 

the lactol 195, prepared in three steps from 193, to the pyranose anomers 196.  
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The latent 1,3-amino alcohol in the target is starred; the alcohol portion is 

masked by its involvement in the hemiacetal. 

7.2.1.3. Ergot Alkaloids  
The synthesis (148) of the ergot alkaloids (+)-chanoclavine I and 

(+)-isochanoclavine utilizes an intramolecular [3 + 2] cycloaddition of the 

indolic nitrone 197 to furnish the cis-fused tetracyclic isoxazolidine 198. The 

transient nitrone 197 is prepared and cyclized in refluxing benzene–methanol 

with azeotropic removal of water.  
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Conversion of 198 to the diol reveals the 1,3-amino alcohol (starred) in this key 

intermediate, which is converted into (+)-chanoclavine I in five facile steps.  

   

 

 

7.2.1.4. Lycopodium Alkaloids  
An efficient synthesis (149) of the lycopodium alkaloid luciduline centers on the 

thermolysis of the easily available hydroxylamine derivative 199 in the 

presence of formaldehyde. The transient nitrone is presumably  

   

 

 

generated and spontaneously cyclizes to yield the desired isoxazolidine 200. 

This product is readily converted to luciduline by the sequence of methylation, 

reduction, and oxidation. The overall synthesis is far superior to all previously 

reported multistep preparations of luciduline and was the first comparative 

demonstration of the prowess of nitrone–olefin cycloadditions in the total 

synthesis of natural products. 

7.2.1.5. Tropane Alkaloids  
The cycloaddition of the 1-pyrroline-1-oxide derivative 201 provides a route to 

tropane alkaloids. An aza-Cope rearrangement of 201 affords the isomeric 202, 
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whereas the desired crystalline cycloadduct 203 is obtained exclusively at 

higher temperatures. Alkylation of 203 and hydrogenation yields the bicyclic 

compound 204, an analog of pseudotropine. This pathway represents a 

substantial improvement over more classical routes to substituted tropanes. 

(150)  

   

 

 

 

 

The parent tropane system can be prepared by thermolysis of the 

unsubstituted precursor 205, generated in situ from the nitro acetal. (151) The 

cycloadduct 206 is sublimed and hydrogenated to yield norpseudotropine 

(207a), convertible to pseudotropine (207b) by an Eschweiler–Clarke 

procedure.  

   

 

 

These results form the basis for two syntheses of cocaine (152, 153) and are 

particularly instructive for illustrating various features of nitrone–olefin 

chemistry. Thus the protected aldehyde 208 can be hydrolyzed to generate the 

desired nitrone ester 209, which cyclizes to the tricyclic isoxazolidine 210 with 

complete regio- and stereospecificity. N-Methylation, reduction of the N － O 

bond, and benzoylation serve to convert the isoxazolidine into (+)-cocaine. The 

derived 1,3-amino alcohol is starred.  
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An improved version (152) involves a cascade of nitrone–olefin cycloadditions. 

Reaction of 1-pyrroline-1-oxide with methyl 3-butenoate in refluxing toluene for 

15 hours yields the desired adduct regiochemically pure.  

   

 

 

Oxidation of this adduct with 1 equivalent of m-chloroperbenzoic acid (MCPBA) 

produces the hydroxy nitrone 211. Since the nitrone group complicates the 

required dehydration of 211, a novel protecting group is introduced. Thus 

treatment of 211 with methyl acrylate yields the isoxazolidine 212, which can 

be readily dehydrated to the required olefin 213. 

 

Heating of 213 in refluxing xylene cleaves the protected nitrone by a [3 + 2] 

cycloreversion, expelling methyl acrylate in the process. The newly unveiled  
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nitrone (identical to 209) spontaneously cyclizes to afford the desired 210, 

taking advantage of the favored mode for intramolecular reaction, leaving 

methyl acrylate unreacted. 

7.2.1.6. (+)-Adaline 
The total synthesis of (+)-adaline is achieved by a sequence incorporating a 

key nitrone–olefin cycloaddition of the intermediate 214. (154) The tricyclic 

adduct is converted into the target (+)-adaline by hydrogenation over Raney 

nickel, followed by oxidation with pyridinium chlorochromate.  

   

 

 

 

7.2.1.7. Nitrogen-Free Systems  
The nitrone–olefin reaction is used in a chiral preparation of the epoxylactone 

217, a prostanoid intermediate, from D-glucose. (127) Thus the aldehyde 215 

is treated with N-methylhydroxylamine hydrochloride to yield the bicyclic 

isoxazolidine. Extrusion of the unwanted nitrogen is accomplished by reduction 

to give the aziridine, which is converted into the required hydroxy olefin 216 by 

oxidation. Transformation of 216 to the epoxide 217 over several steps yields 

optically pure material.  
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(–)-Bisabolol can be synthesized by thermolysis of the nitrone 218 derived 

from farnesal. (155, 156) The product isoxazolidines are alkylated to the 

methiodides and reduced with lithium aluminum hydride to yield the 

N,N-dimethylamino alcohols 219. Methylation on nitrogen and 

sodium–ammonia reduction of the resulting quaternary salts gives 

(–)-bisabolol, illustrating a more complex excision of nitrogen.  
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7.3. Intermolecular Cycloaddition Syntheses Based on 
1-Pyrroline-1-oxide 
7.3.1.1. Elaeocarpus Alkaloids  
The elaeocarpus alkaloids constitute a diverse group of naturally occurring 

alkaloids derived from the plant family Elaeocarpaceae found primarily in New 

Guinea and India. The cycloaddition of 1-pyrroline-1-oxide to the trans-enone 

220 gives the adduct as an inseparable mixture of C-3 epimers. (157, 158) 

Deprotection of the primary alcohol followed by mesylation yields the 

quaternary salt, which is reduced without isolation to afford the desired 

hydroxy ketone 221a. Oxidation to the known intermediate ketone 221b 

completes a formal total synthesis of elaeokanine C (221c). 

 

The synthesis of elaeokanine A relies on the highly regio- and stereoselective 

cycloaddition of 1-pyrroline-1-oxide to 1-pentene to afford the bicyclic 

isoxazolidine 222. (159) The amino alcohol 223a is then prepared by catalytic 

hydrogenation and oxidized to the key amino ketone 223b. Treatment with 1 

equivalent of acrolein followed by concentrated hydrochloric acid yields 

(+)-elaeokanine C directly. If the acrolein adduct 224 is treated with base, 

(+)-elaeokanine A (225) is produced instead.  
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This approach can be extended (160) to the synthesis of aromatic elaeocarpus 

alkaloids by starting with 2-methoxy-6-methylstyrene. Reaction with 

1-pyrroline-1-oxide affords the adduct highly selectively. Alkylation with 

3-bromo-1-propanol yields the quaternary salt 226, which undergoes a 

dramatic series of reactions when exposed to potassium tert-butoxide and 

benzophenone at reflux temperature. Under these conditions, 226 undergoes 

a base-induced isoxazolidine ring opening, followed by a modified Oppenauer 

oxidation of the primary alcohol and aldol closure to the desired enone. This 

sequence further exemplifies the ability of the isoxazolidine nucleus to be 

modified in a variety of useful ways. Conversion of the enone to 

(+)-elaeocarpine involves demethylation and base-catalyzed cyclization. 
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The indolizidine alkaloid septicine is synthesized from the cycloadduct 227 

arising from the reaction of 1-pyrroline-1-oxide with 

2,3-di(3,4-dimethoxyphenyl)butadiene. (161) Elaboration to the target 

substance is achieved by  

   

 

 

alkylative bromination of 227 to the quaternary salt, which is converted to 

(+)-septicine in three steps.  

   

 

 

 

7.3.1.2. Pyrrolizidine Alkaloids  
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The reduced pyrrole nucleus imbedded in this alkaloidal class affords a 

straightforward application of 1-pyrroline-1-oxide–olefin cycloaddition 

chemistry. The synthesis of (+)-supinidine, the necine base obtained from 

supinine and its congeners, (162, 163) involves reaction of 1-pyrroline-1-oxide 

with methyl- γ -hydroxycrotonate to afford the desired regio adduct 228a. Then, 

in a procedure that has wide applicability in pyrrolizidine synthesis, 228a is 

converted to the mesylate 228b, which is hydrogenolyzed over palladium on 

carbon. The transient 1,3-amino alcohol is not isolated since it undergoes 

facile N-alkylation to the hydroxy ester, which is dehydrated to (+)-supinidine.  

   

 

 

 

 

The total synthesis of (+)-isoretronecanol is achieved starting from the 

exo-cycloaddition product of 1-pyrroline-1-oxide and 2,3-dihydrofuran. (102, 

155) Reduction with lithium aluminum hydride yields the amine diol 229a, 

which is silylated by N-(trimethylsilyl)diethylamine at 145° to afford the 

persilylated derivative 229b. Conversion to the iodide 229c occurs selectively 

with trimethylsilyl iodide. Finally, treatment with fluoride ion yields 

(+)-isoretronecanol by intramolecular alkylation of the desilylated intermediate. 

The 1,3-amino alcohol of the target compound is starred.  
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Finally, a modification of an earlier synthesis of (+)-supinidine utilizing 

4,4-dimethoxy-1-pyrroline-1-oxide is reported. The approach also affords a 

preparation of (+)-retronecine. (164)  

   

 

 

 

7.4. Syntheses Based on 2,3,4,5-Tetrahydropyridine-1-oxide (THPO)  
7.4.1.1. Quinolizidine Alkaloids  
A nitrone–olefin cycloaddition approach to the quinolizidine alkaloids is used to 

prepare (+)-abresoline. (165, 166)  

   

 

Reaction of the homoallylic alcohol 230 with THPO affords the desired 

cycloadduct 231 as a mixture of stereoisomers at the benzylic carbon atom.  
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Treatment of alcohol 231 with methanesulfonyl chloride in pyridine followed by 

reduction with zinc in 50% aqueous acetic acid yields the alcohol 232a via the 

intermediacy of the quarternary cation. Conversion of 232a to (+)-abresoline 

involves separation of the derived acetates 232b, basic hydrolysis, attachment 

of the requisite side chain with inversion, and deprotection. 

 

The methodology evolved for synthesis of the pyrrolizidines provides a total 

synthesis of (+)-lupinine that relies on elaboration of the mesylate salt 233 

obtained from the [3 + 2] cycloaddition of THPO to methyl 

(E)-5-mesyloxy-2-pentenoate. (21) The initial cycloadduct cannot be isolated 

since it undergoes a spontaneous intramolecular cyclization to 233. Reduction 

of the labile N － O bond yields the desired hydroxy ester, which is readily 

transformed into (+)-lupinine by dehydration to the unsaturated ester followed 

by reduction with lithium aluminum hydride.  
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Related chemistry conducted on the adduct 234 of THPO and trans-piperylene 

yields the quinolizidine base (+)-myritine. (167) The reaction sequence of N － 

O bond cleavage, oxidation, and Michael addition of the derived amino enone 

affords the target substance. The marked efficiency of this synthesis stems 

from the high chemo- and regioselective controls in the key cycloaddition step 

that constructs adduct 234.  

   

 

 

 

7.4.1.2. Miscellaneous Alkaloids  
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The synthesis of (+)-porantheridine (80) involves the cycloaddition of the 

substituted nitrone 235 and 1-pentene to yield the key intermediate bicyclic 

isoxazolidine. This compound is transformed into the transient iminium alcohol 

by sequential hydrogenation, acid hydrolysis, oxidation, and basic hydrolysis 

and then cyclization to afford the target alkaloid, shown with its embedded 

1,3-amino alcohol starred.  

   

 

 

 

 

The anticancer alkaloid (+)-cryptopleurine, a member of a rare class of 

naturally occurring substances containing a phenanthro[9,10-b]quinolizidine 

nucleus, is prepared by cycloaddition of THPO to 3,4-dimethoxystyrene to 

afford the bicyclic compound 236. (71) Reduction of the N － O bond and 

N-acylation to the amido alcohol sets the stage for conversion to 

(+)-cryptopleurine by oxidation followed by a dehydrative aldol procedure.  
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A simple example of the utility of the nitrone–olefin reaction is afforded by the 

synthesis of (±)-sedridine, (168) which takes advantage of the regio- and 

stereospecificity of the reaction of THPO and propene. Reduction of the adduct 

leads exclusively to (±)-sedridine.  

   

 

 

 

7.5. Miscellaneous Intermolecular Syntheses  
The structure of hydroxycotinine, the mammalian metabolite of nicotine 

isolated from the urine of smokers, has been established as 

trans-1-methyl-3-(R)-hydroxy-5-(S)-(3-pyridyl)-2-pyrrolidinone (237) by the 

following synthesis. (169) The pyridyl nitrone 238 reacts with methyl acrylate to 

afford predominantly the desired isoxazolidine 239. Conversion to both the 

natural product 237 and its 3-hydroxy epimer 240 confirms the structural 

assignment.  
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7.5.1.1. Amino Acids  
A short synthesis of 4-hydroxyprolines involves the cycloaddition of N-benzyl- 

α -methoxycarbonylmethanimine-N-oxide to acrolein. (170) The cycloadduct is 

hydrogenolyzed to yield a mixture of epimeric 4-hydroxyproline methyl esters 

via the intermediate imine. The mixture is hydrolyzed to the parent amino 

acids.  

   

 

 

 

7.5.1.2.  β -Lactams  
A three-step procedure for the synthesis of trans-3,4-disubstituted 

azetidin-2-ones is used for the preparation of intermediates to thienamycin, an 

exceptionally potent β -lactam antibiotic. (171)  

   

 

Thus C-chloro-N-benzylnitrone undergoes cycloaddition with benzyl crotonate 

to afford the required isoxazolidines 241a and 241b in a ratio of 1:5. 

Hydrogenolysis leads to the amino acids, which are cyclized with 

dicyclohexylcarbodiimide in acetonitrile to the desired azetidinone 242 and its 

C-4 epimer in overall yields of 30 and 5%, respectively. Similar thienamycin 

intermediates can be synthesized by nitrone–olefin methodology. (172)  
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In conclusion, this survey of applications of the nitrone–olefin [3 + 2] 

cycloaddition reaction to the synthesis of natural products chronicles the 

elegance and efficiency of the title reaction for the preparation of complex 

structures. It is expected that future workers in this field will further exemplify 

the utility of these cycloadditions and thereby continue to expand the scope of 

this truly powerful organic reaction. 
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8. Experimental Procedures 

8.1.1.1. 2-Butyl-3-methyl-5-cyanoisoxazolidine (Reaction of a Nitrone with an 
Electron-Deficient Monosubstituted Olefin) (173)  
To 17.0 g of C-methyl-N-butylnitrone was added 30 mL of acrylonitrile. The 

mixture was heated at 60° for 10 hours; after cooling, the excess acrylonitrile 

was evaporated. The residue was distilled to afford the product as a colorless 

oil, bp 93°/1 mm, in 58% yield. Anal. Calcd. for C9H16N2O : C, 64.28; H, 9.53; N, 

16.66. Found: C, 63.94; H, 9.54; N, 16.48. 

8.1.1.2. 5-Ethoxy-2-methyl-3-phenylisoxazolidine (Reaction of a Nitrone with 
an Electron-Rich Monosubstituted Olefin) (89)  
C-Phenyl-N-methylnitrone (1.00 g, 7.4 mmol) was dissolved in an excess of 

freshly distilled ethyl vinyl ether (25.0 mL, 161 mmol), and the solution was 

sealed in a thick-walled glass reaction tube. The tube was heated at 80° for 72 

hours and then cooled, and the excess ethyl vinyl ether was removed by 

evaporation under high vacuum. The residue was chromatographed ( CH2Cl2) 

to remove unreacted nitrone followed by bulb-to-bulb distillation at 145° (1 torr) 

to give a yellow oil (1.19 g, 78%). As evidenced by GLC (SE-30 column/140°) 
and NMR analysis, the reaction mixture contained a 50:50 mixture of cis and 

trans isomers (retention times 4.0 and 5.4 minutes, respectively). The isomers 

were separated by column chromatography (120 g; 10:1 hexane:ethyl acetate). 

The less polar isomer was the cis isomer, while the more polar compound was 

the trans isomer. 

 

Cis isomer (oil): 1H NMR ( CDCl3, 200 MHz) δ :1.25 (t, J = 7 Hz, 3H), 2.32 (ddd, 

J = 3, 10, and 13 Hz, 1H), 2.55 (s, 3H), 2.86 (ddd, J = 6, 10, and 13 Hz, 1H), 

3.34 (t, J = 10 Hz, 1H), 3.45 (dq, J = 7 and 14 Hz, 1H), 3.93 (dq, J = 7 and 

14 Hz, 1H), 5.15 (dd, J = 3 and 6 Hz, 1H), 7.33 (m, 5H); IR ( CCl4) 3100–3000 

(m), 3000–2800 (vs), 1455 (s), 1370 (s), and 1100 (vs) cm–1; mass spectrum 

(EI), m/z (relative intensity) 207 (M+, 4), 161 (36), 118 (100), 77 (75). Anal. 

Calcd. for C12H17NO2: C, 69.54; H, 8.27; N, 6.76. Found: C, 69.44; H, 8.10; N, 

6.69. 

 

Trans isomer (oil): 1H NMR ( CDCl3, 200 MHz) δ : 1.23 (t, J = 7 Hz, 3H), 2.41 

(ddd, J = 5, 9, and 13 Hz, 1H), 2.57 (dd, J = 6 and 13 Hz, 1H), 2.78 (s, 3H), 

3.48 (dq, J = 7 and 10 Hz, 1H), 3.86 (dq, J = 7 and 10 Hz, 1H), 4.03 (dd, J = 6 

and 9 Hz, 1H), 5.16 (d, J = 5 Hz, 1H), 7.30 (m, 5H); IR ( CCl4) 3100–3000 (m), 

3000–2800 (vs), 1455 (s), 1370 (s), and 1100 (vs) cm–1; mass spectrum (EI), 

m/z (relative intensity): 207 (M+, 9), 161 (100), 134 (63), 118 (53), 77 (48). Anal. 

Calcd. for C12H17NO2: C, 69.54; H, 8.27; N, 6.76. Found: C, 69.37; H, 8.10; N, 

6.77. 
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8.1.1.3. 2-Phenyl-3-n-propylisoxazolidine-4,5-cis-dicarboxylic Acid 
N-Phenylimide (Reaction of a Nitrone with a Cyclic Disubstituted Olefin) (174)  
N-Phenylhydroxylamine (11 g, 0.10 mol) and N-phenylmaleimide (17.4 g, 

0.10 mol) were suspended in 40 mL of ethanol contained in a 200-mL 

Erlenmeyer flask. To the mixture was added immediately 8.98 g (11.2 mL, 

0.124 mol) of freshly distilled n-butyraldehyde. An exothermic reaction ensued, 

and the mixture spontaneously heated to the boiling point. A clear slightly 

yellow solution resulted, which, on cooling, deposited an almost colorless 

crystalline cake. The mixture was cooled and filtered to afford 26–27 g (92%) 

of pure product, mp 106–107°, after a single recrystallization from ethanol. 

8.1.1.4. Ethyl 4-Cyano-2-phenyl-3,5-di(2¢-pyridyl)isoxazolidine-4-carboxylate 
(Reaction of a Nitrone with an Acyclic Trisubstituted Olefin) (106)  
Ethyl (2¢-pyridylmethylene)cyanoacetate (1.0 g, 5 mmol) and 

N-(2¢-pyridylmethylene)aniline-N-oxide (0.93 g, 5 mmol) were heated under 

reflux in dry benzene for 72 hours. The benzene was evaporated under 

reduced pressure, and the crystalline product was recrystallized from ethanol 

to afford the adduct as white needles (1.7 g, 91%), mp 124°. IR 2275, 1743, 

1593, 1573, 1468, 1377, 1333, 860, 757, and 696 cm–1; 1H NMR δ : 1.35 (t, 

CO2C2H5), 4.47 (q, CO2C2H5), 5.78, (s, H3), 5.82 (s, H5), 6.9–8.0 (m, aryl), 

8.54 (m, pyridyl); mass spectrum m/z (relative intensity) 401 (M+ + 1, 20), 181 

(21), 158 (52), 157 (25), 130 (100), 129 (21), 94 (22), 91 (32), 79 (52), 78 (74), 

77 (42), 52 (25), 51 (57), 31 (24). Anal. Calcd. for C23H20N4O3: C, 69.0; H, 5.0; 

N, 14.0. Found: C, 68.7; H, 5.2; N, 13.9. 

8.1.1.5. 4-(9-Acridinyl)-2,3-diphenyl-4-isoxazoline (100) (Reaction of a Nitrone 
with an Acetylene) (114)  
A solution of 1.0 g of 9-ethynylacridine and 1.09 g of C,N-diphenylnitrone in 

20 mL of ethanol containing 0.02 mL of concentrated HCl was stirred at 25° for 

10 minutes. Filtration afforded a 59% yield of the cycloadduct as yellow 

crystals, mp 115–116° (ethanol). 1H NMR (CS2) δ :5.83 (d, J = 2.0 Hz, 1H), 

6.83 (d, J = 2.0 Hz, 1H), 7.0–8.1 (m, 18H); mass spectrum m/z 400 (M+). Anal. 

Calcd. for C28H20N2O : C, 83.97; H, 5.03; N, 7.00%; Found: C, 83.77; H, 5.24; 

N, 6.71% 

8.1.1.6. 13-Methyl-12-oxa-13-azatricyclo[8.3.0.01,7]tridecane (156, m = 2, 
n = 1) (C-Alkenylnitrone Cycloaddition of a Keto Olefin and an N-Substituted 
Hydroxylamine) (137)  
A solution of 2-(3-butenyl)cycloheptanone (520 mg, 3.13 mmol), 

N-methylhydroxylamine hydrochloride (449 mg, 3.74 mmol), and potassium 

hydroxide (238 mg, 4.24 mmol) in methanol (20 mL) was heated at reflux for 2 

days, cooled, and diluted with diethyl ether. The precipitate was filtered, and 

the filtrate was concentrated. The residual oil was distilled with a Kugelrohr 

apparatus, affording the product (514 mg, 84%). 1H NMR ( CDCl3) δ : 3.82 (t, 

J = 8.0 Hz, O-CHAHBCHx, 1H), 3.23 (dd, J = 4.5 and 8.0 Hz, OCHAHBCHx, 1H), 
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2.52 (s, CH3N , 3H). An analytical sample was obtained by short-path 

distillation at 140°/17 torr. Anal. Calcd. for C12H21NO : C, 73.79; H, 10.83; N, 

7.17. Found: C, 73.65; H, 10.92; N, 7.00. 

8.1.1.7. 1,11 β -Dimethyl-2a β ,3,4,5,5a β ,8,9,10,11a α ,11b,11c β 
-dodecahydro-2H-isoxazolo[5,4,3-k,l]benzo[b]quinolizin-6-one 
(Heteroatom-Linked C-Alkenylnitrone Cycloaddition of a Keto Olefin and an 
N-Substituted Hydroxylamine) (140)  
A solution of 2-acetyl-1-(cyclohexenylcarbonyl)piperidine (24.3 g), 

N-methylhydroxylamine hydrochlorine (17.2 g), diisopropylethylamine 

(36.0 mL), and ethanol (115 mL) was refluxed for 34 hours, evaporated, 

diluted with water (450 mL), and extracted ( CHCl3). Chromatography of the 

extract ( Al2O3, elution with diethyl ether, or silica gel and elution with 1% 

CH3OH – CHCl3 followed by crystallization (diethyl ether) gave 13.94 g (51%) 

of product as colorless prisms, mp 109.5–111.5° (Et2O–hexanes). IR 1640, 

1460, and 1440 cm–1; 1H NMR δ : 4.54 (br d, J = 13 Hz, H8eq) and 4.28 (br, H2a, 

2H), 3.32 (br dd, J = 10 and 2 Hz, H11a), 2.84–2.25 and 2.64 (s, NCH3, 7H), 

2.08–1.06 and 1.24 (s, CCH3, 14H). Anal. Calcd. for C15H24N2O2: C, 68.15; H, 

9.15; N, 10.60). Found: C, 68.10; H, 9.43; N, 10.62. 

8.1.1.8. 1,3,3a,11b-Tetrahydro-1-phenylphenanthro[9,10-c]isoxazole 
(119)(C-Alkenylnitrone Cycloaddition of an Aldehyde Olefin and an 
N-Substituted Hydroxylamine) (121)  
A solution containing 550 mg of N-phenylhydroxylamine and 1.04 g of 

2¢-vinyl-2-biphenylcarboxaldehyde in 5 mL of ethanol was allowed to stand at 

room temperature for 4 hours, at which time a pale-yellow oil had separated 

and solidified. Recrystallization ( CHCl3-hexane) afforded 998 mg (66%) of 

pure adduct, mp 147–149°. IR ( KBr) 6.28, 6.77, 7.91, 8.26, 8.84, 9.26, 9.81, 

10.25, 10.64, 11.13, 13.15, 13.61, and 14.34 µm; UV, nm max ( ε ) (methanol) 

266 (17,000) and 301 (1710); 1H NMR (100 MHz, CDCl3) δ : 6.12–6.61 (m, 2H), 

5.50 (dd, J = 16.0 and 12.0 Hz, 1H), 4.86 (d, J = 6.0 Hz, 1H), 2.52–3.11 (m, 

11H), and 2.13–2.36 (m, 2H); mass spectrum m/z 299 (M+), 269, 206, 205, 191, 

179, 178 (base), 177, 176, and 93. Anal. Calcd. for C21H17NO : C, 84.24; H, 

5.72; N, 4.68. Found: C, 84.24; H, 5.76; N, 4.68. 

8.1.1.9. 2a β ,4a β ,5,6,7,8,8a β ,8b β 
-Octahydro-2-benzyl-2H,3H-thieno[3¢,4¢,5¢:3,3a,4]-cyclohept[d]isoxazole 
(185)(Heteroatom-Linked C-Alkenylnitrone Cycloaddition of an Aldehyde 
Olefin and an N-Substituted Hydroxylamine) (145)  
A solution of 21.30 g (0.125 mol) of 2-[(1-cyclohepten-3-yl)thio]acetaldehyde in 

150 mL of acetonitrile was treated with 15.3 g (0.125 mol) of 

N-benzylhydroxylamine and 1 mL of triethylamine. The reaction mixture was 

heated under reflux for 2 hours, cooled, and evaporated to dryness. The 

residue was triturated with benzene: ethyl acetate (98:2) to dissolve the 

product. An insoluble impurity was filtered, and the filtrate was concentrated 
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and chromatographed over silica, using the same solvent system for elution. 

The product was eluted after a less polar byproduct and yielded 22.80 g 

(0.083 mol, 66%) of a white solid, mp 56–57° (petroleum ether); IR ( CHCl3) 

3010, 2920 (CH), 1605, 1500 (aryl), 1228 (C － O), and 700 cm–1; 1H NMR 

( CDCl3) δ : 7.4–7.2 (m, 5H), 4.33 (septet, 1H, CHO), 4.1–3.3 (m, 5H), 2.91 (d, 

2H, CH2S), 2.7–1.1 (m, 8H); mass spectrum m/z 275 (M+), 288, 91 (base). 

8.1.1.10. 12-exo-Phenyl-4-oxa-5-azatetracyclo[5.3.1.1.2,503,9]dodecane (Table 
XX, p. 143)(N-Alkenylnitrone Cycloaddition of an N-Alkenylhydroxylamine and 
an Aldehyde) (131)  
A mixture of N-(endo-bicyclo[3.2.1]oct-6-en-3-ylmethyl)hydroxylamine (153 mg, 

1 mmol), benzaldehyde (153 mg, 1.44 mmol), and 4Å molecular sieves (0.6 g) 

in xylene (3 mL) was heated under argon at reflux for 11 hours. The solvent 

was removed under vacuum, and the residue was chromatographed on a silica 

gel column (diethyl ether–hexane) to afford the cycloadduct as 229 mg (95%) 

of colorless crystals, mp 85–86° (methylene chloride–hexane). IR ( KBr) 3050, 

1600, 1500, 1450, 1350, 1310, 1250, 1050, 1010, 960, 920, 780, 740, and 

690 cm–1; 1H NMR ( CDCl3) δ : 7.6–7.1 (m, 5H), 4.90 (dd; J = 9.6, 1 Hz), 4.20 

(s, 1H), 3.6–2.6 (m, 3H), 2.6–1.4 (m, 9H); mass spectrum m/z 242 (25), 241 

(75) (M+), 213 (27), 212 (71), 170 (33), 118 (46), 117 (41), 104 (37), 91 (100). 
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9. Tabular Survey 

 

The contents of the tables were derived by searching Chemical Abstracts. An 

extensive computer search from 1967 to May 1985 was performed on the CAS 

Registry File, using the isoxazolidine substructure. The previous literature was 

searched by hand. 

 

The tabular organization of the intermolecular nitrone–olefin cycloaddition is 

first divided into acyclic and cyclic nitrones. In the former, the class is further 

broken down into aldehyde-derived and ketone-derived nitrones. Since the 

reactions of aldehyde-derived acyclic nitrones are so extensive, additional 

organization is based on the degree and nature of the substituents on the 

olefin partner of acyclic olefins. In addition, a separate table is used for 

nitrone–acetylenes. 

 

For aldehyde-derived nitrones and cyclic olefins, the tables were divided into 

exo- and endocyclic olefins, as well as by the numbers of rings and the nature 

of the ring junction (bridged or fused). The addition of specialized tables in this 

context, such as aldehyde-derived nitrones and endocyclic olefins, is 

incorporated. 

 

The cyclic nitrones are divided into exo- and endocyclic classes and further 

separated depending on whether they reacted with a cyclic or acyclic olefin. 

Finally, a miscellaneous table of reactions is used to describe certain 

examples that do not fit rationally into the existing tables. 

 

The individual entries are ordered based on increasing carbon number of the 

C-nitrone substituent. In cases of equal carbon number, the order is by 

increasing hydrogen number. For examples of identical nitrones, the total 

carbon number of the olefin partner is used as the basis for the ordering. In the 

event of identical nitrones with olefins of equal carbon number, the number of 

hydrogens is employed to determine the sequence. 

 

The intramolecular cycloaddition reactions are grouped into tables according 

to how the unsaturation is linked to the nitrone. Entries with the chain 

containing the unsaturation attached to the nitrone nitrogen are grouped in 

Table XX; accordingly, Table XXII lists those that are attached to the nitrone 

carbon. Cyclic nitrones are organized separately in Table XXI since they could 

be considered in either of the two preceding tables. The entries in these tables 

are listed in order of increasing number of: (1) atoms between the participating 

unsaturation and carbonyl groups, (2) rings in the reactant, (3) carbons and 

heteroatoms in the rings, and (4) unsaturations in the rings. 
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In the yield column, numbers in parentheses represent isolated yield, whereas 

numbers separated by a colon are ratios. A dash in the tables indicates that 

the data were not provided. 

 

The following abbreviations are used in the tables:  

Ac acetyl 

BDMS tert-butyldimethylsilyl 

CBz carbobenzyloxy 

DMF N,N-dimethylformamide 

DMSO dimethyl sulfoxide 

Ether diethyl ether 

MEM methoxyethoxymethyl 

THP tetrahydropyranyl 

TMS trimethylsilyl  
 

 

  

Table I. Aldehyde-Derived Nitrones and Monosubstituted Olefins  

 

View PDF  
 

  

Table II. Aldehyde-Derived Nitrones and 1,1-Disubstituted Olefins  

 

View PDF  
 

  

Table III. Aldehyde-Derived Nitrones and 1,2-Disubstituted cis-Olefins  

 

View PDF  
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Table IV. Aldehyde-Derived Nitrones and 1,2-Disubstituted trans-Olefins  

 

View PDF  
 

  

Table V. Aldehyde-Derived Nitrones and Trisubstituted Olefins  

 

View PDF  
 

  

Table VI. Aldehyde-Derived Nitrones and Acetylenes  

 

View PDF  
 

  

Table VII. Aldehyde-Derived Nitrones and Endocyclic Enamines  

 

View PDF  
 

  

Table VIII. Aldehyde-Derived Nitrones and Monocyclic Endocyclic 
Olefins  

 

View PDF  
 

  

Table IX. Aldehyde-Derived Nitrones and N-Phenylmaleimides  

 

����������������������������������������������������

���������������




View PDF  
 

  

Table X. Aldehyde-Derived Nitrones and Benzofused Bi- and Tricyclic 
Olefins  

 

View PDF  
 

  

Table XI. Aldehyde-Derived Nitrones and Bridged Bi- and Tricyclic 
Olefins  

 

View PDF  
 

  

Table XII. Aldehyde-Derived Nitrones and Exocyclic Olefins  

 

View PDF  
 

  

Table XIII. Aldehyde-Derived Nitrones and Endocyclic Olefins  

 

View PDF  
 

  

Table XIV. Ketone-Derived Acyclic Nitrones and Acetylenes or Olefins  

 

View PDF  
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Table XV. Endocyclic Nitrones and Acyclic Olefins  

 

View PDF  
 

  

Table XVI. Endocyclic Nitrones and Endocyclic Olefins  
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Table XVII. Exocyclic Nitrones and Dipolarophiles  

 

View PDF  
 

  

Table XVIII. Endocyclic Nitrones and Acetylenes  
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Table XIX. Miscellaneous Reactions of Nitrones and Dipolarophiles  
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Table XX. Intramolecular Cycloadditions of N-Alkenyl Substrates  

 

View PDF  
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Table XXI. Intramolecular Cycloadditions of Cyclic Nitrones  

 

View PDF  
 

  

Table XXII. Intramolecular Cycloadditions of C-Alkenyl Substrates  

 

View PDF  
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