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1. Introduction 

 

The reduction of aromatic compounds by alkali metals in liquid ammonia 

represents an important method for the preparation of partially unsaturated 

six-membered rings. The reaction was discovered by Wooster and Godfrey, (1) 

but the major development resulted from the efforts of A. J. Birch, (2, 3) and 

the reaction has since come to bear his name. Although a variety of metals  

   

 

 

can be used, the most common are sodium and lithium, and, to a lesser extent, 

potassium. Cosolvents such as ether or tetrahydrofuran (THF) are often used 

to improve solubility, and weak acids such as alcohols may be employed 

during the reaction as proton sources. The latter are necessary for the 

reduction of benzene and its unactivated derivatives. Improvement in 

experimental procedures by Wilds and Nelson, (4) the application to 

polynuclear compounds by Hückel (5) and later by Harvey, 3f and the 

development of methods for the alkylation of the anions generated in this 

process (i.e., reductive alkylation) have made this reaction an important 

approach to the synthesis of a wide variety of organic compounds. (6) 
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2. Mechanism, Regiochemistry, and Stereochemistry 

2.1. Mechanism  
Alkali metals dissolve in liquid ammonia to produce deep blue solutions that 

behave as if they contain metal cations and solvated electrons, and provide an 

excellent reducing medium. (7, 8) As shown in Eq. 1, the aromatic substrate 

accepts an electron to produce a radical anion in equilibrium with the reactant. 

In the presence of an alcohol, the radical anion may be protonated to furnish a 

radical which quickly adds an electron resulting in a monoanion (Eq. 2a). In the 

absence of an alcohol, the radical anion may simply persist in low 

concentration, (9, 10) and the addition of a stronger acid, like water or 

ammonium chloride, generally destroys metal faster than protonation of the 

radical anions can occur. Under these circumstances, little or no product is 

obtained since the equilibrium is shifted to the left. With substrates such as 

activated benzenes and polynuclear compounds, which have relatively high 

electron affinities, the radical anion can accept a second electron to afford a 

dianion (Eq. 2b). The dianion is then protonated by alcohol, if present, or more 

slowly by ammonia in the absence of alcohols, to provide the same monoanion 

as in Eq. 2a. This scheme suggests that with highly reactive substrates in the 

presence of an alcohol, both radical anions and dianions may be protonated 

during the rate-determining step. For example, both the radical  

   

 
 (1)   

 

   

 

 (2)   

 

   

 

 (3)   

 

anion and the dianion are protonated in the rate-determining step when 

anthracene is reduced in the presence of tert-butyl alcohol (but not methanol, 

ethanol, isopropyl alcohol, or water). (8) 

 

Depending on the basicity of the monoanion, it can be protonated by an 
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alcohol, if present, or by ammonia in the absence of an alcohol. Anions that 

are singly allylic or benzylic are protonated rapidly by ammonia. Examples 

include the reduction of styrene, stilbene, and phenanthrene. However, doubly 

benzylic anions, which are formed from anthracene, for example, appear to be 

persistent. Borderline basicity is provided by the dihydronaphthalene 

monoanion, formed as an intermediate in the reduction of naphthalene. The 

lithium salt is protonated in ammonia, especially at reflux temperature, 

whereas the sodium salt is considerably more resistant to protonation, 

especially at –78°. (11) 

 

Aromatic compounds may be considered to fall into three classes with respect 

to their Birch reduction behavior. Class 1: Benzene and its unactivated 

derivatives, including alkylbenzenes, aryl ethers, and aminobenzenes, follow 

the pathway described by Eq. 2a. Alcohols are necessary for reduction to 

occur, and alkylation of anionic intermediates is not possible. Class 2: 

Activated benzenes such as benzoates and biphenyls, and many polynuclear 

aromatics with two, three, and four rings; these systems follow Eq. 2b. 

Alcohols are not necessary for the reduction of Class 2 systems, and, in fact, 

should generally be avoided since if present in amounts exceeding one 

equivalent, they usually cause overreduction. Alkylation of the final 

monoanions is possible in these cases, and unless an equivalent of an alcohol 

is added to prevent the amide formation which occurs when the dianion is 

protonated by ammonia, additional alkylation may take place. This result is due 

to a second deprotonation/alkylation step occurring after the initial alkylation. 

Complications may arise when the monoanion is itself protonated by ammonia; 

phenanthrene is an example. The dihydrophenanthrene monoanion is 

protonated by ammonia (Eq. 3a) and the resulting neutral compound, which is 

a biphenyl, is highly reactive under the reduction conditions. Compounds of 

this type are difficult to reduce without overreduction. Class 3: Systems which 

form dianions resistant to protonation by ammonia. This result is to be 

expected only for large polynuclear compounds or compounds that involve  

   

 

 

 Class 1 Systems  
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 Class 2 Systems  

   

  

 Class 3 Systems  

   

  
special stabilization such as an aromatic dianion. Cyclooctatetraene (1) 

represents a compound in which the original 4n π electron system is converted 

into a 4n + 2 system 2 by the addition of two electrons. It is interesting to note 

that while conversion into an aromatic dianion assists reduction, the converse 

is not true. Anthracene (3) is converted into the (formally) antiaromatic dianion 

4 by the acceptance of two electrons, yet the dianion is easily formed. (12) 

Solvation and ion triplet formation must play an important role, mitigating the 

electronic effects. (13) 

 

Birch reduction may be accompanied by a number of side reactions. Among 

the most important are bond cleavage, dimerization, and substituent group 

reduction. Bond cleavage can result in the loss of a number of substituent 

groups (3) including benzylic oxygens in various forms; allyl, benzyl, and aryl 

ethers; and halogen and S-benzyl groups. Certain carbon–carbon bonds may 

also be cleaved during reduction, although this process is much more common 

in solvents other than ammonia. The mechanism of cleavage involves one of 

the three pathways shown in Eqs. 4–6, depending on the nature of both the 

aromatic moiety and the substituent. (14)  
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  (4)   

 

   

  (5)   

 

   

  (6)   

 

 

 

In principle, dimerization of the radical anions can also occur to provide the 

dianion illustrated in Eq. 7. However, this process is generally not observed 

under Birch reduction conditions with some exceptions. For example,  

   

  (7)   

 

dimerization is the primary reaction pathway for pyridine radical anions in liquid 

ammonia when generated in the absence of alcohols. (15) Dimerization 

through the carbonyl carbon is also quite common with the reduction of 

ketones. 3k 

 

Finally, with certain substituents such as carbonyl groups, protonation of the 

radical anion or dianion may occur at the substituent group itself (i.e., 5) since 

this position may represent a site of relatively high negative charge.  

   

 

This is especially true for otherwise unsubstituted benzenes or benzenes with 

additional substituents that are electron donors. In these cases, reduction may 

take place exclusively at the substituent, and the aromatic ring may not be 

reduced at all. 

2.2. Regiochemistry  
The Birch reduction of benzene derivatives generally gives nonconjugated 

cyclohexadienes with electron-withdrawing substituents enhancing reaction 

rates and occupying a saturated position in the product 6; electron-donating 

substituents decrease rates and occupy a vinyl position in product  
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7. (3, 16-20) This behavior follows the “Birch rule:” electron-donating 

substituents direct reduction so that the major product has the maximum 

number of such groups attached to the residual double bonds, and a minimum 

of these groups are located at the allylic sites. 3a 

 

The observation of conjugated products in some reactions is usually the result 

of isomerization of an initial nonconjugated product. This is most common with 

carbonyl or other substituent groups that may conjugate with a double bond, 

as shown for the conversion of 8 into 9.  

   

 
 

 

 

Perhaps surprisingly, there is little difference in thermodynamic stability 

between 1,4-cyclohexadiene and 1,3-cyclohexadiene. With some substitution 

patterns, the nonconjugated isomer is actually more stable than its conjugated 

counterpart. (21) Apparently there is little stabilization in the conjugated isomer 

since the double bonds are not coplanar. (22) 

 

With polynuclear compounds, reduction may occur 1,4 across an aromatic ring 

(10 from anthracene), 1,2 across an aromatic ring (11 from phenanthrene), or 

across more than one ring (12 from pyrene). Initial protonation is considered to 

take place at the position of highest electron density in the  

   

 

dianion. There is reasonable correlation between experimental results and 

predictions based on SCF MO theory (23-28) and electrostatic potential maps, 
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(17) although a number of exceptions exist. However, questions concerning 

protonation sites in dianions arise, (29) and the correct assignment is often 

provided by assuming that protonation of the dianion will take place to produce 

the most stable monoanion; this appears to give a good prediction of 
regiochemistry whether or not the reaction is actually driven by monoanion 
stability. 

 

The effect of substituents on the regiochemistry of the reduction of polynuclear 

aromatic compounds is sometimes complex. In the simplest example, 

napththalenes, electron donors in one ring often lead to reduction in the other 

ring, but this is not always true (see below). Similarly, electron-withdrawing 

substituents, especially at the β position, may not always lead to exclusive 

reduction in the substituted ring. Compounds for which the dianionic 

intermediates have substantial localization of negative charge at a specific site, 

for example the 9 and 10 positions in anthracene dianion, often are reduced 

with the same regiochemistry regardless of substitution pattern. 

2.3. Stereochemistry  
The stereochemistry of the reduction of nonrigid systems is determined by the 

stereochemistry of protonation of the final monoanion (Eq. 3). This is controlled 

by a number of factors, including the nature of R and R¢, and the hybridization 

at the anionic center. The simplest model is provided by the cyclohexadienyl 

anion 13. When R¢ is hydrogen, protonation occurs equally  

   

 

well from either side of the anion. Reduction of benzene-d6 provides equal 

amounts of cis and trans (diprotio) products. (30) When R and R′ are 

trimethylsilyl, a significant steric effect develops for protonation on the R′ side, 

and consequently the cis isomer predominates by 4:1 with either 

metal/ammonia reduction (31) or electrochemical reduction in methylamine. 

(32) Predominance of the cis isomer is slightly less (3:1) for the 

electrochemical reduction of 4-trimethylsilyltoluene, as might be expected by 

the decrease in size of R′ from trimethylsilyl to methyl. In the reduction of 

4-isopropylbenzoic acid, however, the trans product is favored by 2:1, and with 

4-tert-butylbenzoic acid, the trans isomer is formed exclusively. Clearly model 

13 fails for these reactions. When R is a π substituent, the model 14, which 

takes the overlap of the π  
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substituent with the anionic center into account, becomes useful. In fact, this 

overlap demands a nonplanar structure because of the interference of the 

oxygens with the nearby vinyl hydrogens. These atoms cannot all be in the 

same plane, and the ring folds slightly with R′occupying the pseudoaxial 

position. (22) This causes the vinyl hydrogens to block the bottom lobe of the 

anion orbital. Hence protonation is preferable from the topside; this is the case 

even if protonation occurs through the enol or is metal-directed. 

 

When the 1,4-cyclohexadiene ring generated during reduction is part of a 

larger polynuclear system, the ability of the six-membered ring and its anion to 

adopt variable folding angles leads to even more complex stereochemistry. 

These folding angles, defined by the angle between the two planes containing 

the vinyl carbons, may vary from 180° (planar) to 145° (highly puckered) in the 

neutral compounds, (22) with a correspondingly greater tendency toward 

planarity in the monoanion. 3h However, enolates in polynuclear systems 

should be considerably more folded than 14, since the replacement of the vinyl 

double bond with an aromatic ring provides an even greater steric interaction 

due to the peri hydrogens. 

 

The reduction of esters 15 where R is O-tert-butyl and R′is either methyl or 

ethyl gives a slight excess of trans products (60:40). (33) However, when R is 

methyl, the methyl ketones show a predominance of the cis product that 

increases in the series Me < Et < i-Pr for values of R′, with relative yields of 

60, 70, and 75% respectively. (33) Neither the ester nor the ketone products 

isomerize under the conditions used for the workup of the reaction. The  

   

 

change from trans to cis products may result from greater enolate character in 

the intermediate monoanion derived from the ketones, producing a greater 

degree of ring folding. Even more ring folding is expected for the anions 

derived from 16 (34) because of increased peri interactions, and reduction 

produces exclusively cis products with either ketones or esters. (33) 

Interestingly, 9,10-dialkylanthracenes 17 afford greater amounts of trans 
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products when R and R′ are primary, with a changeover to cis as the alkyl 

groups become larger. (35) Apparently the monoanion derived from 17 when R 

and R′ are sterically small is relatively flat, in contrast to that from 16, as 

suggested by both experiment (36) and theory. (37) 

 

The pattern that emerges can be rationalized, although the prediction of 

product ratios remains difficult. Planar anions such as 18 are expected to show 

little stereoselectivity, with cis products favored, because of a small steric 

effect from R′. Systems with modest folding such as 19 will be protonated  

   

 

preferentially in the pseudoaxial position to give trans products. With more 

highly folded structures like 20, the bottom lobe of the anion orbital angles out 

to become more accessible, and at the same time R¢ is forced closer to the 

anionic center. Both of these effects promote protonation from the bottom to 

produce cis products. Hence even though the reasons for the observed 

stereochemical behavior may be understood, it remains difficult to predict 

product outcome when the geometry of the monoanion is not known. 

 

In systems for which reduction occurs in a 1,2 fashion, stereochemistry is more 

easily predicted since the geometry of 1,3-cyclohexadienes is better defined. 

(22) For example, substituents prefer the pseudoaxial position in 

9,10-dihydrophenanthrenes, and the likely conformation of the monoanion can 

be  

   

 
described as 21. Of course, there may be some pyramidalization at the anionic 

center, depending on the nature of R, but the anion will prefer to be 

pseudoaxial to maximize overlap with the adjacent aromatic ring. In either case, 

protonation will occur from the top resulting in cis products, as observed. (38) 

 

The stereochemistry of reductive alkylation, where alkyl halides are added 

prior to the final quench, follows generally the same pattern as reduction. 

However, the larger size of the alkylating agents leads to more sensitivity to 
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steric interference, and effects from possible prior coordination with the metal 

are absent. Stereoselectivity may be further increased by the use of chiral 

substrates, as demonstrated for the reductive alkylation of a number of chiral 

benzamides. (39) For example, the optically active benzoxazepinone 22 reacts  

   

 

 

with potassium, sodium, or lithium in ammonia containing one equivalent of 

tert-butyl alcohol, followed by addition of alkyl halide, to give product ratios for 

23/24 of 85:15 for R = methyl, and 98:2 to 99:1 for larger R groups.  

   

 

This behavior may be understood by the enolate model 25, in which the top 

face appears to be more accessible to the electrophile. Even greater 

diastereoselectivity is shown by 26; 27 is produced with a 260:1 selectivity 

relative to methylation on the opposite side. (39)  

   

 
 

 

2.4. Regiochemistry and Stereochemistry—Intramolecular Effects  
Although nonconjugated double bonds are generally not reduced under Birch 

conditions, norbornadiene and a number of related compounds are quite 

reactive. (40) For example, the reduction of 28 and 29 with sodium/ammonia in 

the presence of tert-butyl alcohol results in double bond reduction  
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predominating over aromatic ring reduction in ratios of 2.1:1 and 10:1, 

respectively. This behavior is a consequence of orbital interactions through 

space, and orbital interactions through bonds. (41) Additional examples 

involve unsaturated sites separated by three, four, five, and six σ bonds. (40) 

 

Reactivity, regiochemistry, and stereochemistry are also affected by the 

presence of hydroxy groups. When OR in 30 is hydroxy, an allyl or phenyl 

group at the 16 βposition is reduced. However, when the hydroxy group is 

protected, as in 30b, the 16 β substituents are left intact, suggesting the 

importance  

   

 

 

of intramolecular protonation. (42) Ether 31a reacts only slowly with lithium to 

produce the expected 1,4-cyclohexadiene 32, but when R = OH,  
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the reaction is fast to produce 33. Hence regiochemistry, and presumably 

stereochemistry, are controlled by internal protonation of the radical anion 

intermediate. (43) Similar rate and/or regiochemical effects are observed for 

the reductions of 34–37. (44-48)  
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3. Scope and Limitations 

3.1. The Reduction of Polynuclear Aromatic Compounds  
Polynuclear aromatic compounds are considerably more reactive than 

benzenes, 3f,h and, as discussed under Regiochemistry, the sites of reduction 

are controlled by the distribution of electron density in the anionic 

intermediates. With the exception of compounds like naphthalene, 

triphenylene, and perylene, where all of the rings are equivalent, this selectivity 

also controls which ring is reduced. Substituents may exert some control over 

ring selectivity. However, in a system like anthracene, where the electron 

density is highly localized at the 9,10 positions, reduction generally occurs at 

that position regardless of the nature of substituent groups. 

 

The application of classical Birch reduction procedures, including the Wilds 

and Nelson modification of adding the alcohol last, provides only marginal 

results with polynuclear aromatic compounds. 3f The addition of alcohols to 

metal ammonia solutions of polynuclear aromatics invariably leads to reduction  

   

 

 

beyond the stage of the addition of two hydrogens. Mixture of products at 

varying stages of reduction and/or isomerization products are also common. 

For example, anthracene (3) affords primarily the hexahydro isomer by 

reduction with sodium/ammonia in the presence of an alcohol. (49) Colloidal 

iron may be used in a number of instances to prevent overreduction, and its 

presence during the reduction of anthracene restricts reduction beyond the 

dihydro stage. (50, 51) However, the same results can be obtained in minutes 

rather than hours by avoiding the alcohol altogether and simply quenching with 

stronger acids like ammonium chloride. 3f,g Nonetheless, iron salts are useful 

in systems like phenanthrene where reducible dihydro derivatives 11 are 

produced in situ via protonation with ammonia. (38)  
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If alkyl halides are added to metal ammonia solutions of polynuclear aromatic 

compounds before the addition of a proton source, alkyl groups may be 

introduced into the reduced products. The number of alkyl groups introduced  

   

 

 

depends on reaction conditions. 3g For example, anthracene provides mono-, 

di-, and trialkylated products under these conditions with cis and/or trans-39 

predominating when the alkyl halide is added to the metal/ammonia solution. 

However, if the metal/ammonia solution is added to the alkyl halide (inverse 

quench), 38 is produced in 80–90% yield. 

 

Naphthalene shows an unusual metal effect in that the use of sodium leads to 

>90% dialkylation whereas lithium provides >90% monoalkylation. (52) Once 

again, however, inverse quench leads to almost exclusive formation of the 

monoalkylated product. These effects, metal and addition order, are both due 

to a secondary reaction. As discussed above, many polynuclear aromatics 

produce monoanions as the persistent intermediate, and alkylation affords  
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monoalkylated dihydroaromatics (Eq. 8). However, protonation of the dianion 

by ammonia generates amide ion and so the monoalkylated product may be 

deprotonated and subsequently alkylated again (Eq. 9). Since sodium  

   

  (8)   

 

   

  (9)   

 

amide is more soluble than lithium amide, multiple alkylations are more 

common when sodium is used for the reduction. Inverse quenching into a large 

excess of alkyl halide consumes anions and amide so rapidly that secondary 

reactions are prevented. Alternatively, one equivalent of tert-butyl alcohol can 

be added to destroy the amide as it is formed. 

3.2. The Reduction of Aryl Ethers  
In the absence of other activating substituents, anisoles are reduced to 

1-methoxy-1,4-cyclohexadienes with the addition of hydrogen taking place at 

positions other than those occupied by the methoxy substituent (e.g., 40). The 

resulting enol ethers tend to undergo rearomatiziation on standing, so  

   

 

 

they are generally converted into the more stable ketones soon after 

preparation. This may be accomplished under mild conditions with oxalic acid 

in aqueous methanol, whereupon the double bond maintains its original 

position (41), or with hydrogen chloride to provide the conjugated ketone 42. 

This technique has wide application to the synthesis of steroids where the A 

ring is transformed into a △ 2-cyclohexenone. 3g,53–59 

 

The reaction of 5-methoxytetralin (43) with sodium/ammonia in the presence of 

methanol gives only a trace of reduction products, while its isomer  
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45 is successfully transformed into the enone 46 under similar conditions. (80) 

The diminished reactivity of 43 results from the fact that the normal course of 

reduction requires protonation to occur at a site bearing an alkyl substituent. 

However, by adding an alcohol last according to the Wilds and Nelson 

modification, (4) ketone 44 is isolated in 63% yield with lithium providing 

significantly better results than sodium. Compounds 47 (81) and 48 (82) 

containing the 5-methoxytetralin moiety provide poor yields of the desired 

enones even with  

   

 

large excesses of lithium. In contrast, the unusually high reactivity of 49 is 

understandable in terms of an intramolecular protonation process (see above). 

 

An important limitation in the reduction of aromatic ethers is the occasional 

partial or complete loss of the alkoxy group. This is especially true when the 

alkoxy group is para to an activating substituent. Both 50 (83) and 51 (84) are 

reduced exclusively 1,4 to the carbonyl substituent with complete loss of the 

methoxy group. The replacement of methoxy with larger groups (85) is only 

modestly successful in increasing oxygen retention as demonstrated with 

12-methoxy and 12-isopropoxypodocarpe-8,11,13-trien-19-ol (52). (86)  
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The Birch reduction of aryl silyl ethers has considerable synthetic utility. 

Although poor results are obtained with trimethylsilyl, tert-butyldimethylsilyl 

and isopropyldimethylsilyl phenyl ethers give good yields (80–97%) of 

1-4-dihydroaryl silyl ethers 53. (87) Further treatment of 54, for example, with  

   

 

 

tetrabutylammonium fluoride gives the relatively inaccessible β , γ 

-unsaturated ketone 55, and titanium-mediated acylation provides 

cyclohexadiene 56.  

   

 

 

 

3.2.1.1. Alkylation of Dihydroaryl Alkyl Ethers  
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The reduction products of aryl ethers can serve as useful starting materials for 

synthesis. 1-Methoxy-1,4-cyclohexadienes 57 are deprotonated by potassium 

amide in ammonia at the allylic position next to the oxygen. (88, 89) The 

resulting anion is alkylated in yields of 75–85% with butyl, pentyl, or hexyl 

bromides, or arylated in 50–60%  

   

 

 

yield with bromobenzene. (89) This method provides a basis for the synthesis 

of olopanone (58), (90) (Z)-heneicosa-6-ene-11-one (59) (89) (the male sex 

attractant of the Douglas fir Tussock moth), and pregn-4-en-20-one (60). (91) 

A related process is used for the synthesis of the alkaloid secodaphrinphylline 

(61). (92) The protected ether derived from the Birch reduction of m-cresol is 

lithiated and then carboxylated followed by methylation of the acid and 

hydrolysis of the ether to produce 2-carbomethoxy-3-methylcyclohexenone. 

Subsequent Diels–Alder reaction with the tert-butyldimethylsilyl enol ether 

derived from 1-acetylcyclopentene leads to a tricyclic keto ester that provides 

the necessary carbocyclic skeleton for the synthesis of 61. With 62, where 

deprotonation of the methyl ether fails, the diethylaminoethyl ether reacts with 

n-butyllithium in hexamethylphosphoric triamide (HMPA), followed by addition 

of alkyl halide and hydrolysis, to produce 

2-alkyl-3-methylcyclohex-2-en-1-ones 63. (93, 94)  
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RX  

CH2 ＝ CH(CH2)2Br  (86%) 

CH2 ＝ CHCH2Br  (88%) 

m-MeOC6H4(CH2)2CH ＝ CH(CH2)2Br (85%) 

p-MeOC6H4(CH2)2CH ＝ CH(CH2)2Br (89%) 

p-MeOC6H4(CH2)2Br  (78%) 

MeCCl ＝ CH(CH2)2Cl  (80%)  
 

 

3.2.1.2. Cycloadditions  
1-Methoxy-1,4-cyclohexadienes can be used as substrates in cycloadditions 

where prior isomerization to the conjugated isomer is accomplished in situ. 

This reaction is accelerated by catalysts, as illustrated by the reaction of 

1-methoxy-1,4-cyclohexadiene (64) with acrylonitrile in the presence of 

dichloromaleic anhydride (DCMA) to afford adduct 65 in 75%  

   

 

 

yield. (95) Under similar conditions, but in the absence of dichloromaleic 

anhydride, only unreacted 64 is recovered. Aluminum chloride and 

p-toluenesulfonic acid are also effective catalysts. (96) 

 

α -Chloroacrylonitrile can also be used with complete (>99.9%) regioselectivity 

to produce adduct 67, which can be converted into the bicyclic ketone  
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68 in over 80% yield. (97) Ketone 68 serves as a precursor to 

cis-decalin-2,6-diones 69, (98) which can be used in the total synthesis of the 

lycopcodium alkaloid luciduline (70). (99) Rearrangement of ketone 71, 

available from 6-methoxy-1,2,3,4,7,8-hexahydronaphthalene and a ketene 

equivalent, ultimately furnishes 72, a model of the veatchine group of diterpene 

alkaloids. (100)  

   

 

 

 

3.3. The Reduction and Reductive Alkylation of Aromatic Ketones  
The Birch reduction of aromatic ketones is complicated by the fact that 

carbonyl reduction may take place in addition to, or in place of, aromatic ring 

reduction. Acetophenone reacts with potassium/ammonia in the presence of 

tert-butyl alcohol to give ethylbenzene. (101) Similarly, α -tetralone (73) affords 
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tetralin with lithium/ammonia reduction, but alcohol 75 is produced when 

sodium benzoate is used as a quenching agent. (102) Evidently additional 

reduction  

   

 

 

may occur during the quenching process even when relatively acidic agents 

like ammonium chloride are used. The reduction of α -tetralone is also quite 

sensitive to the order of addition of reagents, the metal employed, and the 

temperature. (103) With sodium added last, the nuclear reduction product 76 is 

produced in 30% yield together with 74 (12%) and 75 (49%). However, the use 

of lithium and lower temperatures (–78°) results in a considerable amount 

(54–84%) of dimerization (77), affording a mixture of 77a, 77b, and 77c.  

   

 

 

 

Overall reductive alkylation may be accomplished with acetophenones 78 by 

reduction to produce an enolate 79 which is subsequently alkylated. (83) This 

is best accomplished by initial reduction with potassium followed by exchange 

of the cation with lithium bromide prior to the alkylation step. Additional  
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improvements include adding the alkylating agent in aqueous tetrahydrofuran 

(1:1) at –78° to buffer the system and suppress dialkylation. (104) Similarly, 

1-tetralones (81) (83, 104, 105) and 1-indanones (82), (106-108) including a 

number of methoxy derivatives, undergo reductive alkylation with R′ = methyl, 

ethyl, allyl, and benzyl halides.  

   

 

 

 

 

Reduction of 1-acetylnaphthalene (109-113) leads to the dienolate 83, which 

can be alkylated with methyl or n-amyl iodide (109, 111) to produce 84. On the 

other hand, protonation by ethanol affords the conjugated product 85. (110, 

111)  

   

 

This is likely a rearrangement product since the reverse quench of 83 into 

aqueous ammonium chloride yields 84 (R = H). (113) 

1-Keto-1,2,3,4-tetrahydrophenanthrenes 86, (112, 114, 115) as well as A/B 

aromatic 11-keto steroids, (115, 116) react similarly to provide conjugated 

reduction products or nonconjugated, methylated reduction products. 
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In contrast to the 1-isomer, the reduction of 2-acetylnaphthalene is more 

difficult to control. Both lithium and sodium reduction lead to tetrahydro  

   

 

 

products with some reduction of the carbonyl group. However, the use of 

potassium for reduction, or lithium/ferric chloride for reductive methylation, 

affords the dihydro products 87 and 88 respectively. (111) Curiously neither 

the  

   

 

use of potassium nor ferric chloride limits the reduction of 89, which yields the 

tetrahydro product 90. (112) Preference for cis-fused B/C rings in the latter is 

presumably a consequence of protonation of the enolate from the sterically  

   

 

 

less hindered equatorial side. Alkylation of the lithium enolate derived from 89 

affords a mixture of cis- and trans-fused hexahydro isomers, and the use of 

sodium or potassium leads to a considerable amount of dialkylation. 

 

Carbonyl groups may be protected during reduction by conversion into acetals, 

and a variety of p-anisaldehyde and p-methoxyacetophenone acetals and 

ketals 91 can be reduced to the 2,5-dihydro compounds in 30–80%  
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yields. (117) p-Isopropylbenzaldehyde can also be protected as the 

N,N¢-dimethylimidazoline (92) in an analogous transformation. (118) 

3.4. The Reduction of Aromatic Carboxylic Acids  
3.4.1.1. Benzoic Acids  
The carboxy group generally dominates regiochemistry, and is strongly 

activating in the Birch reduction. 3f,119 However, while classical reduction 

conditions produce good results with benzoic and o-toluic acids,  

   

 

 

affording 1,4-dihydrobenzoic acids, (119-121) p-toluic acid (93, R = Me) gives 

mainly the tetrahydrotoluic acid under similar conditions. (120) With low levels 

of an alcohol, or in its absence together with short reaction periods followed by 

ammonium chloride quench, both 4-isopropyl and 4-tert-butylbenzoic acids  
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can be reduced efficiently to the 1,4-dihydro products. The former has a 

cis/trans ratio of 1:2 (122) while the latter gives only the trans isomer. (33) 

m-Alkylbenzoic  

   

 

 

acids show similar behavior and are best reduced with water or ammonium 

chloride as the proton donor if 1,4-dihydro products are desired. (123) On the 

other hand, o-alkylbenzoic acids give mainly 1,4-dihydrobenzoates 

irrespective of the experimental procedure. In the absence of proton donors, 

the intermediate dianion 94 persists in solution and can be trapped with alkyl 

halides, (123) α , β-unsaturated esters, (124) epoxides, (125) or formaldehyde 

(126) to give a variety of synthetically useful products. The use of alcohols may 

serve as a  

   

 

 

convenient method when conjugated products are desired, however, as 

illustrated in the synthesis of the tetrahydroindane carboxylic acid 95. (127) 

 

The loss of alkoxy and amino groups in benzoic acids by hydrogenolysis is 

common especially when they are in the para position. For example, the  
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reduction of the trimethyl ether of gallic acid (96) leads to complete loss of the 

p-methoxy group but retention of those meta to the carboxy group. (120) 

m-Anisic acid is reduced smoothly with complete retention of the methoxy 

group. However, overreduction to the tetrahydro stage occurs with ethanol, 

and to a lesser extent with methanol, as the proton donor. This problem is 

corrected by reduction in the absence of an alcohol followed by the addition of 

ammonium chloride. (120, 128-130) 

 

The loss of substituents can also be a problem with o-methoxybenzoic acids, 

especially when lithium is used in refluxing ammonia. (131) Some 

improvements involve the use of sodium instead of lithium, and the use of 

methanol as a proton donor. 132–133 A more general procedure, which also 

facilitates alkylation, involves the addition of potassium tert-butoxide prior to 

reduction by potassium metal in the presence of up to four equivalents of 

tert-butyl alcohol.  

   

 

 

In this way 2-methoxy-6-methylbenzoic acid (98) can be reductively alkylated 

with methyl, benzyl, and 4-(1-butenyl) halides. Hydrolysis of the enol ethers 

leads to decarboxylation with production of cyclohexenones 99. (134) In some  
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instances, it may be desirable to generate the lithium salt prior to alkylation, 

and such exchange is accomplished by the addition of lithium bromide. The 

reductive alkylation of 2-methoxybenzoic acids serves as the starting point for 

a number of total syntheses as illustrated for the sesquiterpenen 101. (135) 

The reductive alkylation products of alkyl and alkoxybenzoic acids 102 can 

also undergo oxidative decarboxylation with lead tetraacetate, (136) or 

electrochemically, (137) to produce aromatic hydrocarbons and ethers in good 

yields.  

   

 

 

 

3.4.1.2. Polycyclic Aromatic Carboxylic Acids  
The reduction of polycyclic aromatic carboxylic acids is especially easy when 

the carboxy group is located on a carbon that corresponds to a position of high 

electron density in the radical anion/dianion of the parent hydrocarbon. If the 

carboxy group is positioned at a site of low electron density relative to the 

parent hydrocarbon, however, reduction is often hard to control with respect to 

overreduction and/or isomerization. 

 

Conditions that give good results with benzoic acids, like the use of excess 

metal and the presence of an alcohol as a proton donor, often provide poor 

results with polycyclic aromatic carboxylic acids. For example, 1-naphthoic 

acid (103) provides substantial amounts of the 3,4-dihydro isomer 105 when 

reduced in the presence of an alcohol, 2a,138 but 1,4-dihydro-1-naphthoic 

acid  

   

 

 

(104) becomes the exclusive product when ammonium chloride is used as the 

proton source. (84, 139) In contrast to the trans predominance observed for  
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4-substituted benzoic acids, 5-acenaphthoic acid gives the cis isomer 106. 

(140) This result is presumably due to the added constraint provided by the 

fivemembered ring. The reduction of 2-naphthoic acids is more difficult to 

control. (84, 141-144) However, the use of ferric chloride during the reduction 

leads to yields of ca. 75% for both reduction (107) and reductive methylation 

(108). (84) Interestingly, different regiochemistry is observed for these two 

processes.  

   

 

 

 

Reaction conditions are quite important in the reduction of 

biphenyl-4-carboxylic acid. (145, 146) However, with rapid quenching 

techniques, two products 109 (stereochemistry unknown) and 110 can be 

obtained in a ratio of 3:1  

   

 

respectively. (146) In contrast, the ortho isomer provides a single product 111 

with reduction being controlled by the carboxylic acid group. (145) 

3.5. The Reduction of Aromatic Carboxylic Esters  
The Birch reduction of aromatic esters is problematic in that carbonyl reduction 

is expected to be competitive with ring reduction (i.e., the Bouveault–Blanc 

procedure). However, if one or two equivalents of water, or tert-butyl alcohol, is 

added before metal addition, benzoate esters may be  
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reduced in over 95% yield with sodium in ammonia, although yields are poor 

when 4-alkyl substituents are present or methyl esters are used. (147) 

However, if tert-butyl alcohol is used with lithium or potassium as the metal, 

good results are obtained with methyl benzoate. 3j This method, with 

potassium, also works well with reductive alkylation as illustrated for the 

o-methoxybenzoate ester  

   

 

 

112. (134, 148) Yields are in the range 60–95% even in the presence of a 

4-methyl substituent. However, in some cases it is necessary to convert the 

potassium enolate into the lithium enolate prior to the alkylation step, and with 

especially  

   

 

 

active alkylating agents the ammonia must be removed first. 3j It is possible to 

carry out the alkylation step separately on the dihydrobenzoate (e.g., 113) by 

deprotonation with lithium N,N-diisopropylamide (LDA) followed by alkylation. 

(149) The reductive alkylation of o-methoxybenzoate esters provides  
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considerable opportunity for further synthetic elaboration as illustrated in the 

synthesis of juncunol (114), (133) (±)-longifolene (115), (150) and the tricyclic 

ketone 116. (151) Similarly, conjugated dienes like 117 may be produced that 

serve as substrates for Diels–Alder reactions. (152)  

   

 

 

 

 

In general, esters may serve as excellent alternatives to the parent carboxylic 

acids for Birch reduction, especially reductive alkylation. They are more 
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soluble; more resistant to isomerization, rearomatization, and decarboxylation; 

and are more easily isolated. They may also show improved regioselectivity,  

   

 

 

as illustrated for reduction of ester 118. The parent acid is reduced in both 

rings with the disubstituted ring favored by a 3:1 ratio whereas the ester gives 

119 exclusively. (146) 

3.6. The Reduction of Aromatic Amides  
The reduction of aromatic amides is quite sensitive to conditions and can 

produce considerable amounts of benzaldehyde as well as dimeric products. 

(120, 152-157)  

   

 

 

Best results are obtained when potassium is used in the presence of one 

equivalent of tert-butyl alcohol, and the resulting monoanion can be protonated 

or alkylated (120). (157) 

3.6.1.1. Enantioselective Reductive Alkylation of Aromatic Amides  
The incorporation of L-proline as a chiral auxiliary in 121–123 allows reductive 

alkylations with high diastereoselectivities (39, 158-164) although the sense of 

stereoselection in 121 is opposite to that in 122. (159) Birch reduction of 121, 

where  
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R1 = OMe and R2 = CH2OMe, followed by alkylation with methyl iodide at –78° 
gives diastereomeric α -methylated dihydroaromatic products in a 260:1 ratio. 

(39) Amide 122, where R1 = R2 = R3 = H, is less selective than 121 in 

methylation with a ratio of 85:15, but selectivity increases to 99:1 when ethyl 

iodide is used as the alkylating agent. This method can be used as a starting 

point for total synthesis as, for example, 122 in the enantiospecific preparation 

of (–)-longifolene (115). (150) 

3.7. The Reduction of Phenols  
Phenols are rather unreactive under Birch reduction conditions since the 

addition of an electron to a phenoxide produces a radical dianion. In 

polynuclear aromatics such as 124, the aromatic ring bearing the hydroxy 

group is often not reduced. (165) The reduction of phenolic rings is best 

accomplished with high concentrations of lithium. The yield of 127 is increased 

from 46% to 76% by increasing the lithium concentration from 3.4 M to 4.3 M. 

(166) An exception to this lack of reactivity is 2-naphthol and its derivatives. 2a 

Increased  

   

 

 

reactivity may be due to reduction occurring via the tautomeric α , β 

-unsaturated keto form.  
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3.8. The Reduction of Aromatic Amines  
Aromatic amines undergo transformations analogous to anisoles in that the 

final products are ordinarily ketones and unsaturated ketones. (167, 168) In 

contrast to anisoles, however, the initial reduction products are usually not 

isolated with aryl amines, and overreduction is common. However, 

N-aryl-morpholine  

   

 

 

derivatives provide an important exception in that the primary reduction 

product is isolable. As illustrated for 128, the products are generally 

conjugated cyclohexadienamines, although nonconjugated products are 

formed when there are substituents ortho to the nitrogen. (169) 

3.9. The Reduction of Arylsilanes  
Carbanions are stabilized by an α -silyl substituent, (170) and consequently 

arylsilanes are reduced to provide allylic silanes in the absence of more 

strongly activating substituents. (171) Since allylic silyl groups are easily 

removed by fluoride ion, silyl substitution represents a way of controlling 

regiochemistry in the Birch reduction. (172-174) For example 

1-methylnaphthalene (130,  
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R = H) is reduced in the unmethylated ring to produce 

5-methyl-1,4-dihydronaphthalene (131). However with a 4-trimethylsilyl 

substituent at C-4 (130, R = SiMe3), reduction occurs exclusively in the 

substituted ring to produce 132. Subsequent removal of silicon by treatment 

with tetrabutylammonium fluoride (TBAF) affords 

1-methyl-1,4-dihydronaphthalene in 80% overall yield. (172) The equivalent of 

overall reductive alkylation can also be accomplished by removal of the 

trimethylsilyl group in the presence of methyl or ethyl iodide. For example, the 

phenanthrene 133 is reduced to the benzylic silane 134, which, in turn, can be 

treated with tetrabutylammonium fluoride in the presence of primary alkyl 

halides to produce the trans-9,10-dihydro derivative 135. (173) This is 

especially significant since reduction of 9,10-dialkylphenanthrenes produces 

the cis isomers. Anthracenes and naphthalenes can also be alkylated in this 

way, and the products exhibit the same stereochemistry that they show during 

normal reductive alkylation in the absence of a silyl group. This result indicates 

that additional stereoselectivity by the replacement of silicon with RX is not 

possible and that the intermediate resulting from treatment with 

tetrabutylammonium fluoride is the carbanion and not a tight complex. (174) 

Silyl substitution can also be used to prevent cleavage of  

   

 
 

substituents that might otherwise be lost during reduction. For example, 

although fluorobenzene is rapidly converted into benzene and on to 

1,4-cyclohexadiene under Birch reduction conditions, 

m-trimethylsilylfluorobenzene  
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(136) is reduced with the fluorine retained. Subsequent removal of the silicon 

by tetrabutylammonium fluoride affords 1-fluoro-1,4-cyclohexadiene (138), 

which is not otherwise accessible by Birch reduction methods. (175) 

3.10. Bond Cleavage and Dimerization  
Dissolving metal reduction is sometimes accompanied by processes that alter 

the nature of the original ring system. Two such side reactions are bond 

cleavage and dimerization. As mentioned above, the cleavage of 

carbon–oxygen bonds is quite common in aryl ethers, and may become a 

major pathway. (176) This is especially true for alkali metal reduction in 

solvents other than ammonia. (177-185) Carbon–carbon bond cleavage is also 

possible with 1,2-diarylethanes  

   

 

and diarylmethanes. [2.2]-Paracyclophane (139) undergoes cleavage of the 

ethane bond during lithium/ammonia reduction, (186) and the 

1,2-benztriptycene (140) ring opens to give 

10-lithio-9-(2-naphthyl)-9,10-dihydroanthracene. (187) On the other hand, the 

isomeric 2,3-benztriptycene (141) does not ring open under similar conditions. 

(187) The competition between Birch reduction and bond cleavage in 

1,2-bis(4-methyl-1-naphthyl)ethane (142) is  

   

 

quite sensitive to conditions, with cleavage increasing relative to reduction in 

the series Li < Na < K and NH3 < THF < HMPA. (188) It is quite significant, 

however, that reduction becomes the almost exclusive pathway at 

temperatures below –33° regardless of metal or solvent. Since this is the 

highest operating temperature for ammonia, effects that appear to be solvent 

related may in fact be more attributable to temperature. 

 

Dimeric and oligomeric products may also result from the reduction reaction, 
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and in some cases this represents a major pathway. For example, 

fluoranthene (143) reacts with either sodium or lithium in ammonia to give  

   

 

 

the dimer 144 in 30–52% yield together with polymeric material. (189) Similarly, 

the reduction of naphthalene can produce substantial amounts of dimer and 

trimer, especially with prolonged reaction times. (190) These processes do not 

involve dimerization of radical anions, as might be expected, but rather result 

from monoanion addition to neutral alkenyl aromatics. (189, 190) 

3.11. Comparison with Other Methods  
3.11.1.1. Benkeser Reduction  
The use of lithium in primary amines, ethylenediamine, or mixtures of primary 

and secondary amines serves as an alternative to the classic Birch reduction 

procedure. Known as the Benkeser reduction, this system provides a more 

powerful reducing medium than metals in ammonia. (191) For example, 

whereas benzene gives 1,4-cyclohexadiene by Birch reduction, treatment with 

lithium in ethylamine provides mainly cyclohexene plus some cyclohexane. 

(192) Similarly, naphthalene, which under suitable metal ammonia reduction 

conditions affords 1,4-dihydronaphthalene almost quantitatively, (11) gives the 

octahydro products 145 and 146 in equal amounts by reduction with lithium in 

ethylamine. (192) When the solvent is changed to a mixture of ethylamine and 

methylamine, the selectivity (193) increases with 145 as the major product 

(80%). With ethylenediamine, reduction proceeds even further to produce 

decalin (147). (194) Polynuclear aromatic compounds normally  
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undergo reduction beyond the dihydro stage with lithium–amine systems and 

often yield a mixture of products. Reduction of these compounds beyond the 

addition of two hydrogens must result from protonation of the anionic 

intermediates by the amines. However, this need not suggest greater acidity in 

this medium as compared with ammonia, but probably results from the higher 

temperatures normally employed. The conjugation of dienes by the lithium 

salts of amines is well known. (195) In any event, Benkeser reduction does not 

serve as a substitute for the Birch reduction, but may be the method of choice 

when more highly reduced materials are desired or for the reduction of isolated 

double bonds. 

 

The use of calcium in low-molecular-weight amines sometimes provides 

cleaner results than lithium. For example, the dienes 148 and 149 can be  

   

 

obtained by calcium–methylamine–ethylenediamine reduction of durene and 

anthracene respectively. (196) The addition of tert-butyl alcohol to such 

systems, however, gives products similar to those of the Birch reduction in a 

number of cases. For example, anisole and the isomeric xylenes are all 

reduced to the expected 1,4-cyclohexadienes with calcium/amines/tert-butyl 

alcohol with yields in the 75–90% range. (197) 

3.11.1.2. Reduction in other Solvents  
Electron addition to aromatics and other unsaturated cyclic compounds can 

also be accomplished by the use of alkali metals in solvents other than 

ammonia or amines, most notably tetrahydrofuran and HMPA. (198) This 

procedure seldom offers any advantage over metal/ammonia procedures, 

since reactions in these solvents are often quite slow. However, in the absence 

of ammonia or an alcohol as a proton source, the intermediates are radical 

anions or dianions, and alkylations may be possible that cannot be achieved in 

the presence of ammonia. Alloys such as Cs/K/Na in tetrahydrofuran reduce 

benzene, toluene, and xylene, generally producing tetrahydrobiphenyls as the 

major products. (199) Crown ethers enhance the solubility of alkali metals in 

tetrahydrofuran, (200) and the system sodium–potassium 

alloy/18-crown-6/tetrahydrofuran has been used for the reduction of benzoic 

acid and anthracene. (201, 202) The addition of sodium metal to polynuclear 

aromatics in a refluxing alcohol also represents a method for ring reduction, 

but it is not expected to have much general utility. (203) 

3.11.1.3. Reductive Silylation  
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Benzene (204, 205) and its alkyl, (205) methoxy, (206, 207) and hydroxy 

derivatives (207) react with lithium in tetrahydrofuran in the presence of 

chlorotrimethylsilane to produce 3,6-bis(trimethylsilyl)-1,4-cyclohexadienes. 

This process, which may require extended reaction periods of a number  

   

 

 

of days, can be accelerated by sonication as demonstrated for the reductive 

silylation of phenol. (207) 1,4-Cyclohexadiene, free of its conjugated isomer, 

can be prepared by the reductive silylation of benzene followed by silicon 

removal with aqueous potassium hydroxide in carbitol. (208) Rearomatization, 

affording an overall route to silylated aromatics, is also quite facile. For 

example, this  

   

 

 

methodology can be used for the preparation of the silylated indole 150 with 

further conversion to the acyl derivative 151 by ipso Friedel–Crafts acylation. 

(209) 

 

Naphthalene undergoes reductive silylation with sodium in tetrahydrofuran to 

provide both 1,2- and 1,4-dihydro isomers 152 and 153, (210) whereas the use 

of potassium leads to a tetrasilylated compound. (211) With 

lithium/tetrahydrofuran (212)  
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or magnesium/HMPA, (213) silylation proceeds further to give 154, which can 

be rearomatized with the loss of two silyl groups to provide 

1,4,6,7-tetrakis(trimethylsilyl)-1,2,3,4-tetrahydronaphthalene, providing a 

source of tetrafunctional naphthalenes by subsequent electrophilic substitution 

on silicon. 

3.11.1.4. Electrochemical Reductions  
Reactions similar to the Birch reduction can also be performed 

electrochemically. (214, 215) Benzene is reduced by electrochemical 

reduction using lithium chloride as the electrolyte to provide 

1,4-cyclohexadiene in an undivided cell, but cyclohexene in a divided cell. (191, 

216) The latter result is presumably due to the presence of lithium 

dimethylamide,  

   

 

 

formed in the divided cell, that causes isomerization and further reduction of 

the initial product. Ethyl, isopropyl, and tert-butylbenzene can be similarly 

reduced producing 1-alkyl-1,4-cyclohexadienes in yields of 75–96% in the 

undivided cell. 

 

Efficient preparative electroreductions can be performed at mercury pool 

cathodes in solutions containing tetraalkylammonium electrolytes with a 

variety of solvents including acetonitrile, N,N-dimethylformamide (DMF), 

alcohols, ethers, sulfolane, and HMPA. (215) The use of aqueous solutions 

can  
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also produce interesting results. For example, diphenyl ether (155) is reduced 

to phenol and benzene by either Birch reduction or electrochemical reduction 

in dry N-N-dimethylformamide. However, with cathodic reduction in aqueous 

tetrahydrofuran, 156 and 157 are produced in combined yields of over 50%. 

(217) 

 

Another interesting example is estrone 3-methyl ether (158) since it cannot be 

satisfactorily reduced by Birch reduction. By varying the current, the carbonyl 

and the aromatic ring can be selectively reduced producing either 159 or 160 

in yields of over 80%. (218) 

 

Polynuclear aromatic hydrocarbons can also be reduced electrochemically; in 

some instances results are quite comparable to Birch reduction and in others 

they are not. For example, preparative electrolysis of anthracene provides 

9,10-dihydroanthracene in 90% yield. However, phenanthrene gives a mixture 

of dihydro, octahydro, and decahydro derivatives. (215)  

   

 

 

 

3.11.1.5. Catalytic Hydrogenation  
Although aromatic rings can be reduced by catalytic hydrogenation, reduction 

normally proceeds far beyond the stage of dissolving metal reduction. (219) 

Thus while a useful procedure, catalytic hydrogenation  
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does not usually serve as an alternative to Birch reduction. Hydrogenation is 

often unpredictable and difficult to control. Either heterogeneous or 

homogeneous catalysts can be used, but in both cases the usual products 

from the hydrogenation of benzene derivatives are cyclohexanes. However, 

this method can be applied to polynuclear aromatics with exceptionally good 

results in some instances. For example, benz[a]anthracene (161) can be 

hydrogenated under mild conditions (20–50 psig, ambient temperature) to  

   

 

 

provide 162 in 97% yield when palladium on charcoal is used as the catalyst, 

and 163 in 95% yield using a platinum catalyst at slightly higher hydrogen 

pressures. (220) 
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4. Experimental Conditions 

4.1. Liquid Ammonia 
Anhydrous ammonia is a toxic gas with a pungent odor, and all operations 

must be conducted in an efficient fume hood. Liquid anhydrous ammonia is 

available commercially in steel cylinders, and it can be removed in either liquid 

or gaseous form. However, ammonia from steel cylinders is often 

contaminated with iron, thereby providing a catalyst for the formation of alkali 

metal amides. This problem is especially important when sodium or potassium 

is employed, or when prolonged reaction times are necessary, and has led to 

the practice of double distillation – ammonia is removed as a gas and 

condensed into a preliminary vessel where it is dried with sodium until a blue 

color persists. It is then distilled into the reaction vessel. A simpler method is to 

pass the ammonia through a drying tube containing barium oxide 

(10–20 mesh). 

 

Liquid ammonia has a boiling point of –33.4°, and an efficient condenser is 

required. A Dewar condenser containing a slurry of dry ice in isopropyl alcohol 

will normally suffice. A positive pressure of inert gas is also required, and 

argon or helium are preferred since nitrogen reacts with lithium metal. 

4.2. Metals  
The metals most frequently employed for Birch reduction are sodium, lithium, 

potassium, and, to a lesser extent, calcium and magnesium. Lithium is the 

most reactive, and also the most soluble in ammonia. Coupled with the fact 

that lithium is also less sensitive than sodium or potassium to iron-catalyzed 

reaction with ammonia, it is often the metal of choice. Lithium amide is also 

less soluble than either sodium or potassium amide, and this can reduce the 

amount of secondary isomerization products. With polynuclear compounds, 

however, the greater tendency for lithium salts to be protonated by ammonia 

can lead to overreduction, and sodium sometimes gives the best results. 

 

Although alkali metals are quite soluble in ammonia ultimately producing 

so-called “metallic” or “bronz” phases, Birch reductions are most often done 

under dilute conditions. Ranges of 0.1–0.5 g metal per 100 mL of ammonia are 

common, and scaling up, when it includes more concentrated metal solutions, 

sometimes results in lower yields. Hence the ramifications of highly 

concentrated solutions of alkali metals in amine and ether solvents remain 

unclear. (221) 

4.3. Cosolvents and Proton Donors  
Cosolvents are often added to aid solubility. They are usually ethers, with 

diethyl ether, tetrahydrofuran, and glymes being the most common. However, 

since the anionic intermediates, as well as the products, are often more 
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soluble than the starting materials, only slight solubilization is necessary. 

Product outcome is occasionally affected by the nature of the cosolvent, but 

this may be more a function of ion pairing than solubilization. In any event, the 

routine use of diethyl ether or tetrahydrofuran in a ratio ranging from 1:3 to 1:2 

relative to excess ammonia is probably prudent. 

 

It is sometimes necessary to add acidic substances that may serve as proton 

sources. Generally, alcohols like ethanol and tert-butyl alcohol are employed 

for this purpose although occasionally stronger acids like water may be 

employed. The most serious problem normally comes about when a proton 

source is added where it is not required. This is true for almost all polynuclear 

aromatics as well as for a number of activated benzenes. 

4.4. Reaction Procedures  
The purity of starting materials remains a question. Carefully purified ammonia, 

cosolvents, proton donors, and aromatic substrates are sometimes critical. On 

the other hand, commercial anthracene can be reduced almost quantitatively 

without purification, and with “wet” ether as a cosolvent. As a general rule, the 

reduction of highly reactive substrates with short reaction times and rapid 

quenching (e.g., ammonium chloride) will not be overly sensitive to these 

considerations. Nonetheless, routine purification of materials is recommended. 

Commercial anhydrous tetrahydrofuran can be further dried by distillation from 

sodium benzophenone ketyl. Metals should be freshly cut under oil with their 

surfaces scraped clean, and then rinsed with petroleum ether. Additional 

details for the handling and purification of lithium, sodium, and potassium may 

be found in Reagents for Organic Synthesis. (222) 

 

The order of addition can be quite important. There are several possibilities: 

the substance to be reduced dissolved in cosolvent containing an alcohol may 

be added to the ammonia already containing the metal, the alkali metal may be 

added last to the other reagents, or the alcohol may be added last. Of these 

methods, adding the metal last in small pieces is generally recommended. 

 

The final quenching process is also important, and two general types of 

materials may be used: acidic materials like alcohols, water, or ammonium 

chloride, or electron-transfer agents like sodium benzoate or dienes followed 

by water. It is best to understand what is being accomplished in the final 

quench. This generally means one or more of the following possibilities: 

destroy excess metal, protonate anionic intermediates, and shift equilibria. If 

the quench is done slowly, as is the case with alcohols, metal is destroyed 

slowly and so excess metal during the quench can produce overreduction. A 

potential problem with electron-transfer reagents is that they can accept an 

electron from an anionic intermediate. This is not likely, however, except for 

dianions which are rare in ammonia. The addition of saturated ammonium 

chloride as fast as possible while keeping frothing under control is a good 
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general method. Where extreme sensitivity to overreduction during the 

quenching process exists, it is possible to pump the ammonia solution into 

dilute ammonium chloride (i.e., inverse quench). 

 

Rapid workup is sometimes important, and allowing the quenched ammonia 

solution to stand for long periods to evaporate ammonia may be detrimental. 

When the amounts of ammonia are a few hundred mL or less, the quenched 

reaction mixture (no more violent frothing upon addition of water) may be 

poured into an excess of water (good hood) containing some ether, and then 

gently poured into a separatory funnel mounted on a ring stand (good hood, do 

not shake the funnel!). The water layer is then removed and more water is 

added to the separatory funnel without shaking. This water layer is drained off, 

and after two or three of these operations, the separatory funnel can be 

shaken without developing much pressure, and product isolation can proceed 

as usual. 

 

For reductive alkylations, the alkylating agent in dry ether is added dropwise 

from a pressure equalizing dropping funnel. If reactive alkyl halides are added 

too quickly, violent evaporation of ammonia can result, and stoppers will be 

blown out. 

4.5. Apparatus  
Reactions are ordinarily conducted in a three-necked round-bottom flask with a 

sealed mechanical stirrer or equipped for magnetic stirring. In either case, 

glass or polyethylene stir blades or stir bars are preferred since Teflon darkens 

with repeated use in metal/ammonia solutions. The use of blackened stir bars 

does not seem to interfere with the reaction, however. The flask should be 

fitted with an inert gas inlet with a tee connection to a mercury bubbler and a 

Dewar condenser. If magnetic stirring is used, the third neck may be stoppered 

and used for the addition of reagents. With a flow of inert gas (stopper 

removed) the apparatus should be dried with a burner flame. After cooling, the 

Dewar condenser should be charged with dry ice/isopropyl alcohol, and the 

flask should also be cooled with a dry ice bath. Ammonia gas is then passed in 

through a drying tube containing 10–20 mesh barium oxide. Once the desired 

amount of ammonia is collected (usually estimated by premarking the flask), 

the bath can be removed if the reaction is to be run at reflux (ca. –33°), or 

otherwise remain if a lower temperature (ca. –78°) is desired. The aromatic 

substrate, dissolved in cosolvent, is then added via the stoppered neck. It may 

simply be poured in or added with a pressure equalizing addition funnel. The 

metal is added last in small pieces through the same inlet, and sometimes best 

results are obtained when this is done over a period of a few minutes. 
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5. Experimental Procedures 

5.1.1.1. 1,2-Dimethyl-1,4-cyclohexadiene (Reduction of a Monocyclic Aromatic 
Hydrocarbon) (223)  
To a flask containing 2.5 L of liquid ammonia were added slowly 450 g of 

anhydrous ether, 450 g (10 mol) of absolute ethanol, and 318.5 g (3.0 mol) of 

o-xylene in that order. Then 207 g (9.0 mol) of sodium was added in pieces 

over 5 hours. The ammonia was allowed to evaporate overnight, and 800 mL 

of ice water was slowly added with stirring. The organic layer was washed 

three times with 800-mL portions of water and dried over magnesium sulfate. 

Distillation through a 20-cm Vigreux column gave 250–300 g (77–92%) of a 

fraction boiling at 70–72° (48 mm). 

5.1.1.2. 9,10-Dihydroanthracene (Reduction of a Polycyclic Aromatic 
Hydrocarbon) (224)  
A solution of 0.36 g (2 mmol) of anthracene in 20 mL of tetrahydrofuran was 

added to 40 mL of anhydrous ammonia at –78° under an argon atmosphere. 

Lithium metal (35 mg, 5 mmol) was then added in pieces and the reaction 

mixture was stirred for 20 minutes. Saturated ammonium chloride solution was 

then added as quickly as possible to discharge the deep blue color. Ether 

(150 mL) was added, and washing, drying, and evaporation afforded pure 

9,10-dihydroanthracene, mp 108°. The yield was essentially quantitative. 

5.1.1.3. 7,12-Dihydrobenz[a]anthracene (The Use of Ferric Chloride to Control 
Reduction) (225)  
A solution of benz[a]anthracene (1.14 g, 5 mmol) in 76 mL of dry 

tetrahydrofuran was added to 150 mL of anhydrous ammonia containing 

40 mg of ferric chloride. Lithium wire (85 mg, 12 mmol) was added to the 

solution at reflux temperature, and after 2 hours the deep blue color was 

discharged by the addition of ethanol. After evaporation of the ammonia and 

dilution with water, the product was isolated by filtration. Dissolution in acetone, 

filtration, and removal of the solvent provided 7,12-dihydrobenz[a]anthracene 

(1.08 g, 70%, mp 111–112°). 

5.1.1.4. 17 β -Hydroxy-16 β -methylestr-4-en-3-one (Conversion of an Anisole 
into a Cyclohexene-3-one) (42)  
Anhydrous ammonia (300 mL) was added to 16 β 

-methyl-3-methoxyestra-1,3,5(10)-trien-17 β -ol (1.2 g, 4.2 mmol) in ethanol 

(5 mL) and tetrahydrofuran (50 mL) at –50°, followed by lithium ribbon (2.3 g) 

in ca. 0.3-g portions over 2 hours with stirring. After stirring an additional 1 hour, 

ammonia was evaporated in a slow stream of nitrogen, and the residue was 

extracted with ether. The extracts were washed with water, dried over Na2SO4, 

and the solvent was evaporated to give crude crystals (1.13 g). To a stirred 

solution of this enol ether in methanol (25 mL) was added 6 M HCl (3 mL). 
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After stirring at room temperature for 30 minutes, the reaction mixture was 

extracted with ether. The extracts were washed with water, dried over Na2SO4, 

and the solvent was evaporated to give crude crystals. Recrystallization from 

ether–hexane (1:1) gave 17 β -hydroxy-16 β -methylestr-4-en-3-one (0.98 g, 

85%) as colorless needles, mp 228–229°. 

5.1.1.5. trans-3 α , β 
-Methyl-3-(1-methoxyethoxymethoxyethyl)-2,3,3a,4,5,6,9,9b-octahydro-1H-be
nz[e]inden-7(6H)-one (Conversion of an Anisole into a Cyclohexen-4-one) 
(226)  
A solution of trans-7-methoxy-3 α , β 

-methyl-3-(1-methoxyethoxymethoxyethyl)-2,3,3a,4,5,9a-hexahydro-1H-benz[

e]indene (942 mg, 2.71 mmol) in 25 mL of dry tetrahydrofuran and 4 mL of 

ethanol was added to 65 mL of liquid ammonia at –78°. Lithium (128 mg, 

18.3 mmol) was added and the mixture was stirred for 20 minutes. Ethanol 

(10 mL) was then added dropwise, and the solvent was evaporated. The 

residue was diluted with water (30 mL), extracted with ether, and then washed 

with saturated aqueous sodium chloride and evaporated. The residue was 

dissolved in ethanol (29 mL) and water (3 mL), and this solution was treated 

with oxalic acid (328 mg, 3.64 mmol) for 3 hours at room temperature. The 

mixture was neutralized with 10% aqueous sodium hydroxide and the solvent 

was evaporated. The residue was diluted with water (30 mL) and extracted 

with ether, and the extract was washed with saturated aqueous sodium 

chloride. The residue upon workup was chromatographed using hexane–ethyl 

acetate (4:1) to afford trans-3 α , β 

-methyl-3-(1-methoxyethoxymethoxyethyl)-2,3,3a,4,5,6,9,9b-octahydro-1H-be

nz[e]inden-7(6H)-one (838 mg, 92%) as an oil. 1H NMR ( CCl4): δ 0.70 (s, 3H), 

1.13 (d, 3H), 3.29 (s, 3H), 3.40–3.73 (m, 4H), 4.63 (d, 2H). 

5.1.1.6. 2,4-Bis[(methoxycarbonyl)oxy]-17-(methoxycarbonyl)morphinan-6-on
e (Reduction of a 1-Benzyldihydroisoquinoline followed by Cyclization of the 
Resulting Enol Ether) (227)  
1-[3,5-Bis(benzyloxy)benzyl]-6-methoxy-3,4-dihydroisoquinoline hydrochloride 

(75 g, 0.15 mol), 850 mL of tetrahydrofuran, and 850 mL of tert-butyl alcohol 

were placed in a 5-L three-necked flask equipped with a dry ice condenser, a 

mechanical stirrer, and a stopper. Ammonia (2.2 L) was condensed in, and Li 

(11.5 g, 1.6 mol) was added in small pieces slowly until a blue color was 

obtained and maintained for 3 hours. Excess lithium was decomposed by 

addition of 75 mL of ethanol and ammonium chloride (200 g, large excess) and 

the ammonia was allowed to evaporate slowly overnight under a slight 

pressure of nitrogen. The residual solvents were evaporated and ether (1 L) 

and concentrated HCl (1 L) were added slowly with cooling. The reaction 

mixture was stirred initially at 25° and then in a bath at 50° for 24 hours. The 

reaction mixture was filtered, concentrated under reduced pressure to a 

volume of 1.5 L, and made just basic with KOH (initially solid and then 4 M 

����������������������������������������������������

���������������




aqueous solution). A solution of ClCO2CH3 in CH2Cl2 was added slowly to the 

basic reaction mixture until the aqueous layer turned acidic. The mixture was 

extracted with methylene chloride (1 L). The aqueous layer was made alkaline 

with 2 M KOH, and it was again treated with ClCO2CH3/CH2Cl2 until it became 

acidic. The layers were separated, and the aqueous layer was extracted with 

CH2Cl2. The combined CH2Cl2 layers were stirred with anhydrous K2CO3 and 

ClCO2CH3 at room temperature overnight. The reaction mixture was filtered, 

and the filtrate was extracted with saturated NaHCO3, dried over Na2SO4, and 

concentrated to a brown oil (130 g). Purification by flash chromatography over 

silica gel [40–63 µm, 900 g, in CH2Cl2/CH3CN (4:1)] gave 64.5 g (96%) of 

2,4-bis[(methoxycarbonyl)oxy]-17-(methoxycarbonyl)morphinan-6-one as a 

pale yellow oil, which solidified on standing in the refrigerator. An analytical 

sample was obtained by recrystallization from i-PrOH: mp 133–135°. 

5.1.1.7. 2-Methyl-2-cyclohexenone (Reduction of a 2-Alkylpyridine Followed 
by Hydrolysis and Aldol Condensation) (228)  
2-Vinylpyridine (10.5 g, 0.1 mol) and absolute ethanol (36.8 g, 0.8 mol) in 

300 mL of anhydrous ether was added quickly to a solution of lithium (3.45 g, 

0.5 mol) in 1 L of ammonia. After disappearance of the blue color, the 

ammonia was evaporated in a stream of nitrogen, and the residue was 

dissolved in 480 mL of ethanol. A solution of sodium hydroxide (12.0 g) in 

240 mL of water was then added, and the resulting system was stirred at room 

temperature under nitrogen for 2.5 hours. The solution was acidified by the 

addition of 10% HCl, and the resulting solution was extracted four times with 

200-mL portions of ether. The combined ether layers were washed twice with 

saturated NaHCO3, once with saturated brine, and then dried over anhydrous 

sodium sulfate. Evaporation of the solvent followed by distillation of the residue 

afforded 6.97 g (63%) of 2-methyl-2-cyclohexenone, bp 61–62° (10 mm). 

5.1.1.8. 2-(Phenoxyethyl)-4-isopropylcyclohexenone (Reductive Alkylation of 
an Anisic Acid Followed by Hydrolysis) (135)  
Ammonia (400 mL) was distilled into a solution of 

2-methoxy-5-isopropylbenzoic acid (19.5 g, 0.1 mol) in 100 mL of 

tetrahydrofuran at –78°. Lithium was added in pieces until a deep blue color 

persisted. β -Bromophenetole (110 mmol, 22.1 g) in 50 mL of tetrahydrofuran 

with 1 mL of dibromoethane was added immediately in one portion, and after 

stirring briefly, the cooling bath was removed allowing the ammonia to 

evaporate under a stream of nitrogen. 1,2-Dichloroethane (100 mL) and water 

(100 mL) were then added, and the two-phase mixture was refluxed for 2 

hours. The organic layer was separated and the aqueous layer extracted twice 

with methylene chloride. The combined organic phase was dried over K2CO3, 

concentrated in vacuo, and distilled through a short-path apparatus to give 

14.2 g (55%) of 2-(phenoxyethyl)-4-isopropylcyclohexenone as a colorless oil, 

bp 155–170° (0.4 mm). 
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5.1.1.9. 1-Acetyl-1-methylcyclohexa-2,5-diene (Reductive Alkylation of a 
Monoaromatic Ketone. Exchange of the Potassium Counterion of the Enolate 
for Lithium Prior to Alkylation) (83)  
A solution of acetophenone (5.2 g, 43 mmol) and tert-butyl alcohol (52 mmol) 

in 20 mL of tetrahydrofuran was added to 140 mL of anhydrous ammonia at 

–78°. Potassium (3.7 g, 95 mmol) was added in pieces over 1–5 minutes, and 

stirring was continued for an additional 10 minutes. Anhydrous lithium bromide 

(95 mmol) was then added, and the mixture was stirred at –78° for 40 minutes. 

The ammonia was then evaporated over several hours and the resulting paste 

was methylated by the addition of methyl iodide (13.5 g, 95 mmol) with stirring 

at 0–10° for 40 minutes. Salt solution was added followed by extraction with 

ether. Further washing followed by drying over sodium sulfate, evaporation, 

and distillation, gave pure 1-acetyl-1-methylcyclohexa-2,5-diene (4.8 g, 80%), 

bp 72.2° (18 mm). 

5.1.1.10. 2-Methoxy-1-methylcyclohexa-2,5-diene-1-carboxylic Acid (Addition 
of Potassium tert-Butoxide prior to Reduction to Suppress Overreduction and 
Loss of a Methoxy Group) (134)  
Potassium tert-butoxide (5.6 g, 0.05 mol) was added to a stirred solution of 

2-methoxybenzoic acid (7.6 g, 0.05 mol) in dry tetrahydrofuran (50 mL), 

followed by tert-butyl alcohol (4.0 mL, 0.05 mol) and liquid ammonia. The 

mixture was cooled to –70°, and potassium metal (4.89 g, 0.125 mol) was 

added in small pieces until a deep blue color persisted for more than 5 minutes. 

The color was discharged by the addition of a drop of 1,3-pentadiene, then a 

solution of methyl iodide (15.5 mL, 0.25 mol) in tetrahydrofuran (50 mL) was 

added. The ammonia was removed in a stream of 3, and 200 mL of sodium 

chloride solution was added. The product was extracted with methylene 

chloride while the pH of the mixture was progressively reduced to 4 by the 

addition of 1 M HCl. Drying ( Na2SO4), evaporation of solvent, and distillation 

gave 2-methoxy-1-methylcyclohexa-2,5-diene-1-carboxylic acid (4.6 g, 84%) 

as a homogeneous colorless gum. 1H NMR: δ 1.24 (s, 3H), 2.80 (brs, 2H), 3.52 

(s, 3H), 4.81 (t, 1H), 5.64–5.83 (m, 2H). 

5.1.1.11. Ethyl 1,4-Dihydrobenzoate (Reduction of an Aromatic Carboxylic 
Acid Ester Containing 1.25 Equivalents of Water) (229)  
Ethyl benzoate (7 g, 46 mmol) and water (1.2 mL, 69 mmol) were dissolved in 

75 mL of tetrahydrofuran and added to 150 mL of anhydrous ammonia under 

inert gas at –78°. Sodium metal 2.67 g, 116 mmol) was then added in pieces 

and the reaction was stirred for 25 minutes. The mixture was then pumped 

through a glass tube into a large excess of NH4Cl solution, and the product 

was separated by ether partition. Microdistillation afforded ethyl 

1,4-dihydrobenzoate (64%) as a colorless oil: bp 54–56° (0.35 mm). 
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5.1.1.12. (2′S, 
6R)-1-Methoxy-6-methyl-6-([2¢-(methoxymethyl)pyrrolidinyl]carbonyl)-1,4-cycl
ohexadiene (Reductive Alkylation of a Chiral Benzamide) (39)  
A solution of 1-([2S)-methoxymethylpyrrolidinyl]carbonyl)-2-methoxybenzene 

(0.25 g, 1.0 mmol) in dry tetrahydrofuran (5 mL) and tert-butyl alcohol (74 mg, 

1.0 mmol) was cooled to –78°, and anhydrous ammonia (60 mL) was added to 

the reaction mixture. Potassium (86 mg, 2.2 mmol) was added to the stirred 

solution in small pieces. Methyl iodide (0.28 g, 2 mmol) was added, and 

resulting yellow solution was stirred for 1 hour at –78°. After addition of NH4Cl 

(~0.5 g), the mixture was warmed slowly while the ammonia was removed with 

a stream of nitrogen. Brine (~20 mL) was added, and the mixture was 

extracted with chloroform (3 × 20 mL). The combined organic extracts were 

washed with 10% sodium thiosulfate (20 mL), water (20 mL), and brine 

(20 mL), and then dried over anhydrous magnesium sulfate. Evaporation of 

solvents provided the crude product as a 260:1 mixture of diastereomers (GC 

analysis). Flash chromatography (silica gel, ethyl acetate–hexane, 3:2) gave 

(2′S, 

6R)-1-methoxy-6-methyl-6-[([2′-(methoxymethyl)pyrrolidinyl]carbonyl)]-1,4-cycl

ohexadiene (0.23 g, 85%) as a colorless oil. 1H NMR ( CDCl3): δ 1.42 (s, 3H), 

1.68–2.00 (m, 4H), 2.73–3.01 (m, 2H), 3.22–3.38 (m, 5H), 3.53 (s, 3H), 

3.60–3.68 (m, 2H), 4.32 (m, 1H), 4.67 (t, 1H), 5.53 (dt, 1H), 5.77 (m, 1H). ����������������������������������������������������
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6. Tabular Survey 

 

The computer search of Chemical Abstracts covers the literature to the end of 

1988, although some later papers as well as those that appeared to mid-1989 

have also been included. About 40 compounds reported in patents without 

indication of experimental condition are not included in the tables. Tables I to 

VII contain examples of reduction of aromatic compounds according to their 

functionality. A similar division is followed for Tables VIII to XII covering 

reductive alkylation reactions. All compounds which contain heteroatoms in a 

ring (not necessarily in the aromatic ring) are treated as aromatic heterocycles. 

Table XIII contains examples of reduction (or reductive alkylation) of aromatic 

amines, alcohols, acetals, phosphines, and nitriles which were sporadically 

reported in the literature. Within each table the compounds are listed according 

to increasing carbon atom numbers using the Chemical Abstracts convention. 

Carbon atom(s) and hydrogens of R in the ester group CO2R as well as benzyl 

(OBn), methanesulfonyl (OMs), tetrahydropyranyl (OTHP), or acetyl (OAc) 

groups which undergo hydrolysis during reduction are not counted. The 

reaction condition columns include the type of metal (number given in 

parentheses represents molar equiv. of metal per 1 mol of aromatic reactant, if 

reported), solvent, reaction time, and temperature (°C) if provided in 

references. The reaction temperature is given only if it differs from the reflux 

temperature of ammonia (–33°). The notation M/ NH3 indicates that the 

substrate was added to the metal–ammonia solution, while NH3/M means that 

the metal was added last. In the quenching agent column, other reactants are 

also given that are required to convert the primary reduction product into the 

one actually isolated. Alkylating agents are listed according to increasing 

carbon atom numbers. Yields are given in parentheses and are based on 

either isolation or GC analyses (marked with asterisk). A dash (—) indicates 

that no yield information was reported. In some cases, yields have been 

calculated by the authors from the literature data. Numbers not in parentheses 

are the product ratios. When a reaction has been reported in more than one 

publication, the conditions producing the highest yields are given, and the 

reference to that paper is listed first. 

 

The following abbreviations are used in the tables:  

Ac acetyl 

Am amyl 

Bn benzyl 

Bu butyl 

DME 1,2-dimethoxyethane 

DMF N,N-dimethylformamide 
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DMSO dimethyl sulfoxide 

equiv equivalent 

Et ethyl 

HMPA hexamethylphosphoric triamide 

LDA lithium diisopropylamide 

M metal 

Me methyl 

MEM methoxyethoxymethyl 

Ms methanesulfonyl 

Ph phenyl 

Pr propyl 

THF tetrahydrofuran 

THP tetrahydropyran-2-yl 

TMEDA N,N,N′,N′-tetramethyl-ethylenediamine 

Ts p-toluenesulfonyl  
 

 

  

Table I. Reduction of Aromatic Hydrocarbons  
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Table II. Reduction of Aromatic Ethers  

 

View PDF  
 

  

Table III. Reduction of Aromatic Silanes  
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Table IV. Reduction of Aromatic Ketones  
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Table V. Reduction of Aromatic Carboxylic Acids and Derivatives  
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Table VI. Reduction of Aromatic Heterocycles  
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Table VII. Reduction of Bifunctional Aromatic Compounds  
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Table VIII. Reductive Alkylation of Aromatic Hydrocarbons  
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Table IX. Reductive Alkylation of Aromatic Ketones  
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Table X. Reductive Alkylation of Aromatic Carboxylic Acids and 
Derivatives  
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Table XI. Reductive Alkylation of Aromatic Heterocycles  
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Table XII. Reductive Alkylation of Bifunctional Aromatic Compounds  
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Table XIII. Miscellaneous Reductions and Reductive Alkylation of 
Aromatic Compounds  

 

View PDF  
 

 

����������������������������������������������������

���������������
































































































































































































































































































7. Acknowledgments 

 

We thank the Division of Chemical Sciences, Office of Basic Energy Sciences of the U.S. 

Department of Energy for financial support. We are also eternally grateful to Sharon 

Fricke who prepared the manuscript. Finally, special thanks to Professor Ronald G. 

Harvey. 

����������������������������������������������������

���������������




References 

1. C. B. Wooster and K. L. Godfrey, J. Am. Chem. Soc., 1937, 59, 596.  

2. (a) A. J. Birch, J. Chem. Soc., 1944, 430. (b) For a complete list of Birch's 

contributions, see Tetrahedron, 44, No. 10, pp. V–XVIII (1988).  

3. A number of reviews have appeared. For example, see (a) A. J. Birch, 

Quart. Rev., Chem. Soc., 1950, 4, 69. (b) A. J. Birch and H. Smith, ibid., 

1958, 7, 17. (c) H. Smith, Organic Reactions in Liquid Ammonia, Vol. 1, 

Part 2, Wiley-Interscience, New York, 1963. (d) W. Hückel, Fortschr. 

Chem. Forsch, 1966, 6, 197. (e) M. Smith, in Reduction: Techniques and 
Applications in Organic Synthesis, R. L. Augustine, Ed., Marcel Dekker, 

New York, 1968. (f) R. G. Harvey, Synthesis, 1970, 161. (g) A. J. Birch 

and G. S. R. Subba Rao, in Advances in Organic Chemistry, Methods and 
Results, E. C. Taylor, Ed., Wiley-Interscience, New York, 1972, pp. 1–65. 

(h) P. W. Rabideau, Tetrahedron, 1989, 45, 1579. (i) D. Caine, Org. 

React., 1976, 23, 1. (j) For applications to natural product synthesis, see 

J. M. Hook and L. N. Mander, Natural Prod. Rep., 1986, 3, 35. (k) For 

application to carbonyl compounds see J. W. Huffman, Acc. Chem. Res., 

1983, 16, 399; S. K. Pradhan, Tetrahedron, 1986, 42, 6351.  

4. A. L. Wilds and N. A. Nelson, J. Am. Chem. Soc., 1953, 75, 5360.  

5. W. Hückel and H. Bretschneider, Justus Liebigs Ann. Chem., 1939, 540, 

157.  

6. See reference 3j for a number of synthetic applications.  

7. For a more detailed description of metal–ammonia solutions, see, for 

example, The Chemistry of Nonaqueous Solvents, J. L. Lagowski, Ed., 

Vol. 2, Academic Press, New York, 1967, pp. 265–317.  

8. See reference 3h for a recent review of the mechanistic aspects of this 

reaction.  

9. The protonation of radical anions by ammonia is not considered likely 
because of their relatively low basicity. (10)  

10. M. Szwarc, Ed., Ions and Ion Pairs in Organic Chemistry, Vol. 2, 

Wiley-Interscience, New York, 1974.  

11. P. W. Rabideau and E. G. Burkholder, J. Org. Chem., 1978, 43, 4283.  

12. A. Streitwieser, Jr., C. M. Berke, and K. Robbers, J. Am. Chem. Soc., 

1978, 100, 8271.  

13. A. Streitwieser, Jr., Acc. Chem. Res., 1984, 17, 353.  

14. T. D. Walsh, J. Am. Chem. Soc., 1987, 109, 1511.  

15. O. R. Brown, R. J. Butterfield, and J. P. Millington, Electrochim. Acta, 

1982, 27, 1655.  

16. A series of papers providing an excellent discussion of the regiochemistry 
in the Birch reduction of benzenes, including 1,3 vs. 1,4 products as well 

����������������������������������������������������

���������������




as the effect of substituent groups, has appeared. (17-20)  

17. A. J. Birch, A. L. Hinde, and L. Radom, J. Am. Chem. Soc., 1980, 102, 

3370.  

18. A. J. Birch, A. L. Hinde, and L. Radom, J. Am. Chem. Soc., 1980, 102, 

4074.  

19. A. J. Birch, A. L. Hinde, and L. Radom, J. Am. Chem. Soc., 1980, 102, 

6430.  

20. A. J. Birch, A. L. Hinde, and L. Radom, J. Am. Chem. Soc., 1981, 103, 

284.  

21. For a more detailed discussion, see reference 3h, and also P. W. 

Rabideau and D. L. Huser, J. Org. Chem., 1983, 48, 4266.  

22. P. W. Rabideau and A. Sygula, in The Conformational Analysis of 
Cyclohexenes, Cyclohexadienes and Related Hydroaromatics, P. W. 

Rabideau, Ed., VCH, New York, 1989, Ch. 3.  

23. A. Streitwieser, Jr., Molecular Orbital Theory for Organic Chemists, Wiley, 

New York, 1961.  

24. H. E. Zimmerman, Tetrahedron, 1961, 16, 169.  

25. M. J. S. Dewar, J. A. Hashmall, and N. Trinajstic, J. Am. Chem. Soc., 

1970, 92, 5555.  

26. V. Parker, J. Am. Chem. Soc., 1976, 98, 98.  

27. K. Müllen, W. Huber, G. Neumann, C. Scheiders, and H. Unterberg, J. 

Am. Chem. Soc., 1985, 107, 801.  

28. P. W. Rabideau, A. J. Maxwell, and A. Sygula, J. Org. Chem., 1986, 51, 

3181.  

29. P. W. Rabideau, N. K. Peters, and D. L. Huser, J. Org. Chem., 1981, 46, 

1593.  

30. E. W. Garbisch, Jr. and M. G. Griffith, J. Am. Chem. Soc., 1968, 90, 117. 

31. Z. Marcinow and P. W. Rabideau, Louisiana State University, 

unpublished results.  

32. C. Eaborn, R. A. Jackson, and R. Pearce, J. Chem. Soc., Perkin Trans. 1, 

1974, 2055.  

33. P. W. Rabideau, L. M. Day, C. A. Husted, J. L. Mooney, and D. M. 

Wetzel, J. Org. Chem., 1986, 51, 1681.  

34. This has been demonstrated by variable temperature NMR. (33)  

35. P. P. Fu, R. G. Harry, J. W. Paschal, and P. W. Rabideau, J. Am. Chem. 

Soc., 1975, 97, 1145. See also P. W. Rabideau and E. G. Burkholder, J. 

Org. Chem., 1979, 44, 2354.  

36. P. W. Rabideau, D. M. Wetzel, C. A. Husted, and J. R. Lawrence, 

Tetrahedron Lett., 1984, 25, 31.  

37. A. Sygula and P. W. Rabideau, J. Org. Chem., 1987, 52, 3521.  

����������������������������������������������������

���������������




38. P. W. Rabideau and R. G. Harvey, J. Org. Chem., 1970, 35, 25.  

39. A. G. Schultz, M. Macielag, P. Sundararaman, A. Taveras, and M. Welch, 

J. Am. Chem. Soc., 1988, 110, 7828.  

40. M. N. Paddon-Row, Acc. Chem. Res., 1982, 15, 245 and references cited 

therein.  

41. R. Hoffman, Acc. Chem. Res., 1971, 4, 1.  

42. G. Goto, K. Yoshioka, K. Hiraga, M. Masuoka, R. Nakayama, and T. Miki, 

Chem. Pharm. Bull., 1978, 26, 1718.  

43. E. Cotsaris and M. N. Paddon-Row, J. Chem. Soc., Perkin Trans. 2, 

1984, 1487.   

44. T. Kametani, T. Toya, M. Tsubuki, K. Kawai, and T. Honda, Chem. 

Pharm. Bull., 1986, 34, 3169.   

45. W. S. Johnson, R. Pappo, and W. F. Johns, J. Am. Chem. Soc., 1956, 78, 

6339.  

46. D. W. MacSweeney and R. Ramage, Tetrahedron, 1971, 27, 1481.  

47. E. Fujita and M. Ochiai, Chem. Pharm. Bull., 1978, 26, 264.  

48. D. J. Humphreys, P. M. Lawrence, C. E. Newall, G. H. Phillips, and P. A. 

Wall, J. Chem. Soc., Perkin Trans. 1, 1978, 24.  

49. J. Runge, Z. Chem., 1962, 2, 374; J. Prakt. Chem., [4] 1966, 31, 280.  

50. R. G. Harvey, J. Org. Chem., 1967, 32, 238.  

51. R. G. Harvey and K. Urberg, J. Org. Chem., 1968, 33, 2570.  

52. P. W. Rabideau and R. G. Harvey, Tetrahedron Lett., 1970, 4139.  

53. A. A. Akhrem and Y. A. Titov, Total Steroid Synthesis, Plenum, New York, 

170.  

54. F. J. Kakis, in Steroid Reactions, C. Djerassi, Ed., Holden Day, San 

Francisco, 1963, pp. 267–298.  

55. E. Ottow, S. Beier, W. Elger, D. Henderson, G. Neef, and R. Wiechert, 

Steroids, 1984, 44, 519.  

56. G. Schubert, K. Ponsold, and U. Eibisch, Pharmazie, 1984, 39, 92.  

57. D. K. Phillips, P. P. Wickam, G. O. Potts, and A. Arnold, J. Med. Chem., 

1968, 11, 924.  

58. K. J. Sax, R. H. Blank, R. H. Evands, L. I. Feldman and C. E. Holmland, J. 

Org. Chem., 1964, 29, 2351.  

59. H. L. Holland and G. J. Taylor, Can. J. Chem., 1981, 59, 2809.  

60. H. Baier, G. Duerner, and G. Quinkert, Helv. Chim. Acta, 1985, 68, 1054. 

61. S. J. Brandes and J. A. Katzenellenbogen, Mol. Pharmacol., 1987, 32, 

391.  

62. C. C. Bolt and F. J. Zeelen, Recl. Trav. Chim. Pays-Bas, 1973, 92, 1267. 

63. G. Amiard, R. Heymes, and T. Von Thoung, Bull. Soc. Chim. Fr., 1972, 

����������������������������������������������������

���������������




272.  

64. See reference 42.  

65. G. S. R. Subba Rao and N. S. Sundar, Indian J. Chem., Sect. B, 1977, 

15B, 585.  

66. T. Kametani, K. Suzuki, and H. Nemoto, Tetrahedron Lett., 1980, 21, 

1469.  

67. Z. P. Zhuang and W. S. Zhou, Tetrahedron, 1985, 41, 3633.  

68. B. Aweryn and A. R. Daniewski, Pol. J. Chem., 1980, 54, 251.  

69. F. E. Ziegler and T. F. Wang, J. Am. Chem. Soc., 1984, 106, 718.  

70. R. B. Garland, J. R. Palmer, and R. Pappo, J. Org. Chem., 1976, 41, 531. 

71. G. Goto, K. Yoshioka, K. Hiraga, and T. Miki, Chem. Pharm. Bull., 1977, 

1295.  

72. G. Neef, U. Eder, G. Haffer, G. Sauer, and R. Wiechert, Chem. Ber., 

1980, 113, 1106.  

73. R. Joly, J. Warnant, J. Jolly, and A. Farcilli, Bull. Soc. Chim. Fr., 1973, 

2694.  

74. C. G. Pitt, D. H. Rector, C. E. Cook, and M. C. Wani, J. Med. Chem., 

1979, 22, 966.  

75. H. J. J. Loozen and M. S. DeWinter, Recl. Trav. Chim. Pays-Bas, 1980, 

99, 311.  

76. R. J. Marshall, I. McIndewar, J. A. M. Peters, N. P. van Vliet, and F. J. 

Zeelen, Eur. J. Med. Chem. Chim. Ther., 1984, 19, 43.  

77. D. K. Banerjee and P. R. Srinivasan, Indian J. Chem., 1972, 10, 891.  

78. A. Sandoval, G. H. Thomas, C. Djerassi, G. Rosenkranz, and F. 

Sondheimer, J. Am. Chem. Soc., 1955, 77, 148.  

79. H. Nemoto, M. Nagai, F. Fukumoto, and T. Kametani, Tetrahedron Lett., 

1985, 26, 4613.  

80. See reference 2a.  

81. W. S. Johnson, B. Bannister, and R. Rappo, J. Am. Chem. Soc., 1956, 

78, 6331.  

82. R. B. Turner, K. H. Gänshirt, P. E. Shaw, and J. D. Tauber, J. Am. Chem. 

Soc., 1966, 88, 1776.  

83. M. Narisada and F. Watanabe, J. Org. Chem., 1973, 38, 3887.  

84. A. R. Murthy, N. S. Sundar, and G. S. R. Subba Rao, Tetrahedron, 1982, 

38, 2831.  

85. A. J. Birch and G. S. R. Subba Rao, Aust. J. Chem., 1970, 23, 1641.  

86. R. C. Cambie and A. W. Missen, Aust. J. Chem., 1972, 25, 973.  

87. T. L. Macdonald, J. Org. Chem., 1978, 43, 3621.  

88. A. J. Birch, J. Chem. Soc., 1950, 1551.  

����������������������������������������������������

���������������




89. K. Pramod, H. Ramanathan, and G. S. R. Subba Rao, J. Chem. Soc., 

Perkin Trans. 1, 1983, 7.   

90. F.-H. Koster and H. Wolf, Tetrahedron Lett., 1981, 22, 3937.  

91. P. M. Bishop, J. R. Pearson, and J. K. Sutherland, J. Chem. Soc., Chem. 

Commun., 1983, 123.  

92. J. Orban and J. V. Turner, Tetrahedron Lett., 1983, 24, 2697.  

93. J. Amupitan and J. K. Sutherland, J. Chem. Soc., Chem. Commun., 1978, 

852.  

94. J. Amupitan, E. Hug, M. Mellor, E. G. Scovell, and J. K. Sutherland, J. 

Chem. Soc., Perkin Trans. 1, 1983, 747.  

95. A. J. Birch and K. P. Dastur, Tetrahedron Lett., 1972, 41, 4195.  

96. A. J. Birch and K. P. Dastur, J. Chem. Soc., Perkin Trans. 1, 1973, 1650. 

97. D. A. Evans, W. L. Scott, and L. K. Truesdale, Tetrahedron Lett., 1972, 

121.  

98. D. A. Evans, W. L. Scott, and L. K. Truesdale, Tetrahedron Lett., 1972, 

137.  

99. W. L. Scott and D. A. Evans, J. Am. Chem. Soc., 1972, 94, 4779.  

100. M. A. Qassem, N. A. J. Rogers, and A. A. Othman, Tetrahedron, 1968, 

24, 4535.  

101. A. R. Pinder and H. Smith, J. Chem. Soc., 1954, 113.  

102. (a) S. S. Hall, S. D. Lipsky, F. J. McEnroe, and A. P. Bartels, J. Org. 

Chem., 1971, 36, 2588. (b) S. S. Hall, S. D. Lipsky, and G. H. Small, 

Tetrahedron Lett., 1971, 1853.  

103. Z. Marcinow and P. W. Rabideau, J. Org. Chem., 1988, 53, 2117.  

104. J. M. Brown, T. M. Cresp, and L. N. Mander, J. Org. Chem., 1977, 42, 

3984.  

105. N. N. Marinovic and H. R. Ramanathan, Tetrahedron Lett., 1983, 24, 

1871.  

106. R. McCaque, C. J. Moody, and C. W. Rees, J. Chem. Soc., Perkin Trans. 

1, 1983, 2399.  

107. Z. Lidert, R. McCaque, C. J. Moody, and C. W. Rees, J. Chem. Soc., 

Perkin Trans. 1, 1985, 383.  

108. C. J. Moody and J. Toczek, Tetrahedron Lett., 1986, 27, 5253.  

109. S. Mejer and Z. Marcinow, Bull. Acad. Pol. Sci., Ser. Sci. Chim., 1976, 24, 

175 [C. A., 85, 94121v (1976)].  

110. S. Mejer and R. Pacut, Pol. J. Chem., 1978, 52, 529.  

111. G. S. R. Subba Rao and N. S. Sundar, J. Chem. Soc., Perkin Trans. 1, 

1982, 875.  

112. N. S. Sundar and G. S. R. Subba Rao, J. Chem. Soc., Perkin Trans. 1, 

1982, 1381.  

����������������������������������������������������

���������������




113. P. W. Rabideau, C. H. Husted, and D. M. Young, J. Org. Chem., 1983, 

48, 4149.  

114. S. Mejer, Bull. Acad. Pol. Sci., Ser. Sci. Chim., 1962, 10, 469 [C. A., 59, 

1554 (1963)].  

115. S. Mejer, Z. Marcinow, and S. Respondek, Pol. J. Chem., 1980, 54, 2247. 

116. A. J. Birch and G. S. R. Subba Rao, Aust. J. Chem., 1970, 23, 547.  

117. K. S. J. Stapleford, Synth. Commun., 1982, 23, 651.  

118. A. J. Birch and K. P. Dastur, Aust. J. Chem., 1973, 26, 1363.  

119. See reference 3a.  

120. M. E. Kuehne and B. F. Lambert, J. Am. Chem. Soc., 1959, 81, 4278.  

121. H. Plieninger and G. Ege, Angew. Chem., 1958, 70, 505.  

122. F. Camps, J. Coll, and J. Pascual, J. Org. Chem., 1967, 32, 2563.  

123. H. van Bekkum, C. B. van den Bosch, G. van Minnen-Pathuis, J. C. de 

Mos, and A. M. van Vijk, Recl. Trav. Chim. Pays-Bas, 1971, 90, 137.  

124. G. S. R. Subba Rao, K. Raj, and H. Ramanathan, J. Chem. Soc., Chem. 

Commun., 1980, 315.  

125. W. J. Sipio, Tetrahedron Lett., 1985, 26, 2039.  

126. G. W. Holbert and B. Ganem, J. Am. Chem. Soc., 1978, 100, 352.  

127. J. V. Turner, B. F. Anderson, and L. N. Mander, Aust. J. Chem., 1980, 33, 

1061.  

128. A. J. Birch, P. Hextall, and S. Sternhell, Aust. J. Chem., 1954, 7, 256.  

129. O. L. Chapman and P. Fitton, J. Am. Chem. Soc., 1963, 85, 41.  

130. M. E. C. Biffin, A. G. Mortiz, and D. B. Paul, Aust. J. Chem., 1972, 25, 

1329.  

131. A. J. Birch, J. Slobbe, Aust. J. Chem., 1977, 30, 1045.  

132. H. O. House, R. C. Strickland, and E. J. Zaiko, J. Org. Chem., 1976, 41, 

2401.  

133. A. L. Cossey, M. J. Gunter, and L. N. Mander, Tetrahedron Lett., 1980, 

21, 3309.  

134. J. M. Hook, L. N. Mander, and M. Woolias, Tetrahedron Lett., 1982, 23, 

1095.  

135. D. F. Taber and R. W. Korsmeyer, J. Org. Chem., 1978, 43, 4925.  

136. A. J. Birch and J. Slobbe, Tetrahedron Lett., 1976, 2079.  

137. J. Slobbe, J. Chem. Soc., Chem. Commun., 1977, 82.  

138. J. L. Marshall and T. K. Folsom, J. Org. Chem., 1971, 36, 2011.  

139. P. W. Rabideau, E. G. Burkholder, and M. J. Yates, Synth. Commun., 

1980, 10, 627.  

140. M. C. Gossel and R. C. Hayward, J. Chem. Soc., Perkin Trans. 2, 1976, 

851.  

����������������������������������������������������

���������������




141. J. Slobbe, Aust. J. Chem., 1978, 31, 1157.  

142. G. S. R. Subba Rao, A. R. K. Murthy, and N. S. Sundar, Indian J. Chem., 

1978, 16B, 1027.  

143. L. N. Mander and S. G. Pyne, Aust. J. Chem., 1981, 34, 1899.  

144. D. J. Beames, J. A. Halleday, and L. N. Mander, Aust. J. Chem., 1972, 

25, 137.  

145. D. Franks, M. C. Grossel, R. Hayward, and L. J. S. Knutsen, J. Chem. 

Soc., Chem. Commun., 1978, 941.  

146. P. W. Rabideau, S. J. Nyikos, D. L. Huser, and E. G. Burkholder, J. 

Chem. Soc., Chem. Commun., 1980, 210.  

147. P. W. Rabideau, D. L. Huser, and S. J. Nyikos, Tetrahedron Lett., 1980, 

21, 1401.  

148. A. L. Cossey, L. N. Mander, and S. G. Pyne, Aust. J. Chem., 1979, 32, 

817.  

149. R. J. Hamilton, L. N. Mander, and S. P. Sethi, Tetrahedron, 1981, 42, 

2881.  

150. A. G. Schultz and S. Puig, J. Org. Chem., 1985, 50, 915.  

151. A. G. Schultz, M. Plummer, A. G. Taveras, and R. K. Kullnig, J. Am. 

Chem. Soc., 1988, 110, 5547.  

152. A. G. Schultz, J. P. Dittami, F. P. Lavieri, C. Salowey, P. Sundararaman, 

and M. B. Szymula, J. Org. Chem., 1984, 49, 4429.  

153. A. J. Birch, J. Cymerman-Craig, and M. Slaytor, Aust. J. Chem., 1955, 8, 

512.  

154. R. Furstoss, G. Esposito, P. Teissier, and B. Waegell, Bull. Soc. Chim. 

Fr., 1974, 2485.  

155. L. Dickson, C. A. Matuszak, and A. H. Qazi, J. Org. Chem., 1978, 43, 

1007.  

156. A. Mann, C. Humblet, J. P. Chambon, R. Schlichter, M. Desarmenien, P. 

Feltz, and C. G. Wermuth, J. Med. Chem., 1985, 28, 1440.  

157. A. G. Schultz and M. Macielag, J. Org. Chem., 1986, 51, 4983.  

158. A. G. Schultz and P. Sundararaman, Tetrahedron Lett., 1984, 25, 4591.  

159. A. G. Schultz, P. Sundararaman, M. Macielag, F. P. Lavieri, and M. 

Welch, Tetrahedron Lett., 1985, 26, 4575.  

160. A. G. Schultz, P. J. McCloskey, P. Sundararaman, and J. P. Springer, 

Tetrahedron Lett., 1985, 26, 1619.  

161. P. J. McCloskey and A. G. Schultz, Heterocycles, 1987, 25, 437.  

162. A. G. Schultz, P. J. McCloskey, and J. J. Court, J. Am. Chem. Soc., 1987, 

109, 6493.  

163. P. J. McCloskey and A. G. Schultz, J. Org. Chem., 1988, 53, 1380.  

164. A. G. Schultz, M. Macielag, D. E. Podhorez, J. C. Suhadolnik, and R. K. 

����������������������������������������������������

���������������




Kullnig, J. Org. Chem., 1988, 53, 2456.  

165. A. J. Birch and G. S. R. Subba Rao, Tetrahedron Lett., 1967, 857.  

166. J. Fried, N. A. Abraham, and T. S. Santhanakrishnan, J. Am. Chem. Soc., 

1967, 89, 1044.  

167. A. J. Birch, J. Chem. Soc., 1946, 593.  

168. G. Stork and W. N. White, J. Am. Chem. Soc., 1956, 78, 4604.  

169. A. J. Birch, E. G. Hutchinson, and G. Subba Rao, J. Chem. Soc. C, 1971, 

637.  

170. For a recent discussion of this effect, see J. P. Gilday, J. C. Gallucci, and 

L. A. Paquette, J. Org. Chem., 1989, 54, 1399.  

171. C. Eaborn, D. R. M. Walton, and G. Seconi, J. Chem. Soc., Perkin Trans. 

2, 1976, 1857.  

172. P. W. Rabideau and G. L. Karrick, Tetrahedron Lett., 1987, 28, 2481.  

173. P. W. Rabideau and Z. Marcinow, Tetrahedron Lett., 1988, 29, 3761.  

174. Z. Marcinow, D. K. Clawson, and P. W. Rabideau, Tetrahedron, 1989, 45, 

5441.  

175. D. W. Jessup, J. W. Paschal, and P. W. Rabideau, J. Org. Chem., 1977, 

42, 2620.  

176. (a) For a review, see: L. M. Stock, in Coal Science, Vol. 1, M. L. Gorbaty, 

J. W. Larson, and I. Wender, Eds., Academic Press, New York, 1982. (b) 

R. H. Fish and J. W. Dupon, J. Org. Chem., 1988, 53, 5230.  

177. E. Grovenstein, Jr., A. M. Bhatti, D. E. Quest, D. Sengupta, and D. van 

Derveer, J. Am. Chem. Soc., 1983, 105, 6290.  

178. W. E. Bachmann, J. Am. Chem. Soc., 1933, 55, 3005.  

179. K. Ziegler and F. Thielmann, Chem. Ber., 1953, 56, 1740.  

180. J. B. Conant and B. S. Garvey, Jr., J. Am. Chem. Soc., 1927, 49, 2599.  

181. J. J. Eisch, J. Org. Chem., 1963, 28, 707.  

182. C. J. Collins, H.-P. Hombach, B. Maxwell, M. C. Woody, and B. M. 

Benjamin, J. Am. Chem. Soc., 1980, 102, 851. C. J. Collins, H.-P. 

Hombach, B. E. Maxwell, B. M. Benjamin, and D. McKamey, J. Am. 

Chem. Soc., 1981, 103, 1213.  

183. A. Lagendijk and M. Szware, J. Am. Chem. Soc., 1971, 93, 5359.  

184. R. R. Chambers, Jr., C. J. Collins, and B. E. Maxwell, J. Org. Chem., 

1985, 50, 4960. See also reference 181.  

185. T. D. Walsh and T. L. Megremis, J. Am. Chem. Soc., 1981, 103, 3897. T. 

D. Walsh, J. Am. Chem. Soc., 1987, 109, 1511.  

186. C. B. Wooster, J. Am. Chem. Soc., 1934, 56, 2436.  

187. P. W. Rabideau, D. W. Jessup, J. W. Ponder, and G. F. Buckman, J. Org. 

Chem., 1979, 44, 4594.  

����������������������������������������������������

���������������




188. Z. Marcinow, C. E. Hull, and P. W. Rabideau, J. Org. Chem., 1989, 54, 

3602.  

189. A. Streitwieser, Jr. and S. Suzuki, Tetrahedron, 1961, 16, 153.  

190. J. J. deVlieger, A. P. G. Kieboom, and H. van Bekkum, J. Org. Chem., 

1986, 51, 1389.  

191. For a review, see E. M. Kaiser, Synthesis, 1972, 391.  

192. R. A. Benkeser, R. E. Robinson, D. M. Sauve, and O. H. Thomas, J. Am. 

Chem. Soc., 1955, 77, 3230.  

193. R. A. Benkeser and E. M. Kaiser, J. Org. Chem., 1964, 29, 955.  

194. J. D. Brooks, R. A. Durie, and H. Silberman, Aust. J. Chem., 1964, 17, 55. 

195. L. Reggel, S. Friedman, and L. Wender, J. Org. Chem., 1958, 23, 1136.  

196. R. A. Benkeser, F. G. Belmonte, and M.-H. Yang, Synth. Commun., 1983, 

13, 1103.  

197. R. A. Benkeser, J. A. Laugal, and A. Rappa, Tetrahedron Lett., 1984, 25, 

2089.  

198. For some examples, see K. Müllen, Angew. Chem., Int. Ed. Engl., 1987, 

26, 204.  

199. E. Grovenstein, Jr., T. H. Longfield, and D. E. Quest, J. Am. Chem. Soc., 

1977, 99, 2800.  

200. J. L. Dye, Angew. Chem., Int. Ed. Engl., 1979, 18, 587.  

201. D. J. Mathre and W. C. Guida, Tetrahedron Lett., 1980, 21, 4773.  

202. See reference 176b.  

203. K. C. Bass, Org. Synth., Coll. Vol. 5, 1973, 398.  

204. D. R. Weyenberg and L. H. Toporcer, J. Am. Chem. Soc., 1962, 84, 2843. 

205. M. Laguerne, J. Dunogués, R. Calas, and N. Duffaut, J. Organomet. 

Chem., 1976, 112, 49.  

206. M. Laguerne, J. Dunogués, R. Calas, and N. Duffaut, J. Organomet. 

Chem., 1975, 93, C17.  

207. A. G. Barnett, J. Org. Chem., 1988, 53, 1815.  

208. (a) J. Dunogués, R. Calas, and N. Ardoin, J. Organomet. Chem., 1972, 

43, 127. (b) M. Keil and F. Effenberger, Chem. Ber., 1982, 115, 1103.  

209. A. G. Barnett, J. Org. Chem., 1984, 49, 4409.  

210. D. R. Weyenberg and L. H. Toporcer, J. Org. Chem., 1965, 30, 943.  

211. L. Birkofer and N. Ramadan, Chem. Ber., 1971, 104, 138.  

212. M. Laguerne, J. Dunogués, and R. Calas, Tetrahedron Lett., 1981, 22, 

1227.  

213. J. Dunogués, R. Calas, C. Brian, and N. Duffaut, J. Organomet. Chem., 

1970, 23, C50.  

214. (a) C. K. Mann and K. K. Barnes, Electrochemical Reactions in 

����������������������������������������������������

���������������




Nonaqueous Systems, Marcel Dekker, Inc., NY, 1970, Ch. "2". (b) H. 

Lund, in Organic Electrochemistry, M. M. Baizer and H. Lund, Eds., 

Marcel Dekker, NY, 1983.  

215. For a recent review, see E. Kariv-Miller, R. I. Pacut, and G. K. Lehman, 

Topics Curr. Chem., 1988, 148, 97.  

216. R. A. Benkeser, E. M. Kaiser, and R. F. Lambert, J. Am. Chem. Soc., 

1964, 86, 5272.  

217. R. I. Pacut and E. Kariv-Miller, J. Org. Chem., 1986, 51, 3468.  

218. E. Kariv-Miller, K. E. Swenson, G. K. Lehman, and R. Andruzzi, J. Org. 

Chem., 1985, 50, 556.  

219. For reviews, see (a) M. Smith in Augustine, Reduction Techniques and 
Applications in Organic Synthesis, Marcel Dekker, NY, 1968, pp. 

309–395. (b) E. L. Muetterties and J. R. Bleeke, Acc. Chem. Res., 1979, 

12, 324. (c) M. Bennett, CHEMTECH, 1980, 10, 444.  

220. P. P. Fu, H. M. Lee, and R. G. Harvey, J. Org. Chem., 1980, 45, 2797.  

221. M. K. Faber, O. Fussa-Rydel, J. B. Skowyra, L. E. H. McMills, and J. L. 

Dye, J. Am. Chem. Soc., 1989, 111, 5957.  

222. M. Fieser and L. F. Fieser, Reagents for Organic Synthesis, Vol. 1, New 

York, 1967.  

223. L. A. Paquette and J. H. Barnett, Org. Synth., Coll. Vol. 5, 1973, 467.  

224. This reaction has been performed numerous times by the authors. See 

reference 11 for general procedures.  

225. R. G. Harvey and K. Urberg, J. Org. Chem., 1968, 33, 2206.  

226. H. Nemoto, M. Nagai, K. Fukumoto, and T. Kametani, J. Chem. Soc., 

Perkin Trans. 1, 1986, 1621.  

227. A. Manmade, J. L. Marshall, R. A. Minns, H. Dalzell, and R. K. Razdan, J. 

Org. Chem., 1982, 47, 1717.  

228. S. Danishefsky and P. Cain, J. Org. Chem., 1975, 40, 3606.  

229. P. W. Rabideau, D. M. Wetzel, and D. M. Young, J. Org. Chem., 1984, 

49, 1544.  

230. W. Hückel and U. Wörfall, Chem. Ber., 1955, 88, 338.  

231. J. P. Wibaut and F. A. Haak, Recl. Trav. Chim. Pays Bas, 1948, 67, 85.  

232. P. Radlick and H. T. Crawford, J. Chem. Soc., Chem. Commun., 1974, 

127.  

233. A. P. Krapcho and A. A. Bothner-By, J. Am. Chem. Soc., 1959, 81, 3658. 

234. M. Demuth and K. Schaffner, Angew. Chem., Int. Ed. Engl., 1982, 21, 

820.  

235. P. Radlick and L. R. Brown, J. Org. Chem., 1973, 38, 3412.  

236. H. F. Alburn and W. Dvonch, W. Brit. Patent GB 1295950 (1972) [C.A., 

78, 71562f (1973)].  

����������������������������������������������������

���������������




237. P. Egli, J. Labelled Comp. Radiopharm., 1981, 18, 1677.  

238. R. A. Benkeser, M. L. Burrous, J. J. Hazdra, and E. M. Kaiser, J. Org. 

Chem., 1963, 28, 1094.  

239. T. Watabe, A. Hiratsuka, T. Aizawa, and T. Sawahata, Tetrahedron Lett., 

1982, 23, 1185.  

240. E. Giovannini and H. Wegmüller, Helv. Chim. Acta, 1958, 41, 933.  

241. B. B. Sinder and T. C. Kirk, J. Am. Chem. Soc., 1983, 105, 2364.  

242. S. G. Davies and G. H. Whitham, J. Chem. Soc., Perkin Trans. 1, 1978, 

1479.  

243. M. L. Snow, C. Lauinger, and C. Ressler, J. Org. Chem., 1968, 33, 1774. 

244. A. K. Singh, R. K. Bakshi, and E. J. Corey, J. Am. Chem. Soc., 1987, 109, 

6187.  

245. P. Weyerstahl, H. Marschall-Weyerstahl, and S. Scholz, Justus Liebigs 

Ann. Chem., 1986, 1248.  

246. W. Hückel and U. Wörfall, Chem. Ber., 1956, 89, 2098.  

247. D. Johnson, J. W. Smart, and J. K. Sutherland, J. Chem. Soc., Chem. 

Commun., 1977, 497.  

248. J. E. Sundeen and F. P. Hauck, U.S. Patent US 4131744 (1988) [C.A., 

90, 151684k (1979)].  

249. C. Eaborn, R. A. Jackson, and R. Pearce, J. Chem. Soc., Perkin Trans. 1, 

1975, 470.  

250. J. E. Sundeen, J. A. Reid, J. A. Osband, and F. P. Hauck, J. Med. Chem., 

1977, 20, 1478.  

251. A. J. Birch, P. Fitton, D. C. C. Smith, D. E. Steere, and A. R. Stelfox, J. 

Chem. Soc., 1963, 2209.  

252. D. J. Coughlin and R. G. Salomon, J. Org. Chem., 1979, 44, 3784.  

253. C. A. Matuszak and L. Dickson, J. Org. Chem., 1972, 37, 3345.  

254. G. Bringmann, Justus Liebigs Ann. Chem., 1985, 2105.  

255. F. P. Hauck and J. E. Sundeen, Ger. Offen. DE 2435898 (1975) [C.A., 83, 

113761f (1975)].  

256. M. N. Paddon-Row and R. Hartcher, J. Am. Chem. Soc., 1980, 102, 662. 

257. M. N. Paddon-Row, R. Hartcher, and R. N. Warrener, J. Chem. Soc., 

Chem. Commun., 1976, 305.  

258. R. F. Travares and E. Katten, Tetrahedrn Lett., 1977, 1713.  

259. J. S. R. Zilenovski and S. S. Hall, J. Org. Chem., 1981, 46, 4139.  

260. A. W. Burgstahler, P. L. Chien, and M. O. Abdel-Rahman, J. Am. Chem. 

Soc., 1964, 86, 5281.  

261. J. R. Cozort, J. F. Outlaw, Jr., A. Hawkins, and S. Siegel, J. Org. Chem., 

1983, 48, 4190.  

����������������������������������������������������

���������������




262. J. F. Outlaw, Jr., J. R. Cozort, N. Garti, and S. Siegel, J. Org. Chem., 

1983, 48, 4186.  

263. J. Reiner and W. Jenny, Helv. Chim. Acta, 1969, 52, 1624.  

264. J. L. Marshall and B.-H. Song, J. Org. Chem., 1974, 39, 1342.  

265. J. L. Marshall and T. K. Folsom, Tetrahedron Lett., 1971, 757.  

266. E. Cotsaris and M. N. Paddon-Row, J. Chem. Soc., Chem. Commun., 

1982, 1206.  

267. D. N. Butler and R. Milburn, Can. J. Chem., 1972, 50, 1249.  

268. M. N. Paddon-Row and R. Hartcher, J. Am. Chem. Soc., 1980, 102, 671. 

269. R. Gray and V. Boekelheide, J. Am. Chem. Soc., 1979, 101, 2128.  

270. W. D. Rohrbach and V. Boekelheide, J. Org. Chem., 1983, 48, 3673.  

271. W. D. Rohrbach, R. Sheley, and V. Boekelheide, Tetrahedron, 1984, 40, 

4823.  

272. Y. Sekine and V. Boekelheide, J. Am. Chem. Soc., 1981, 103, 1777.  

273. E. J. Eisenbraun, D. V. Hertzler, R. C. Bansal, P. W. K. Flanagan, and M. 

C. Hamming, Prepr. Pap.—Am. Chem. Soc., Div. Petrol. Chem., 1986, 

13, 55.  

274. P. W. Rabideau and D. L. Huser, J. Org. Chem., 1983, 48, 4266.  

275. A. J. Birch, A. R. Murray, and H. Smith, J. Chem. Soc., 1951, 1945.  

276. Th. J. Nieuwstad and H. van Bekkum, Recl. Trav. Chim. Pays-Bas, 1972, 

91, 1069.  

277. W. Hückel and C. M. Jennewein, Chem. Ber., 1962, 95, 350.  

278. W. Hückel and M. Wartini, Justus Liebigs Ann. Chem., 1965, 689, 40.  

279. A. J. Birch and G. Nadamuni, J. Chem. Soc., Perkin Trans. 1, 1972, 545. 

280. D. F. Lindow, C. N. Cortez, and R. G. Harvey, J. Am. Chem. Soc., 1972, 

94, 5406.  

281. K. Sakane, S. Oda, E. Haruki, Y. Otsuji, and E. Imoto, Bull. Chem. Soc. 

Jpn., 1974, 47, 2515.  

282. R. G. Harvey, P. P. Fu, and P. W. Rabideau, J. Org. Chem., 1976, 41, 

2706.  

283. S. Mejer, Bull. Acad. Pol. Sci., Ser. Sci. Chim., 1961, 9, 773.  

284. J. Runge, Justus Liebigs Ann. Chem., 1967, 707, 75.  

285. S. Mejer, Bull. Acad. Pol. Sci., Ser. Sci. Chim., 1962, 10, 463 [C.A., 59, 

1553 (1963)].  

286. R. G. Harvey, L. Arzadon, J. Grant, and K. Urberg, J. Am. Chem. Soc., 

1969, 91, 4535.  

287. R. G. Harvey, D. F. Lindow, and P. W. Rabideau, Tetrahedron, 1972, 28, 

2909.  

288. R. G. Harvey and P. W. Rabideau, Tetrahedron Lett., 1970, 3695.  

����������������������������������������������������

���������������




289. P. W. Rabideau, J. L. Mooney, W. K. Smith, and A. Sygula, J. Org. 

Chem., 1988, 53, 589.  

290. E. J. Eisenbraun, R. G. Melton, P. W. Flanagan, M. C. Hamming, and G. 

W. Keen, Prepr. Pap.—Am. Chem. Soc., Div. Petrol. Chem., 1961, 16, 

B43.  

291. P. W. Rabideau, J. L. Mooney, and K. B. Lipkowitz, J. Am. Chem. Soc., 

1986, 108, 8130.  

292. R. G. Harvey, J. Org. Chem., 1971, 36, 3306.  

293. Z. Marcinow, A. Sygula, and P. W. Rabideau, J. Org. Chem., 1988, 53, 

3603.  

294. P. P. Fu, C. Cortez, K. B. Sukumaran, and R. G. Harvey, J. Org. Chem., 

1973, 44, 4265.  

295. R. G. Harvey, P. P. Fu, and P. W. Rabideau, J. Org. Chem., 1976, 41, 

2706.  

296. P. W. Rabideau, J. L. Mooney, and J. N. Hardin, J. Org. Chem., 1985, 50, 

5737.  

297. D. H. Paskovich and N. C. Das, J. Chem. Soc., Chem. Commun., 1967, 

39.  

298. P. W. Rabideau and Z. Marcinow, Fuel, 1985, 64, 872.  

299. A. J. Birch and K. B. Chamberlain, Org. Synth. Coll. Vol. 6, 1988, 936.  

300. P. F. Schuda, S. J. Potlock, H. Ziffer, Tetrahedron, 1987, 43, 463.  

301. P. Yates and G. E. Langford, Can. J. Chem., 1981, 59, 34.  

302. S. A. Monti, S.-C. Chen, Y.-L. Yang, S.-S. Yuan, and O. P. Bourgeois, J. 

Org. Chem., 1978, 43, 4062.  

303. P. A. Harland and P. Hodge, Synthesis, 1982, 223.  

304. G. L. Burge, D. J. Collins, and J. D. Reitze, Aust. J. Chem., 1982, 35, 

1913.  

305. H. Nishimura, T. Takabatake, K. Kaku, A. Seo, and J. Mizutani, Agric. 

Biol. Chem., 1981, 45, 1861.  

306. P. A. Pernemalm and C. W. Dence, Acta Chem. Scand., Ser B, 1974, 28, 

453.  

307. D. J. Goldsmith and J. J. Soria, Tetrahedron Lett., 1986, 27, 4701.  

308. A. T. Bottini, F. P. Corson, and K. A. Frost, Tetrahedron, 1972, 28, 4701.  

309. W. F. Berkowitz, A. S. Amarasekara, and J. Perumattam, J. Org. Chem., 

1987, 52, 1119.  

310. H. Iio, M. Isobe, T. Kawai, and T. Goto, Tetrahedron, 1979, 25, 941.  

311. H. C. Beyerman, F. F. van Leeuwen, T. S. Lie, L. Maat, and C. Olieman, 

Recl. Trav. Chim. Pays-Bas, 1976, 95, 238.  

312. A. J. Pearson and M. Chandler, J. Chem. Soc., Perkin Trans. 1, 1980, 

2238.  

����������������������������������������������������

���������������




313. G. A. Schiehser and J. D. White, J. Org. Chem., 1980, 45, 1864.  

314. R. D. Stipanovic and R. B. Turner, J. Org. Chem., 1968, 33, 3261.  

315. J. B. Lambert and D. E. Marko, J. Am. Chem. Soc., 1985, 107, 7878.  

316. A. J. Birch and K. P. Dastur, Tetrahedron Lett., 1974, 1009.  

317. A. J. Pearson, P. Ham, C. W. Ong, T. R. Perrior, and D. C. Rees, J. 

Chem. Soc., Perkin Trans. 1, 1982, 1527.  

318. A. J. Pearson, Tetrahedron Lett., 1981, 22, 4033.  

319. G. R. Stephenson, J. Chem. Soc., Perkin Trans. 1, 1982, 2449.  

320. A. J. Birch and R. A. Russell, Aust. J. Chem., 1971, 24, 1975.  

321. F. J. Sardina, A. D. Johnston, A. Mourino, and W. H. Okamura, J. Org. 

Chem., 1982, 47, 1576.  

322. K. Mori and K. Sato, Tetrahedron, 1982, 38, 1221.  

323. J. R. Andersen and O. Joergensen, J. Chem. Soc., Perkin Trans. 1, 1979, 

3095.  

324. V. S. Russkikh and G. G. Abashev, Zh. Org. Khim. (Russ.), 1983, 19, 837 

[C. A., 99, 104832h (1983)].  

325. A. J. Pearson, J. Chem. Soc., Perkin Trans. 1, 1979, 1255.  

326. A. J. Pearson, P. Ham, and D. C. Rees, J. Chem. Soc., Perkin Trans. 1, 

1982, 489.  

327. H. O. House and C. J. Blankleu, J. Org. Chem., 1968, 33, 53.  

328. B. R. Davis, G. F. Burkinshaw, E. G. Hutchinson, P. D. Woodgate, and R. 

Hodges, J. Chem. Soc. C, 1971, 3002.  

329. M. Murai, S. Sato, and T. Masamune, J. Chem. Soc., Chem. Commun., 

1982, 511.  

330. K. Kaminski and T. Sokotowska, Rocz. Chemii, 1973, 47, 1091 [C. A., 79, 

137461b (1973)].  

331. M. Kocor, O. P. Kaltenberg, W. Kotlarek, and A. J. Sadlej, Rocz. Chemii, 

1974, 48, 1951 [C.A., 82, 124492z (1975)].  

332. K. P. Dastur, J. Am. Chem. Soc., 1974, 96, 2605.  

333. M. D. Soffer and M. A. Jevnick, J. Am. Chem. Soc., 1955, 77, 1003.  

334. O. P. Vig, A. K. Vig, O. P. Chugh, and K. C. Gupta, Indian J. Chem., 1975, 

13, 1126.  

335. P. Marsham, D. A. Widdowson, and J. K. Sutherland, J. Chem. Soc., 

Perkin Trans. 1, 1974, 238.  

336. C. B. Clarke and A. R. Pinder, J. Chem. Soc., 1958, 1967.  

337. T. Momose, S. Uchida, N. Yamaashi, and T. Imanishi, Heterocycles, 

1975, 3, 713.  

338. W. Hückel and E. Vevera, Chem. Ber., 1956, 89, 2105.  

339. See reference 275.  

����������������������������������������������������

���������������




340. H. L. Dryden, G. M. Webber, R. R. Burtner, and J. A. Cella, J. Org. 

Chem., 1961, 26, 3237.  

341. T. K. Das, A. Das Gupta, P. K. Ghosal, and P. C. Dutta, Indian J. Chem., 

1976, 14B, 238.  

342. A. J. Birch, J. E. T. Corrie, P. L. Macdonald, and G. Subba Rao, J. Chem. 

Soc., Perkin Trans. 1, 1972, 1186.  

343. D. P. Hamon and N. J. Shirley, Aust. J. Chem., 1987, 40, 1321.  

344. A. F. Thomas, B. Wilhalm, and J. H. Bowie, J. Chem. Soc. B, 1967, 392.  

345. D. Johnson, J. W. Smart, and J. K. Sutherland, J. Chem. Soc., Chem. 

Commun., 1977, 497.  

346. V. Bhushan, M. M. Rajopadhye, and S. Chandrasekaran, Indian J. 

Chem., 1985, 24B, 424.  

347. J. J. Venit and P. Magnus, Tetrahedron Lett., 1980, 21, 4815.  

348. G. Stork and D. Livingston, Chem. Lett., 1987, 105.  

349. R. E. Donaldson and P. L. Fuchs, J. Org. Chem. 1977, 42, 2032.  

350. A. V. R. Rao, V. H. Deshpande, K. M. Sathaye, and S. W. Jaweed, Indian 

J. Chem., Sect. B, 1987, 24B, 697.  

351. M. Kocor and W. Kotlarek, Bull. Acad. Pol. Sci., Ser. Sci. Chim., 1961, 9, 

507.  

352. M. Kocor and W. Kotlarek, Bull. Acad. Pol. Sci., Ser. Sci. Chim., 1971, 19, 

219 [C.A., 75, 48741t (1971)].  

353. M. Kocor and O. P. Kaltenberg, Bull. Acad. Pol. Sci., Ser. Sci. Chim., 

1972, 20, 25 [C.A., 76, 153411d (1972)].  

354. M. Kocor and W. Kotlarek, Bull. Acad. Pol. Sci., Ser. Sci. Chim., 1972, 20, 

15 [C.A., 76, 153412e (1972)].  

355. P. Radlick, J. Org. Chem., 1965, 30, 3208.  

356. B. Weinstein and A. H. Fenselan, J. Org. Chem., 1965, 30, 3209.  

357. K. Wiesmer, P.-T. Ho, W.-C. Liu, and M. N. Shanbhag, Can. J. Chem., 

1975, 53, 2140.  

358. J. W. Huffman and M. L. Mole, J. Org. Chem., 1972, 37, 13.  

359. J. Marshall and R. E. Conrow, J. Am. Chem. Soc., 1983, 105, 5679.  

360. A. J. Pearson and T. R. Perrior, J. Organomet Chem., 1985, 285, 253.  

361. A. Murai, S. Sato, and T. Masamune, Bull. Chem. Soc. Jpn., 1984, 57, 

2276.  

362. M. Ihara, M. Toyota, M. Abe, Y. Ishida, K. Fukumoto, and T. Kametani, J. 

Chem. Soc., Perkin Trans. 1, 1986, 1543.  

363. T. L. Macdonald, J. Org. Chem., 1978, 43, 4241.  

364. R. G. Salomon, M. F. Salomon, M. G. Zagorski, J. M. Reuter, and D. J. 

Coughlin, J. Am. Chem. Soc., 1982, 104, 1008.  

����������������������������������������������������

���������������




365. D. G. Leppard, P. W. Raynolds, C. B. Chapleo, and A. S. Dreiding, Helv. 

Chim. Acta, 1976, 59, 695.  

366. J. D. White, J. F. Ruppert, M. A. Avery, S. Torii, and J. Nokami, J. Am. 

Chem. Soc., 1981, 103, 1813.  

367. E. L. Michelotti and E. L. Sanchez, Z. Naturforsch., 1983, 38B, 497.  

368. A. B. Kazi and J. K. Sutherland, Indian J. Chem., 1987, 26B, 511.  

369. B. A. McAndrew, J. Chem. Soc., Perkin Trans. 1, 1979, 1837.  

370. C. L. Kirkemo and J. D. White, J. Org. Chem., 1985, 50, 1316.  

371. P. C. Mukharji, D. Bhattacharjee, and T. K. Das Gupta, Indian J. Chem., 

170, 8, 318.  

372. G. Subrahmanyam, Indian J. Chem., 170, 8, 210.  

373. M. V. R. Koteswara Rao, G. S. Krishna Rao, and S. Dev, Tetrahedron, 

1966, 22, 1977.  

374. K. Yamada, H. Nagase, Y. Hayakawa, K. Akoi, and Y. Hirata, 

Tetrahedron Lett., 1973, 4963.  

375. K. Mori, T. Miyake, I. Yoshimura, and M. Matsui, Agr. Biol. Chem., 1969, 

33, 1745.  

376. K. K. Chakravarti, B. G. Hazra, and Y. Gopichanol, Indian J. Chem., 1974, 

12, 275.  

377. P. K. Oommen, Bull. Chem. Soc. Jpn., 1976, 49, 1985.  

378. S. B. Maiti, A. P. Kundu, A. Chatterjee, and S. R. Raychuduri, Indian J. 

Chem., 1986, 25B, 15.  

379. L. J. Chinn and H. L. Dryden, Jr., J. Org. Chem., 1961, 26, 3904.  

380. T. Kametani, H. Matsumoto, T. Honda, and K. Fukumoto, Tetrahedron 

Lett., 1980, 21, 4847.  

381. L. N. Mander and L. T. Palmer, Aust. J. Chem., 1979, 32, 823.  

382. K. Mori, M. Matsui, and I. Yoshimura, Agric. Biol. Chem., 1970, 34, 1204. 

383. A. R. K. Murthy and G. S. R. Subba Rao, Indian J. Chem., 1981, 20B, 

569.  

384. R. E. Ireland and L. N. Mander, J. Org. Chem., 1967, 32, 689.  

385. O. P. Vig, S. D. Sharma, S. D. Kumar, and V. K. Handa, Indian J. Chem., 

1979, 17B, 295.  

386. A. J. Birch, D. N. Butler, R. Effenberber, R. W. Rikards, and T. J. 

Simpson, J. Chem. Soc., Perkin Trans. 1, 1979, 807.  

387. L. J. Chinn, H. L. Dryden, Jr., and R. R. Burtner, J. Org. Chem., 1961, 26, 

3910.  

388. P. C. Chakraborti, S. Ghosh, P. R. Kanjilal, G. O. S. V. Satyanarayana, 

and V. R. Ghatak, Indian J. Chem., 1979, 18B, 183.  

389. H. Nemoto, M. Hashimoto, H. Kurobe, K. Fukumoto, and T. Kametani, J. 

����������������������������������������������������

���������������




Chem. Soc., Perkin Trans. 1, 1985, 927.  

390. R. C. Cambie and R. A. Franich, Aust. J. Chem., 1971, 24, 117.  

391. N. Hamanaka, T. Okuno, T. Nakajima, A. Furusaki, and T. Matsumoto, 

Chem. Lett., 1972, 1037.  

392. R. B. Turner, O. Buchardt, E. Herzog, R. B. Morin, A. Riebel, and J. M. 

Sanders, J. Am. Chem. Soc., 1966, 88, 1766.  

393. A. K. Banerjee, C. D. Ceballo, M. N. Vallejo, and E. H. Bolivar, Bull. 

Chem. Soc. Jpn., 1978, 52, 608.  

394. J. F. Grove, R. C. Jennings, A. W. Johnson, and A. F. White, Chem. Ind. 

(London), 1974, 346.  

395. R. F. Church, R. E. Ireland, and J. A. Marshall, J. Org. Chem., 1966, 31, 

2526.  

396. G. Stork, A. Meisels, and J. E. Davies, J. Am. Chem. Soc., 1963, 85, 

3419.  

397. R. C. Cambie, W. A. Denny, T. R. Close, and L. N. Mander, Aust. J. 

Chem., 1971, 24, 99.  

398. F. M. Hauser and K.-W. Park, J. Org. Chem., 1978, 43, 113.  

399. A. J. Birch and H. Smith, J. Chem. Soc., 1951, 1882.  

400. A. J. Birch and J. A. K. Quartey, Chem. Ind. (London), 1953, 489.  

401. K. Ito, M. Haruna, and H. Furukawa, J. Chem. Soc., Chem. Commun., 

1975, 681.  

402. M. Haruna and K. Ito, J. Chem. Soc., Chem. Commun., 1976, 345.  

403. W. F. Johns, J. Org. Chem., 1963, 28, 1856.  

404. Y. Yamada and H. Nagaoka, Synthesis, 1977, 577.  

405. J. Romer and H. Wagner, Radiochem. Radioanal. Lett., 1976, 25, 255.  

406. G. Teichmuller, K. Barnikol-Oettler, G. Streibhardt, M. Wentzke, and H. 

Henkel, Ger. (East) DD 208157 A1 (1984) [C.A., 101, 211553z (1984)].  

407. R. P. Stein, G. C. Buzby, Jr., G. H. Douglas, and H. Smith, Tetrahedron 

Lett., 1967, 3603.  

408. E. E. van Tamelen, J. G. Carlson, R. K. Russel, and S. R. Zawacky, J. 

Am. Chem. Soc., 1981, 103, 4615.  

409. J. H. Dodd, J. E. Starret, and S. M. Weinreb, J. Am. Chem. Soc., 1984, 

106, 1811.  

410. H. A. Staab, C. P. Herz, and H. E. Henke, Tetrahedron Lett., 1974, 4393. 

411. W. Nagata, T. Terasawa, S. Hirai, and K. Takeda, Tetrahedron Lett., 

1960, 27; Chem. Pharm. Bull., 1961, 9, 769.  

412. W. F. Johns, J. Am. Chem. Soc., 1958, 80, 6456.  

413. S. Hayakawa, T. Takata, T. Fujiwara, and S. Hashimoto, Biochem. J., 

1977, 164, 709.   

����������������������������������������������������

���������������




414. J. A. J. Leemhuis, Ger. Offen. DE 2459706 (1975) [C.A., 83, 179400u 

(1975)].  

415. R. Bucourt, A. Pierdet, and J. Salmon, Ger. Offen. DE 2158260 (1972) 

[C.A., 77, 102026v (1972)].  

416. E. Fujita, M. Shibuya, S. Nakamura, Y. Okada, and T. Fujita, J. Chem. 

Soc., Perkin Trans. 1, 1974, 165.  

417. D. Varech, L. Lacombe, and J. Jacques, Nouv. J. Chim., 1984, 8, 445.  

418. K. Yoshioka, T. Asako, G. Goto, K. Hiraga, and T. Miki, Chem. Pharm. 

Bull., 1973, 21, 2195.  

419. R. L. Carney and W. S. Johnson, J. Am. Chem. Soc., 1974, 96, 2549.  

420. O. F. Katsapova, E. B. Krylova, V. F. Martynov, and A. G. Shavva, Zh. 

Obshch. Khim. (Russ.), 1981, 51, 2797 [C.A., 96, 123084v (1982)].  

421. E. E. van Tamelen and E. G. Taylor, J. Am. Chem. Soc., 1980, 102, 1202. 

422. M. Ihara, M. Toyota, K. Fukumoto, T. Kametani, and T. Honda, J. Chem. 

Res. Synop., 1984, 252.  

423. T. Kametani and T. Honda, Heterocycles, 1981, 16, 1673.  

424. K. M. R. Pillai, W. V. Murray, I. Shooshani, D. L. Williams, D. Gordon, S. 

Y. Wang, and F. Johnson, J. Med. Chem., 1984, 27, 1131.  

425. D. Burn and V. J. Petrov, J. Chem. Soc., 1962, 364.  

426. R. V. Coombs and E. E. Galanty, Ger. Offen. DE 2035879 (1971) [C.A., 

74, 100301 v (1971)].  

427. A. R. Daniewski, M. Guzewska, and M. Kocor, J. Org. Chem., 1975, 40, 

3131.  

428. W. Sucrow, P. Geschwinder, and H. Minas, Ger. Offen. DE 3522023 

(1986) [C.A., 105, 133415x (1986)].  

429. R. E. Ireland, P. B. Beslin, R. Giger, U. Hengartner, H. A. Kirst, and H. 

Maag, J. Org. Chem., 1977, 42, 1267.  

430. H. Alt, E. R. Franke, and H. Bock, Angew Chem., Int. Ed. Engl., 1969, 8, 

525.  

431. C. B. Wooster, J. Am. Chem. Soc., 1928, 50, 1388.  

432. S. Mejer and S. Respondek, Bull. Acad. Pol. Sci., Ser. Sci. Chim., 1966, 

14, 611 [C.A., 66, 105088a (1967)].  

433. M. E. Kuehne and B. F. Lambert, Org. Synth., Coll. Vol. 5, 1973, 400.  

434. P. Markov and C. Ivanoff, Tetrahedron Lett., 1962, 1139.  

435. W. E. Barnett and L. L. Needham, J. Org. Chem., 1975, 40, 2843.  

436. L. N. Mander, R. H. Prager, and J. V. Turner, Aust. J. Chem., 1974, 27, 

2645.  

437. E. L. Eliel and T. H. Hoover, J. Org. Chem., 1959, 24, 938.  

438. M. Julia and B. Malassine, Tetrahedron Lett., 1972, 2495.  

����������������������������������������������������

���������������




439. J. L. Marshall and B.-H. Song, J. Org. Chem., 1975, 40, 1942.  

440. J. L. Marshall and L. Hall, Tetrahedron, 1981, 37, 1271.  

441. A. Tahara, M. Shimagaki, S. Ohara, T. Tanaka, and T. Nakata, Chem. 

Pharm. Bull., 1975, 23, 2329.  

442. T. B. Windholz and D. R. Brown, J. Org. Chem., 1972, 37, 1647.  

443. P. W. Rabideau, J. W. Paschal, and L. A. Patterson, J. Am. Chem. Soc., 

1975, 97, 5700.  

444. A. J. Birch and E. A. Karakhanov, J. Chem. Soc., Chem. Commun., 1975, 

480.  

445. A. J. Birch, J. Chem. Soc., 1947, 1270.  

446. C. Harris, Ber., 1914, 47, 784.  

447. J. W. Ashmore and G. K. Helmkamp, Org. Prep. Proced. Int., 1976, 8, 

223.  

448. W. A. Remers, G. J. Gibs, C. Pidacks, and M. J. Weiss, J. Org. Chem., 

1971, 36, 279.  

449. A. J. Birch and P. G. Lehman, Tetrahedron Lett., 1974, 2395.  

450. A. J. Birch and D. Nasipuri, Tetrahedron, 1959, 6, 148.  

451. W. Hückel, S. Gupté, and M. Wartini, Chem. Ber., 1966, 99, 1388.  

452. S. O'Brien and D. C. C. Smith, J. Chem. Soc., 1960, 4609.  

453. W. A. Remers, G. J. Gibs, C. Pidacks, and M. J. Weiss, J. Am. Chem. 

Soc., 1967, 89, 5513.  

454. H. Iida, S. Aoyagi, and C. Kibayashi, J. Chem. Soc., Perkin Trans. 1, 

1975, 2502.  

455. H. Iida, S. Aoyagi, Y. Yuasa, and C. Kibayashi, Heterocycles, 1977, 6, 

1747.  

456. T. A. Crabb and J. R. Wilkinson, J. Chem. Soc., Perkin Trans. 1, 1975, 

58.  

457. O. Yonemitsu, P. Ceruti, and B. Witkop, J. Am. Chem. Soc., 1966, 88, 

3941.  

458. C. Verchere and C. Viel, Heterocycl. Chem., 1980, 17, 49.  

459. A. J. Birch, R. W. Rickards, and K. J. Stapleford, Aust. J. Chem., 1969, 

22, 1321.  

460. Yu. L. Slominski, A. R. Smirnowa, S. V. Popow, and A. I. Tolmaczev, Zh. 

Org. Khim. (Russ.), 1983, 19, 2389 [C.A., 100, 53184c (1984)].  

461. G. L. Olson, H.-C. Cheung, K. D. Morgan, J. F. Blount, L. Todaro, L. 

Berger, A. B. Davidson, and E. Boff, J. Med. Chem., 1981, 24, 1026.  

462. A. J. Birch and H. H. Mantsch, Aust. J. Chem., 1969, 22, 1103.  

463. B. Heath-Brown, Chem. Ind. 1969, 1595.  

464. W. A. Remers and M. J. Weiss, Tetrahedron Lett., 1968, 81.  

����������������������������������������������������

���������������




465. S. Danishefsky, P. Cain, and A. Nagel, J. Am. Chem. Soc., 1975, 97, 380. 

466. S. Danishefsky and R. Cavanaugh, J. Am. Chem. Soc., 1968, 90, 520.  

467. M. Schaefer-Ridder and U. Engelhardt, J. Org. Chem., 1981, 46, 2895.  

468. T. Kametani, T. Uryu, and K. Fukumoto, J. Chem. Soc., Perkin Trans. 1, 

1977, 383.  

469. H. Schmidhammer and A. Brossi, Can. J. Chem., 1982, 60, 3055.  

470. See reference 227.  

471. F. L. Hsu, K. C. Rice, and A. Brossi, Helv. Chim. Acta, 1980, 63, 2042.  

472. F. L. Hsu, K. C. Rice, and A. Brossi, Helv. Chim. Acta, 1982, 65, 1576.  

473. T. Kitahara and M. Matsui, Agric. Biol. Chem., 1974, 38, 171.  

474. K. K. Pivnitski and Yu. P. Badanova, Zh. Obshch. Khim. (Russ.), 1978, 

48, 1669 [C. A., 90, 6601b (1979)].  

475. J. E. Sundeen, J. A. Reid, J. A. Osband, and F. P. Hauck, J. Med. Chem., 

1977, 20, 1478.  

476. K. C. Rice, J. Org. Chem., 1980, 45, 3135.  

477. R. Grewe, H. Fischer, and W. Friedrichsen, Chem. Ber., 1967, 100, 1.  

478. H. C. Beyerman, J. van Berkel, T. S. Lie, L. Maat, J. C. M. Wessels, H. H. 

Bosman, E. Buurman, E. J. M. Bijsterveld, and H. J. M. Sinnige, Recl. 

Trav. Chim. Pays-Bas, 1978, 97, 127.  

479. G. C. Morrison, R. O. Waite, and J. Shavel, Jr., J. Heterocycl. Chem., 

1972, 9, 683.  

480. H. Tanaka, M. Shibata, and K. Ito, Chem. Pharm. Bull., 1984, 32, 3271.  

481. H. Tanaka, Y. Takamura, M. Shibata, and K. Ito, Chem. Pharm. Bull., 

1986, 34, 24.  

482. R. J. Chorvat, J. R. Palmer, and R. Pappo, J. Org. Chem., 1978, 43, 966. 

483. W. Nagata, T. Sugasawa, M. Narisada, T. Wakabayashi, and Y. Hayase, 

J. Am. Chem. Soc., 1967, 89, 1484.  

484. W. Nagata, T. Wakabayashi, M. Narisada, Y. Hayase, and S. Kakamate, 

J. Am. Chem. Soc., 1971, 93, 5741.  

485. S. Takano, M. Sasaki, H. Kanno, K. Shishido, and K. Ogasawara, J. Org. 

Chem., 1978, 43, 4169.  

486. J. D. Wilcock and E. Winterfeldt, Chem. Ber., 1974, 107, 975.  

487. A. I. Meyers, D. B. Miller, and F. H. White, J. Am. Chem. Soc., 1988, 110, 

4778.  

488. H. Rischke and J. D. Wilcock, Chem. Ber., 1973, 106, 3106.  

489. H. C. Beyerman, E. Buurman, L. Maat, and C. Olieman, Recl. Trav. Chim. 

Pays-Bas, 1976, 95, 184.  

490. W. V. Curran, J. Chem. Soc. D, 1971, 478.  

491. L. Mandell, C. A. Wilson, S. Sinclair, and F. J. Heldrich, Heterocycles, 

����������������������������������������������������

���������������




1987, 26, 713.  

492. T. Kametani, M. Kajiwara, T. Takahashi, and K. Fukumoto, J. Chem. 

Soc., Perkin Trans. 1, 1975, 737.  

493. G. C. Morrison, R. O. Waite, and J. Shavel, Jr., Tetrahedron Lett., 1967, 

4055.  

494. S. Kumar and N. Agarwal, J. Org. Chem., 1986, 51, 2445.  

495. T. Kametani, Y. Hirai, and K. Fukumoto, Heterocycles, 1976, 4, 29.  

496. T. Kametani, Y. Hirai, and K. Fukumoto, Chem. Pharm. Bull., 1976, 24, 

2500.  

497. S. Danishefsky and A. Nagel, J. Chem. Soc., Chem. Commun., 1972, 

373.  

498. F. L. Weisenborn and H. E. Applegate, J. Am. Chem. Soc., 1956, 78, 

2021.  

499. J. P. Kutney, P. Grice, K. Piotrowska, S. J. Rettig, J. Szykula, J. Trotter, 

and L. V. Chu, Helv. Chim. Acta, 1983, 66, 1820.  

500. I. M. Coggiola, Nature, 1963, 200, 954.  

501. T. Kinoshita and T. Miwa, J. Chem. Soc., Chem. Commun., 1974, 181.  

502. T. Kinoshita, K. Miyano, and T. Miwa, Bull Chem. Soc. Jpn., 1975, 48, 

1865.  

503. T. Kinoshita and T. Miwa, Carbohydr. Res., 1973, 28, 175.  

504. J. Slobbe, Aust. J. Chem., 1976, 29, 2553.  

505. T. Masamune, M. Ono, and H. Matsue, Bull. Chem. Soc. Jpn., 1975, 48, 

491.  

506. J. E. Semple, P. C. Wang, Z. Lysenko, and M. M. Joullie, J. Am. Chem. 

Soc., 1980, 102, 7505.  

507. T. Kinoshita and T. Miwa, Bull. Chem. Soc. Jpn., 1978, 51, 225.  

508. S. D. Darling and K. D. Wills, J. Org. Chem., 1967, 32, 2794.  

509. D. P. Brust and D. S. Tarbell, J. Org. Chem., 1966, 31, 1251.  

510. B. Graffe, M. C. Sacquet, and P. Maitte, Bull. Soc. Chim. Fr. (7–8), 1979, 

350.  

511. A. Murai, S. Sato, and T. Masamune, Bull. Chem. Soc. Jpn., 1984, 57, 

2286.  

512. L. J. Dolby and E. Adler, Tetrahedron Lett., 1971, 3803.  

513. L. H. Brannigan and D. S. Tarbell, J. Org. Chem., 1966, 31, 1251.  

514. J. M. Ferland and Y. Lefebvre, Can. J. Chem., 1984, 62, 315.  

515. D. K. Banerjee and P. R. Srinivasan, Indian J. Chem., 1972, 10, 891.  

516. D. F. Crowe, P. H. Christie, J. I. DeGraw, A. N. Fujiwara, E. Grange, P. 

Lim, M. Tanabe, T. Cairns, and G. Skelly, Tetrahedron, 1983, 39, 3083.  

517. S. F. Birch and D. T. McAllan, J. Chem. Soc., 1951, 2556.  

����������������������������������������������������

���������������




518. W. G. Blenderman, M. M. Joullie, and G. Preti, Tetrahedron Lett., 1979, 

4985.  

519. Ya. L. Gol'dfarb, A. V. Semenovskii, E. P. Zaharov, G. V. Davydova, and 

F. M. Stoyanovich, Bull. Acad. Sci. USSR, Chem. Ser. (Engl. Trans.), 

1979, 448 [C. A., 90, 168011m (1979)].  

520. G. Lange, M. E. Savard, T. Viswanatha, and G. I. Dimitrenko, 

Tetrahedron Lett., 1985, 26, 1791.  

521. S. F. Birch and D. T. McAllan, J. Chem. Soc., 1951, 3411.  

522. W. G. Blenderman and M. M. Joullie, Synth. Commun., 1981, 11, 881.  

523. K. Nishino, S. Yano, Y. Kohashi, K. Yamamoto, and I. Murata, J. Am. 

Chem. Soc., 1979, 101, 5059.  

524. G. A. Tolstikov, E. E. Shul'ts, Yu. T. Struchkov, D. S. Yufit, and S. 

Lindeman, Zh. Org. Khim. (Russ.), 1986, 22, 121 [C. A., 106, 102607c 

(1987)].  

525. P. W. Rabideau, J. W. Paschal, and L. E. Patterson, J. Am. Chem. Soc., 

1975, 97, 5700.  

526. J. A. Marshall and G. A. Flynn, Synth. Commun., 1979, 9, 123.  

527. W. M. Grootaert, R. Mijngheer, and P. J. DeClercq, Tetrahedron Lett., 

1982, 23, 3287.  

528. F. X. Webster and R. M. Silverstein, Synthesis, 1987, 922.  

529. G. S. R. Subba Rao and H. Ramanathan, Indian J. Chem., Sect. B, 1981, 

20B, 1089.  

530. J. Dixon, B. Lythgoe, I. A. Siddiqui, and J. Tideswell, J. Chem. Soc. C, 

1971, 1301.  

531. P. R. Bruck, R. D. Clark, R. S. Davidson, W. H. H. Günther, P. S. 

Littlewood, and B. Lythgoe, J. Chem. Soc. C, 1967, 2529.  

532. M. C. Grossel and M. J. Perkins, J. Chem. Soc., Perkin Trans. 2, 1975, 

1544.  

533. O. L. Chapman and P. Fitton, J. Am. Chem. Soc., 1961, 83, 1005.  

534. D. H. R. Barton, L. Bould, D. L. J. Clive, P. D. Magnus, and T. Hase, J. 

Chem. Soc. C, 1971, 2204.  

535. N. M. Przhiyalgovskaya and S. R. Gaevskaya, Zh. Org. Khim. (Russ.), 

1970, 6, 2310 [C. A., 74, 53313p (1971)].  

536. N. A. Nelson, R. S. P. Hsi, J. M. Schuck, and L. D. Khan, J. Am. Chem. 

Soc., 1960, 82, 2573.  

537. L. A. Paquette, T. J. Nitz, R. J. Ross, and P. James, J. Am. Chem. Soc., 

1984, 106, 1446.  

538. J. B. Hendrickson and P. M. DeCapite, J. Org. Chem., 1985, 50, 2112.  

539. P. K. Oommen, Aust. J. Chem., 1975, 28, 2095.  

540. J. W. Cornforth and R. Robinson, J. Chem. Soc., 1946, 676.  

����������������������������������������������������

���������������




541. I. Alfaro, W. Ashton, L. D. McManus, R. C. Newstead, K. L. Rabone, N. A. 

J. Rogers, and W. Kernick, Tetrahedron, 1970, 26, 201.  

542. V. M. Kapoor and A. M. Mehta, Synthesis, 1975, 471.  

543. P. K. Oommen, Aust. J. Chem., 1976, 29, 2087.  

544. T. Matsumoto and A. Suzuki, Bull. Chem. Soc. Jpn., 1959, 32, 128.  

545. B. Basu, S. Bhattacharya, and D. Mukherjee, Tetrahedron Lett., 1984, 25, 

1195.  

546. J. Fried and N. A. Abraham, Tetrahedron Lett., 1965, 3505.  

547. D. N. Patil and A. N. Mehta, J. Chem. Soc., Perkin Trans. 1, 1982, 201.  

548. S. P. Khanapure, B. G. Hazra, and K. G. Das, J. Chem. Soc., Perkin 

Trans. 1, 1981, 1360.  

549. S. Bhattacharyya, B. Basu, and D. Mukherjee, Tetrahedron, 1983, 39, 

4221.  

550. S. Bhattacharyya and D. Mukherjee, Tetrahedron Lett., 1982, 23, 4175.  

551. A. M. Mehta and D. N. Patil, J. Chem. Res. (S), 1982, 4.  

552. S. Bhattacharyya, M. Ghosal, and D. Mukherjee, Tetrahedron Lett., 1987, 

28, 2431.  

553. D. K. Banerjee, E. J. Jacob, and N. Mahishi, Steroids, 1970, 16, 733.  

554. L. N. Mander and R. Urech, Aust. J. Chem., 1983, 36, 1177.  

555. P. M. Müller and R. Pfister, Helv. Chim. Acta, 1983, 66, 771.  

556. P. M. Müller, R. Pfister, and R. Urban, European Patent 12801 [C. A., 93, 

1858395 (1980)].  

557. R. G. Harvey and L. Arzadon, Tetrahedron, 1969, 25, 4887.  

558. T. L. Gilchrist, C. W. Rees, and D. Tuddenham, J. Chem. Soc., Perkin 

Trans. 1, 1981, 3214.  

559. S. Mejer and Z. Marcinow, Rocz. Chemii, 1977, 51, 1281 [C.A., 88, 

73856k (1978)].  

560. F. Zutterman, P. DeClercq, and M. Vandewalle, Tetrahedron Lett., 1971, 

3191.  

561. I. K. Zhurkovich and D. V. Ioffe, Zh. Org. Khim. (Russ.), 1974, 10, 212 

[C.A., 80, 120365w (1974)].  

562. B. M. Bandara, A. J. Birch, and W. D. Raverty, J. Chem. Soc., Perkin 

Trans. 1, 1982, 1755.  

563. A. L. J. Beckwith, D. M. O'Shea, and D. H. Roberts, J. Chem. Soc., 

Chem. Commun., 1983, 1445.  

564. R. M. Acheson and R. F. Flowerday, J. Chem. Soc., Perkin Trans. 1, 

1974, 2339.  

565. J. A. Marshall and P. G. M. Wuts, Synth. Commun., 1977, 7, 233.  

566. C. P. Chuang and D. J. Hart, J. Org. Chem., 1983, 48, 1782.  

����������������������������������������������������

���������������




567. J. A. Marshall and P. G. M. Wuts, J. Org. Chem., 1977, 42, 1794.  

568. L. N. Mander, J. V. Turner, and B. G. Coombe, Aust. J. Chem., 1974, 27, 

1985.  

569. M. D. Bachi, J. W. Epstein, Y. Herzberg-Minzly, and H. J. E. Loewenthal, 

J. Org. Chem., 1969, 34, 126.  

570. K. Kosugi, A. V. Anisimov, H. Yamamoto, R. Yamashiro, K. Shirai, and T. 

Kumamoto, Chem. Lett., 1981, 1341.  

571. G. A. Olah and R. J. Hunadi, J. Org. Chem., 1981, 46, 715.  

572. A. J. Birch and J. Slobbe, Tetrahedron Lett., 1978, 627.  

573. A. J. Birch and P. C. Lehman, J. Chem. Soc., Perkin Trans. 1, 1973, 

2754.  

574. S. Chandrasekaran and J. V. Turner, Tetrahedron Lett., 1982, 23, 3799.  

575. A. S. Kende, R. A. Battista, and S. B. Sandoval, Tetrahedron Lett., 1984, 

25, 1341.  

576. D. F. Taber, J. Org. Chem., 1976, 41, 2649.  

577. D. F. Taber and S. A. Saleh, J. Am. Chem. Soc., 1980, 102, 5085.  

578. D. F. Taber, B. P. Gunn, and I. Ching Chiu, Org. Synth., 1983, 61, 59.  

579. A. G. Schultz and J. P. Dittami, Tetrahedron Lett., 1983, 24, 1369.  

580. A. G. Schultz, F. P. Lavieri, and T. E. Snead, J. Org. Chem., 1985, 50, 

3086.  

581. A. G. Schultz, F. P. Lavieri, M. Macielag, and M. Plummer, J. Am. Chem. 

Soc., 1987, 109, 3991.  

582. A. B. Smith and R. E. Richmond, J. Am. Chem. Soc., 1983, 105, 575.  

583. R. Castanedo, C. B. Zetina, and L. A. Maldonado, Heterocycles, 1987, 

25, 175.  

584. G. S. R. Subba Rao and H. Ramanathan, Indian J. Chem., Sect. B, 1981, 

20B, 1089.  

585. J. M. Hook and L. N. Mander, J. Org. Chem., 1980, 45, 1722.  

586. L. N. Mander and M. Woolias, Aust. J. Chem., 1981, 34, 2249.  

587. J. M. Hook, L. N. Mander, and R. Urech, J. Org. Chem., 1984, 49, 3250.  

588. J. M. Hook, L. N. Mander, R. Urech, Synthesis, 1979, 374.  

589. M. J. Gunter and L. N. Mander, Aust. J. Chem., 1981, 34, 675.  

590. K. D. Krautwurst and W. Tochtermann, Chem. Ber., 1981, 114, 214.  

591. L. N. Mander and R. J. Hamilton, Tetrahedron Lett., 1981, 22, 4115.  

592. A. Goplan and P. Magnus, J. Am. Chem. Soc., 1980, 102, 1756.  

593. A. Goplan and P. Magnus, J. Org. Chem., 1984, 49, 2317.  

594. A. Casares, J. M. L. Cardoso, and L. A. Maldonado, Synth. Commun., 

1981, 11, 223.  

595. L. N. Mander and M. Woolias, Synthesis, 1979, 185.  

����������������������������������������������������

���������������




596. Z. Lidert and C. W. Rees, J. Chem. Soc., Chem. Commun., 1982, 499.  

597. Z. Lidert and C. W. Rees, J. Chem. Soc., Chem. Commun., 1983, 317.  

598. H. C. Hibbard, C. J. Moody, and C. W. Rees, J. Chem. Soc., Perkin 

Tran.s. 1, 1985, 735.  

599. N. M. Prziyalgovskaya, E. N. Sidorenko, and A. T. Prudchenko, Zh. Org. 

Khim. (Russ.), 1975, 11, 1679 [C.A., 83, 192895d (1975)].  

600. H. O. House and E. J. Zaiko, J. Org. Chem., 1977, 42, 3780.  

601. B. Basu and D. Mukherjee, J. Chem. Soc., Chem. Commun., 1984, 105.  

602. A. J. Baker and A. C. Goudie, J. Chem. Soc., Chem. Commun., 1972, 

951.  

603. H. J. E. Loewenthal, Guide for the Perplexed Organic Experimentalist, 
Hyden, London, 1978, pp. 133–138.  

604. J. M. Hook, L. N. Mander, and R. Urech, J. Am. Chem. Soc., 1980, 102, 

6628.  

605. C. D. Gutsche and H. H. Peter, Org. Synth., Coll. Vol. 4, 1963, 887.  

606. J. F. Eastham and D. R. Larkin, J. Am. Chem. Soc., 1959, 81, 3652.  

607. G. M. Watt, C. M. Knowles, and L. O. Morgan, J. Am. Chem. Soc., 1947, 

69, 1657.  

608. J. A. van Doorn and N. Meijboom, J. Chem. Soc., Chem. Commun., 1987, 

1700.  

609. G. Stork and J. W. Schulenberg, J. Am. Chem. Soc., 1956, 78, 250.  

610. D. J. Marshall and R. Deghenghi, Can. J. Chem., 1969, 47, 3127.  

 

����������������������������������������������������

���������������




The Mitsunobu Reaction 

 

David L. Hughes, Merck Sharp and Dohme Research Laboratories, Merck and Co., Inc., 

Rahway, New Jersey 

1. Introduction 

 

Alkyl and aryl phosphites and phosphines react with compounds having weak 

heteroatom–heteroatom bonds, such as S－S, O － O, etc., and with azo 

compounds to form reactive phosphonium salts. These phosphonium salts in 

turn promote “redox” condensation reactions with compounds having active 

hydrogens. The condensation reaction of alcohols using the redox couple of a 

triaryl- or trialkylphosphine and a dialkyl azodicarboxylate has become known 

as the Mitsunobu reaction, based on his pioneering work in the late 1960s. (1-3) 

The overall reaction is summarized in Eq. 1, wherein the alcohol (R1OH) and 

acidic compound (H–Nu) are condensed to form product (R1–Nu), while 

triphenylphosphine is oxidized to triphenylphosphine oxide and the 

azodicarboxylate is reduced to the hydrazine.  

   

 

 (1)   

 

Although the typical redox combination is diethyl azodicarboxylate (DEAD) and 

triphenylphosphine, many other combinations have found selected use. The 

reaction is generally limited to primary and secondary alcohols, although 

tertiary alcohols react in a few intramolecular 4a and intermolecular 4b–d 

reactions. For secondary alcohols the reaction usually proceeds with clean 

inversion of stereochemistry. The acidic component of the reaction (denoted 

as H–Nu in Eq. 1) generally has an aqueous pKa < 15, with intramolecular 

reactions providing the exceptions. Example of H–Nu include oxygen 

nucleophiles such as carboxylic acids and phenols; nitrogen nucleophiles such 

as imides, hydroxamates, and heterocycles; sulfur nucleophiles such as thiols 

and thioamides; and carbon nucleophiles such as β -ketoesters. 

 

Major reviews of the Mitsunobu reaction were published in 1981 by Mitsunobu 

(5) and in 1983 by Castro. 6a The former review concentrated on reactions 

using DEAD/triphenylphosphine, while the latter review focused on reactions in 

which halogens replaced the hydroxy group using reagents such as 

triphenylphosphine/carbon tetrachloride, triphenyl phosphite/iodomethane, 

and triphenylphosphine/N-halosuccinimide. Reactions involving the 

DEAD/triphenylphosphine redox system are the principal subject of this review, 
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with emphasis on the literature between 1981 and 1988. 
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2. Mechanism 

 

In his 1981 review Mitsunobu proposed that the dehydration reactions of 

alcohols using DEAD and R3P proceed in three steps: (1) reaction of R3P with 

DEAD in the presence of the acid component to form a salt wherein a 

phosphorus–nitrogen bond is formed; (2) reaction of the DEAD–R3P adduct 

with the alcohol to form an activated oxyphosphonium ion intermediate; and (3) 

displacement via an SN2 process to form the inverted product and the 

phosphine oxide. (5) The mechanistic details of each step are discussed 

below.  

 STEP 1: ADDUCT FORMATION  

   

 

 

 

 STEP 2: ALCOHOL ACTIVATION  

   

 

 

 

 STEP 3: SN2 REACTION  

   

 

 

 

 

2.1.1. Step 1: Adduct Formation  
The reaction of triphenylphosphine and DEAD or diisopropyl azodicarboxylate 

(DIAD) in methylene chloride or tetrahydrofuran proceeds rapidly to form a 

colorless zwitterionic adduct, which in the presence of formic acid yields the 

azaphosphonium formate. The reaction is irreversible since treatment  
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of the adduct with tri-n-butylphosphine does not lead to phosphine exchange. 

6b 

 

The azaphosphonium formate is unstable with respect to formation of the 

N-formyl hydrazide (10 minutes at 25°) and triphenylphosphine oxide. Acetic 

acid behaves similarly. (7) This mode of adduct decomposition could be a 

major  

   

 

 

reason for poor yields in Mitsunobu reactions run with sterically small acids 

having nucleophilic carboxylates when the reagent ratios are 1:1:1. The 

Mitsunobu reagent can be stabilized by employing triphenylphosphine:DIAD: 

formic acid in a ratio of 1:1:2, wherein the extra mole of acid hydrogen bonds to 

the formate ion to reduce its nucleophilicity and afford a reagent having a t1/2 of 

15 hours at 25°. (7) When the Mitsunobu reagent is formed in the presence  

   

 

 

of a sterically unhindered alcohol and no carboxylic acid, N-alkylated products 

arise. (7)  
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The Mitsunobu reagent has been shown to have a P － N bond, as opposed 

to a P － O bond or heterocyclic structure, by IR C ＝ O stretching 

frequencies and 31P NMR isotope shifts induced by 15N-DIAD. (8, 9) 

2.1.2. Step 2: Alcohol Activation  
The structure of the activated alcohol species in the Mitsunobu reaction is still 

under debate, and is dependent on the nature of the substrate and reaction 

conditions. In his 1981 review Mitsunobu proposed that the activated species 

was an oxyphosphonium salt. (5) As support for this mechanism, stable 

oxyphosphonium salts were subsequently isolated and characterized from 

Mitsunobu reactions involving hindered carbohydrate alcohols, (10) and they 

have been generated electrochemically. (11) However, the existence of the 

oxyphosphonium salt intermediate has been questioned. NMR studies of the 

reaction of triphenylphosphine, DEAD, and alcohols indicate that the key 

intermediate is the pentavalent dialkoxyphosphorane. (12-14) Using 

3,4-dichlorophenol  

   

 

as the alcoholic component, a diaryloxyphosphorane can be isolated as a 

crystalline compound. (15) Treatment with an acid affords an ester and 

triphenylphosphine oxide, leading to the claim that the activated species in the 

Mitsunobu reaction must be the phosphorane, which on reaction with an acid 

affords the ester, an alcohol for recycle, and phosphine oxide. 

 

Since the phosphorane was generated in the absence of the acid component 

of the system, a revised mechanism for the reaction was proposed. 16a In the 

presence of the acidic component the reaction proceeds as postulated by 

Mitsunobu via the oxyphosphonium ion intermediate, with formation of that 

intermediate and its subsequent SN2 reaction being the slow steps. However, 

in the absence of acid, the dialkoxyphosphorane is formed. Addition of acid 

results in the rapid formation and subsequent reaction of the oxyphosphonium 

salt, and regeneration of a mole of the alcohol. This is recycled via the original  
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mechanism since acid is present. Thus under these conditions part of the 

reaction proceeds via the phosphorane and part via the oxyphosphonium salt. 

 

Two subsequent studies have shown that even in the presence of acid, 

phosphoranes can be formed. 16b,c When one equivalent each of benzoic 

acid, triphenylphosphine, and DEAD, and two equivalents of ethanol are mixed 

at –78° in tetrahydrofuran, peaks corresponding to both the phosphorane and 

the oxyphosphonium salt are observed by 31P NMR. 16b In a similar 

experiment with isopropyl alcohol, the oxyphosphonium salt is the major 

species, with only a trace of the phosphorane observable. 16b Similarly, with 

the hindered neopentyl alcohol and diacetone glucose, both phosphorane and 

oxyphosphonium salt were observed at 0° in the presence of benzoic acid. 16c 

These data suggest that an equilibrium mixture of phosphorane and 

oxyphosphonium salt exists, with the nature of the alcohol, solvent, and acid 

determining the equilibrium concentrations. 

 

In addition, a third species, an (acyloxy)alkoxyphosphorane, has been 

suggested, based on NMR data. 16d When neopentyl alcohol is treated at 0° 
in tetrahydrofuran with one equivalent of triphenylphosphine and one 

equivalent of DIAD, followed by 0.5 equivalent of benzoic acid, a 31P NMR 

peak is observed at –11 ppm. This peak is roughly midway between that 

expected for an oxyphosphonium salt (+60 ppm) and that expected for a 
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phosphorane (–50 to –60 ppm). As the temperature is lowered, the peak 

becomes broader and coalescence occurs at –90°. At –100° two peaks appear, 

a downfield peak at +61 ppm ascribed to the oxyphosphonium salt, and an 

upfield peak at –55 ppm ascribed to the (acyloxy)alkoxyphosphorane. The 

equilibrium  

   

 

 

constant between the two species was found to be highly sensitive to solvent 

and proton sources. Polar solvents such as acetonitrile favor the ion pair. The 

ion pair is also favored by addition of protic sources such as excess alcohol, 

benzoic acid, or diisopropyl hydrazine-1,2-dicarboxylate. 16d 

 

Although three activated alcohol species may be involved as intermediates in 

the Mitsunobu reaction, the oxyphosphonium salt is most likely the key 

intermediate involved in the displacement of triphenylphosphine oxide leading 

to product. In a study of the Mitsunobu reaction used to invert the hydroxy 

center in a thienamycin total-synthesis intermediate, the oxyphosphonium 

intermediate is the only activated alcohol species observable by NMR. (7) The 

parameters controlling its formation were clarified.  

   

 

 

 

 

Three factors control the rate of alcohol activation via the oxyphosphonium salt: 

(1) the basicity of the carboxylate generated in the formation of the Mitsunobu 

reagent; (2) the extent of hydrogen bonding to the carboxylate; and (3) 

substituent effects in the triarylphosphine. (7) 

 

The carboxylate functions as a base to deprotonate the alcohol before -Ph3P 

transfer takes place. Examination of the rate of oxyphosphonium ion 
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intermediate formation as a function of pKa of the acid component affords a 

linear plot of pKa vs. log rate with a slope of 1.25, indicating a high degree of 

sensitivity of the activation to carboxylate basicity. Using very strong acids with 

weakly basic carboxylates, such as trifluoroacetic acid, results in very slow 

formation of intermediate. Use of formic acid in the azetidinone intermediate  

   

 

 

inversion and increasing the HCOOH/HCOO– ratio from 0.54 to 2 affords a 

170-fold decrease in the rate of oxyphosphonium ion formation. The principal 

cause of this effect is the solvation of the formate on by formic acid, thereby 

reducing the effective basicity of the formate ion. This is the same effect that is 

used to stabilize the Mitsunobu reagent. The two effects must be properly 

balanced for a successful Mitsunobu reaction. 

 

With substituted triarylphosphines, a classical Hammett effect is noted for the 

rate of activated species formation, with a rho of 1.5. (7) 

2.1.3. Step 3: SN2 Reaction  
With the azetidinone intermediate as a substrate and formate as the 

nucleophile, the Mitsunobu reaction proceeds with at least 200:1 

stereochemical inversion. The reaction of the oxyphosphonium intermediate 

with various carboxylates shows only a small effect of carboxylate basicity on 

the SN2 reaction rate ( β Nu = 0.1–0.15). This indicates that the transition state 

for the displacement has considerable SN1 character with much bond breaking 

and little bond formation. Thus, although formate is excellent for formation of 

the oxyphosphonium ion intermediate and trifluoroacetate is poor, they behave 

similarly in the SN2 step. (7) An unusual salt effect occurs in the SN2  
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reaction. The reaction appears to be zero in formate as the rate of SN2 reaction 

remains relatively constant when the concentration of formate ion is increased. 

However, in the presence of a swamping salt, the reaction displays normal 

second-order kinetics. Since the ionic intermediates in the SN2 reaction afford 

neutral products, addition of excess formate to this step stabilizes the 

intermediates, and fortuitously, the rate enhancement expected by addition of 

formate is balanced by the retardation caused by the increase in ionic strength. 

 

In summary, the effectiveness of the Mitsunobu reaction is quite surprising 

given the complexity of its mechanism. The poor yields obtained in many of the 

reactions reported in the literature can be traced to the failure to successfully 

execute one of the three key steps in the reaction. 
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3. Scope and Limitations 

3.1. Carbon–Oxygen Bond Formation  
3.1.1.1. Ester Formation  
The major use of the Mitsunobu reaction is to invert optically pure secondary 

alcohols via formation of inverted esters. The reaction is compatible with a 

wide range of functional and protecting groups,  

   

 

 

including β -lactams, (17-32) acetals; (33-42) azides; (43) thioethers; (20, 26, 

31, 44-47) trimethylsilyl (TMS), (48, 49) triethylsilyl (TES), (50, 51) and 

tert-butyldimethylsilyl (TBS) ethers, (52-58) chlorides; (55, 59) iodides; (59-61) 

acetylenes; (62-65) C － Si bonds; (66-69) carbobenzyloxy (Cbz); (70, 71) 

tert-butoxycarbonyl (t-Boc); (72-74) tetrahydropyranyl (THP), (75-78) sulfones; 

(28, 57, 58, 79) O-alkyl oximes; (80) dithianes; (76, 81-83) allenes; (84) 

trichloroethyl; (85) cyclopropenes; (86) C － Hg bonds; (87) trityl; (88, 89) 

dichlorocyclopropanes; (90) nitriles; (91-93) methoxyethoxymethyl (MEM) and 

methoxymethyl (MOM) ethers; (48, 49, 94, 95) 1,2-dioxetanes; (96) diazo; (22) 

nitro; (22-24, 31, 97-99) and tosyl. (100, 101) 

3.1.1.2.1. Esters of Allyl Alcohols  

Mitsunobu reaction of allyl alcohols generally provides the inverted SN2 

product. (35, 38, 40, 44, 48, 49, 54, 55, 76, 77, 80, 83, 84, 91, 102-120) 

However, in a few cases, SN2  (Eq. 2) (69, 91, 121-124) or SN1 products (124) 

are observed.  

   

 

 (2)   
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The 1,2-cis-pyranoside 1 forms the SN2 product in 79% yield, but the 1,2-trans 

pyranoside 2 forms the epimeric SN1′product in equal amounts. (123) The 

latter reaction apparently proceeds through the allyl carbocation owing to steric 

hindrance to the incoming nucleophile and to ionization assistance from the 

anomeric effect of the trans methoxy group. Similar results are observed with 

phthalimide as nucleophile on a similar pyranoside.  

   

 

 

 

 

Reaction of dicyclopentadienols results in mixtures of inversion and retention 

products. 124b Deuterium labelling experiments show that extensive 

scrambling occurs during the reaction, indicating that competing direct and 

allylic substitution are occurring. The lack of concentration effects on the ratio 

of inversion to retention rules out the possibility that retention occurs by an SN1 

mechanism (un imolecular) and inversion by an SN2 mechanism (bimolecular). 

The reaction probably proceeds through an allylic cation with steric effects 

determining the location of nucleophile capture. 124b  
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2-endo-Norbornenol reacts with benzoic acid under typical Mitsunobu 

conditions to provide the exo benzoate in 78% yield. 124c In contrast, the exo 

alcohol furnished only the nortricyclic benzoate in 80% yield, presumably by π 

participation.  

   

 

 

 

3.1.1.2.2. Esterification of Secondary Alcohols—Retention or Epimerization  

In a few cases secondary alcohols do not proceed with inversion because of 

an acidic epimerizable center or steric hindrance. The α -hydroxy ester 3 

esterifies with complete epimerization. (125) Preparation of the α -methoxy- α 

-trifluoromethylphenylacetate (MTPA) ester of 2-hydroxy-3-butanone gives 9% 

racemization, (126)  
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but no racemization occurs in the preparation of these esters with α 

-hydroxyesters. 127–128 

 

Steric hindrance results in retention of configuration in the reactions of 4 

129–130 and 5. (131) It is postulated that the carboxylic acid is activated to 

form 6, which then acylates the alcohol. With hemiacetal 7 complete 

epimerization  

   

 
occurs at room temperature, whereas complete inversion occurs at –50° when 

cyclohexanecarboxylic acid is used to form the ester. (50)  
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3.1.1.2.3. Aryl Esters  

Phenols and carboxylic acids in the presence of triphenylphosphine/ DEAD 

react to form aryl esters in 67–96% yields. Phenols having both 

electron-withdrawing and electron-donating groups form esters with acetic acid 

and benzoic acid in high yields, but do not react with trifluoro- and 

trichloroacetic acids. (132) 

3.1.1.2.4. Polyhydroxylic Compounds  

Selective reaction can sometimes be obtained with compounds containing 

several hydroxy groups. Unexpectedly, 1,2-propanediol and styrene glycol 

undergo predominant reaction at the secondary center instead of the primary 

center. (133) 1,3-Diols are esterified predominantly at the primary center. (133) 

The 1,2-diols form the phosphorane 8  
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which opens via protonation of the least hindered oxygen to produce the 

oxyphosphonium salt and leads to esterification of the secondary center. 

1,3-Diols form no phosphorane. Instead, the oxyphosphonium salt from the 

primary alcohol is formed preferentially, leading to ester formation at the 

primary center. (133)  

   

 

 

 

 

In steroids containing secondary hydroxy groups at the 3 position and at the 7 

and/or 12 positions, selective esterification with inversion occurs only at the 3 

position. (134-136) 

 

The 3 position of pyranoside 9 is selectively esterified, presumably because of 

steric effects. (137) The hemiacetal 10 reacts selectively at the more reactive  
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anomeric position to give the inverted ester in 40% yield. (50) Compounds that 

contain two primary hydroxy groups, 138–139 two secondary hydroxy groups, 

(37, 43, 78) or a primary and a secondary hydroxy group, (33, 55, 140, 141) 

are esterified at both centers, given sufficient reagent and reaction time.  

   

 

 

 

3.1.1.2.5. Lactones  

Lactones are prepared by intra- or intermolecular reactions of compounds 

containing both an alcohol and a carboxylic acid. High dilution favors the 

intramolecular reaction. As with esterification, inversion at the  

   

����������������������������������������������������

���������������




 

 

hydroxy center usually occurs, indicating that the hydroxy group is activated 

and displaced in an intramolecular SN2 reaction. An exception to this is 

hydroxy acid 11, which undergoes complete epimerization. (142) In this case,  

   

 

 

competing carboxy group and hydroxy group activation may be occurring. 

 

Either alkenes or β -lactones result from reaction of β -hydroxy acids, 

depending on substrate structure and solvent polarity. 

 

β -Lactones are prepared in good yields at –78°. Stereochemical studies 

indicate that lactonization of primary (12) and secondary (13) alcohols proceed 

by hydroxy group activation (inversion), while tertiary alcohols (14) proceed via 

carboxy group activation (retention). (143-146) β -Lactones prepared from D-  

   

 

or L-serine derivatives 12 are useful chiral intermediates for formation of a wide 

variety of α -amino acids. (147-149)  
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Lactonization of a secondary alcohol is possible in the presence of a primary 

alcohol under high dilution conditions. (150) Mitsunobu conditions have been  

   

 

 

used in the preparation of the natural product macrolactones gleosporone, 

(151) milbemycin β 3, (152, 153) colletodiol, (154) vermiculin, (155) and 

griseoviridin. (156, 157) 

3.1.1.2.6. Polymers  

N-Protected amino acids react with p-alkoxybenzyl and diphenylmethanol 

resins to form polymeric esters. (158, 159) 

3.1.1.3. Ether Formation  
Alkyl aryl ethers, enol ethers, and cyclic dialkyl ethers can be prepared using 

the Mitsunobu reaction. 

3.1.1.3.1. Alkyl Aryl Ethers  

Reaction of a phenol with primary or secondary alcohols in the presence of 

DEAD/triphenylphosphine produces an alkyl aryl ether. (160, 161) For reaction 

of secondary alcohols, there is inversion at the hydroxy carbon, (162) 

indicating that the reaction occurs by activation of the alcohol followed by SN2 

displacement by the phenol. In the reactions of allyl alcohols the SN2′ reaction 

sometimes competes with the SN2 reaction. (163)  

   

����������������������������������������������������

���������������




 
 

 

 

Intramolecular reactions are used to form 6- and 7-membered cyclic ethers. 

(164-167)  

   

 

 

 

 

Reaction of alcohol 15 with phenol 16 gives the coupling product 17 in good 

yield only when the concentrations of the alcohol and the 

DEAD/triphenylphosphine adduct are kept low during the reaction. (168) This 

prevents coupling of the alcohol with itself to form alkyl ether 18, which 

otherwise forms in 30–35% yield.  
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Generally, the Mitsunobu reaction is not successful when tertiary alcohols are 

used. However, coupling of phenols with several acetylenic tertiary alcohols 

proceeds in 35–55% yields. 4b,c Since the stereochemistry of the reactions 

was not determined, the coupling mechanism is not known.  

   

 

 

 

3.1.1.3.2. Enol Ethers  

Enol ethers are prepared by reaction of β -ketoesters with alcohols. (169-171) 

Further discussion of the factors affecting C-vs. O-alkylation of these 

compounds is found in the section on ambident alkylations.  
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3.1.1.3.3. Dialkyl Ethers  

Intermolecular coupling of alcohols with DEAD/triphenylphosphine usually 

does not occur. Exceptions include the formation of 18 and the use of mercuric 

bromide to catalyze ether formation between sugars and cyclohexanol. (172, 

173) However, intramolecular coupling to make 3-to 7-membered cyclic ethers 

is a common and high-yield reaction. (174) Formation  

   

 

 

of epoxides from trans 1,2-diols in sugars often occurs stereoselectively, with 

only one of the two hydroxy groups being activated and replaced because of 

steric effects. (175-178) Formation of epoxide can be used to invert both 

hydroxy groups of pyranoside 19. (179) Formation of oxetane 20 is a key  
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step in the synthesis of thromboxane A2. (180) Epoxidation of chiral diols 

21–23 using triphenylphosphine/DEAD, triphenylphosphine/carbon 

tetrachloride, or diethoxytriphenylphosphine results primarily in retention of 

configuration in 21 and 23 and racemization in 22. (181) An explanation of 

these results is  

   

 

 

shown in Scheme 1. It is postulated that the phosphorane and betaines are in 

equilibrium. For steric reasons, epoxide formation from collapse of betaine 24 

is favored, resulting in retention of configuration. Racemized product may be 
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due to racemization of the phosphorane via the stabilized carbocation 25. 

(181) 
Scheme 1.  

 

The regioselectivity for epoxide formation of 1,2-diols is opposite to that for 

ester formation (p. 343). Identical phosphorane intermediates are postulated in 

both cases. For esterification in the presence of a carboxylic acid, the 

phosphorane must open to give the secondary oxyphosphonium salt to 

account for the observed findings. In the absence of acid the phosphorane 

opens to give the primary oxyphosphonium zwitterion, which leads to epoxide 

formation with retention of configuration. 

3.1.1.4. Other Oxygen Nucleophiles  
Alcohols are converted to tosylates of inverted configuration using lithium 

tosylate or zinc tosylate and triphenylphosphine/DEAD in yields up to 94%. 

(140, 182) N-Hydroxyphthalimide reacts with alcohols and 

DEAD/triphenylphosphine to form phthalimidooxy derivatives. (183, 184) 

Bromohydrin 26 forms equal amounts of the expected SN2 product and that 

arising from a phenonium ion (SN1) rearrangement. (185)  
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Ethanol, (186) 4-nitrophenethanol, (187-189) and 3,4-dimethoxybenzyl alcohol 

(190) react at oxygen of the amide functionality in guanosine nucleotides. In 

contrast, thymidine and uridine nucleotides alkylate on nitrogen with 

4-nitrophenethanol, (191) while inosine gives a 2:1 mixture of O- vs. 

N-alkylation. (192) If the nucleotides have unprotected hydroxy groups, then 

intramolecular reactions  
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occur. (193, 194) While cyclic imides such as succinimide and phthalimide 

react at nitrogen, acyclic imides react at oxygen. (195) Hydroxyamides react 

intramolecularly to form 2-oxazolines. (196) Phosphinic acids (197) and 

phosphonates (198) form esters with alcohols using 

DEAD/triphenylphosphine.  

   

 

 

 

 

Carbonates are prepared from alcohols and CO2 using 

DEAD/triphenylphosphine. (199) 2,6-Di-tert-butyl-4-nitrophenol reacts with the 

primary hydroxy  
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group of nucleosides to form aci-nitro esters using triphenylphosphine/DEAD. 

The aci-nitro esters react with Wittig reagents to form olefins, serving as 

masked aldehydes. (200) Aryl and alkyl carboxylic acids are converted to  

   

 

 

anhydrides in 60–96% yields using triphenylphosphine/DEAD in 

tetrahydrofuran. (201) 

3.2. Carbon–Nitrogen Bond Formation  
3.2.1.1. Cyclic Imides  
Conversion of alcohols into inverted amines is accomplished by coupling a 

secondary alcohol with phthalimide using DEAD/triphenylphosphine followed 

by hydrazinolysis of the phthalimido product to the amine. (202) 

endo-Benzonorbornen-2-yl alcohols react to form exo phthalimido  

   

 

 

derivatives, but exo alcohols give mixtures of endo and exo products by a 

phenyl-assisted SN1 process. Substitution of a trifluoromethyl group into the 

phenyl ring reduces the amount of SN1 character, (203) while a 4-methoxy 

group results in complete retention. (204) Coupling of alcohols with other cyclic  
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imides, including glutarimide, succinimide, hydantoin, and oxazolidinedione, is 

used to make substrates for N-acyliminium cyclizations. (205) There is one 

example of competitive O-alkylation, leading to an inverted alcohol. (206)  
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3.2.1.2. Azides  
Alcohols are converted into azides using hydrazoic acid, zinc azide, or 

diphenylphosphoryl azide as nucleophile, generally in benzene or toluene 

solvent. Secondary alcohols are inverted except when steric hindrance leads 

to retention (207) or when the presence of an acidic hydrogen leads to 

racemization (Eq. 3). (208) A convenient one-pot preparation of amines from  

   

 

 (3)   
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alcohols employs the Mitsunobu reaction to make the azide followed by an in 

situ Staudinger reaction with triphenylphosphine to produce an 

imino-phosphorane, which is hydrolyzed to the amine during aqueous workup. 

(208) Overall isolated yields range from 35 to 85%.  

   

 

 

 

3.2.1.3. Lactam Formation  
β -Lactams are formed by intramolecular dehydration of β 

-hydroxycarboxamide derivatives. (209-211) Side reactions include elimination 

and formation of oxazolines and aziridines. Oxazoline and aziridine formation 

can be prevented by using carbonate, (209-211) oxazolin-2-oyl, (212, 213) or 

phthalimide (212, 214, 215) protecting groups for the side-chain amino group. 

Yields of β -lactams are 80–90% for hydroxamate precursors (Z = benzyloxy) 

(209-211) and 70–80% for anilide precursors (Z = 4-tolyl). (214, 215) 

Cyclization of 27 (Z = 4-tolyl, R  = H, R = benzyloxy)  

   

 

 

using DEAD and a variety of phosphines gives only small changes in yield of β 

-lactam: triphenylphosphine (74%). tri-n-butylphosphine (68%), triethyl 

phosphite (79%), and tris(dimethyl-amino)phosphine (67%). (215) Replacing 

DEAD with azo reagents 28–30 gives no β -lactam formation with 

triphenylphosphine, but 47–57% yields with tri-n-butylphosphine. (215) 

Cyclization of 31 with DEAD/triphenylphosphine gives 22% β -lactam 32 and 

78% elimination product 33. (216) The olefin  
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is also the major product with triphenylphosphine/carbon 

tetrachloride/triethylamine, triphenylphosphine dibromide, and 

triphenylphosphine dichloride. β -Lactam yields of 50–70% are achievable 

when triphenyl phosphite, phenoxydiphenylphosphine, or 

diphenoxyphenylphosphine are used along with DEAD. Use of trimethyl 

phosphite and triisopropyl phosphite with DEAD results in mixtures of N- and 

O-alkylation (34 and 35). (216) Cyclization  

   

 

 

of amide 36 results in some competitive O-alkylation, depending on the 

azodicarboxylate. (217) With diisopropyl azodicarboxylate, 40% of 37 and no 

38 are obtained. Diethyl azodicarboxylate gives 22% 37 and 5.5% 38, while 

dimethyl azodicarboxylate gives 14% each of 37 and 38.  
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Competitive N- and O-alkylation also occurs in the cyclization to the 

7-membered lactam. (218) 

 

Cyclization of amide 39 using 5.0 equivalents of triphenylphosphine/DEAD in 

tetrahydrofuran affords a thermodynamic mixture of diastereomers 40 and 41 

(2:1 ratio) along with 2% elimination product 42. (219) Unreacted 39 isolated 

from a reaction mixture is not epimerized, indicating that epimerization occurs 

in the intermediate oxyphosphonium salt or in the product β -lactam. Treating 

pure 40 with 2.5 equivalents of DEAD/triphenylphosphine  

   

 

 

in tetrahydrofuran results in a reestablishment of the 2:1 diastereomeric 

mixture in 15 minutes, indicating that the DEAD-triphenylphosphine, adduct is 

a sufficiently strong base to epimerize the product β -lactam. Decreasing the 

amounts of DEAD and triphenylphosphine has no effect on the diastereomeric 

ratio of 40 to 41, which are at thermodynamic equilibrium, but increases the 

elimination product 42: 7% at 2.5 equivalents, 12% at 1.8 equivalents, 16% at 

1.5 equivalents, and 23% at 1.0 equivalent. When triphenylphosphine is  
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replaced with triethyl phosphite, the reaction is slower and less epimerization 

takes place. With 2.5 equivalents of DEAD/triethyl phosphite, the ratio of 40:41 

is 6.8:1, while with 1.0 equivalent the ratio is >50:1. 1H NMR analysis indicates 

that epimerization is taking place in the oxyphosphonium ion intermediate. 

(168, 219) 

 

β -Lactam formation occurs with tertiary alcohol 43 but gives a mixture of 

isomeric products 44 and 45. 4a Labeling experiments suggest that 45 arises 

via an intramolecular 1,2-acyl migration–cyclization process. (220)  

   

 
 

 

3.2.1.4. Other Carbon–Nitrogen Bond-Forming Intramolecular Cyclizations  
Aziridines, (221) azetidines, (222, 223) pyrrolidines, (224, 225) and piperidines 

(222) are formed by intramolecular reactions of ω -aminoalcohols with 
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DEAD/triphenylphosphine. 

 

High yields of aziridines are obtained from 2-aminoethanol derivatives 

provided that the amine is secondary and one of the carbon atoms is 

substituted. (221) 

 

Reaction of 3-(N-benzylamino)-1-propanol with DEAD/triphenylphosphine 

results in formation of the DEAD adduct 46. (222) The desired azetidine 47 is 

obtained by using an acid to protonate the hydrazide anion, preventing  

   

 

 

its reaction. The pyrrolidine moiety of mesembrine is constructed by an 

intramolecular Mitsun obu reaction. (224) Nitrogen-bridged cyclonucleosides 

with  

   

 

 

a 7-membered ring are prepared in high yields with DEAD/triphenylphosphine. 

(226) An intramolecular SN2′ reaction provides the 7-membered heterocycle  
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48. (227) Activation of the tertiary alcohol is made possible by initial activation 

of the primary hydroxy group followed by ring closure to the phosphorane, 

which is observed by 31P NMR.  

   

 

 

 

3.2.1.5. Other Intermolecular Carbon–Nitrogen Bond-Forming Reactions  
Protected hydroxylamines react with α-hydroxycarbonyl compounds to form 

protected aminoacid esters in 20–82% yields, plus adducts 49 and 50 in 

10–50% yields arising from reaction of the α -hydroxycarbonyl compound with  
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DEAD. (228) Phosphoramidates condense with alcohols, and the resulting 

N-alkylated products can be cleaved to form amines. 229,230a  

   

 

 

 

 

N-Alkyl- and N-acylsulfonamides react with alcohols in the presence of 

DEAD/triphenylphosphine to give alkylated sulfonamide products. The Boc or 

tosyl groups can be selectively removed to give the monoselectively protected 

amines. 230b  
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3.3. Carbon–Sulfur Bond Formation  
Alcohols can be converted into thiols by reaction of the alcohol with 

triphenylphosphine, DEAD, and thiolacetic acid to form a thiol ester, followed 

by saponification or reduction of the thiol ester to the thiol. (231-244) Important 

to the success of this reaction is preformation of the DEAD–triphenylphosphine  

   

 

 

adduct at 0° before addition of the thiolacetic acid and the alcohol, which 

prevents nucleophilic addition of the thioacid to DEAD. (231) While complete 

inversion occurs with optically pure 2-octanol, (231) 3- β -cholestanol, (231) 

ethyllactate, (232) methyl phenylacetate, (232) and diethyl malate, (232) 

significant racemization occurs with ethyl mandelate (69% ee), (232) mandelic 

acid (85% ee), (233) lactic acid (68% ee), (233) and 

2-hydroxy-3-phenylpropionic acid (52% ee). (233) In the last three, 

involvement of an α -lactone intermediate appears to be the cause of 

racemization. (233) Other nucleophiles used to form carbon–sulfur bonds  
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include thiocyanate (Eq. 4), (245) thiophenol (Eq. 4), (244-247) thioamides (Eq. 

5), (248, 249) thioureas, (250) zinc N, N-dimethyldithiocarbamate, (251) alkyl 

thiols, (252) heterocylic thiols (Eq. 6), (253, 254) and dithioesters (Eq. 7). (255)  

   

 

 (4)   

 

   

 

 (5)   

 

   

 

 (6)   
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 (7)   

 

 

3.4. Carbon–Halogen Bond Formation  
Alcohols are converted into halides using DEAD/triphenylphosphine along with 

an alkyl or acyl halide. (245) Two possible reaction pathways are shown. In  
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the first pathway the zwitterionic intermediate 51 is alkylated to form the 

azaphosphonium intermediate 52 with the halide counterion. The transfer of 

phosphorus occurs from 52 to the alcohol to form the oxyphosphonium 
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intermediate 53, with X– perhaps serving as a basic catalyst. SN2 reaction of 

53 with X– produces the inverted halide. The second pathway differs in that 

phosphorus transfer occurs from the zwitterionic intermediate 51 to form the 

oxyphosphoni um intermediate 53 and hydrazine anion 54. The hydrazine 

anion is then alkylated with RX to generate X–, which reacts with 

oxyphosphonium intermediate 53 to produce the inverted halide. In the latter 

mechanism an expected competing side reaction would be reaction of 53 and 

54, a commonly observed reaction when no acid or alkylating agent is present. 

(256)  

   

 

 

The lack of this as a competing side reaction in the absence of acid is one 

piece of evidence to disfavor the second mechanism. Intermediate 

phosphoranes, which have been shown to form with hindered alcohols in the 

absence of acid, may also play a role. (12-16) 

 

The intermediate oxyphosphonium salts from several hindered carbohydrates 

have been isolated and characterized. (10, 257) Heating the oxyphosphonium 

salt in toluene results in SN2 displacement for X– = I, but rearrangements  
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X I II III 
 

I 70%   0%   0% 

Br   7% 35% 11% 

Cl   5% 55% 27%  
 

when X– = Br, Cl because of attack of X– on the isopropylidene protecting 

group. 

 

Besides alkylating or acylating agents, several other sources of halide ion can 

be used in conjunction with DEAD/triphenylphosphine. The halide may be 
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supplied by an ammonium salt such as pyridinium hydrochloride or 

hydrobromide, methoxyamine hydrochloride, or 2-amino-5-bromothiazole 

hydrobromide. (258) In these cases the zwitterionic intermediate 51 is 

protonated by HX to liberate X– for the reaction. The mildness of this procedure 

is demonstrated by formation of the penam 55 in 85% yield when no other 

method was successful. (258) The source of halide may also be methylene 

chloride  

   

 

 

as solvent (259) or methylene bromide in benzene solution. (260) 

Triethyloxonium tetrafluoroborate is used as a source of fluoride. In the one 

example reported,  

   

 
 

   

 

 

retention of configuration occurred. (261) 

 

Primary and secondary alcohols react with triphenylphosphine, DEAD, and 

zinc halides to produce alkyl halides in 66–90% yields. (251, 262) Formation of 

2-phenethyl chloride from the corresponding alcohol with no elimination 

indicates the mildness of the procedure. (262) Lithium halides, including F, Cl, 

Br, and I, or also lithium cyanide, react with alcohols in the presence of 

triphenylphosphine/DEAD to give the corresponding halides or nitrile in 
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50–96% yields. (263) Water (or HX) may play a role in these reactions. In the 

reaction of 4-octanol with lithium tosylate, triphenylphosphine, and DEAD, a 

78% yield of the expected tosylate 56 was formed. However, when the lithium 

tosylate was rigorously dried, only 10% of 56 was formed, and the major 

product was the DEAD addition product 57. (182) Optically active secondary  

   

 

 

alcohols are converted to inverted iodides and bromides in 65–91% yields 

using MeX, triphenylphosphine, or tri-n-butylphosphine, with the DEAD 

substitute 4-methyl-1,2,4-triazolidine-3,5-dione (58). (264)  

   

 
 

3.5. Carbon–Carbon Bond Formation  
Use of the Mitsunobu reaction to form carbon–carbon bonds is limited to 

compounds having highly acidic C － H bonds, such as β -diketones, (265) β 

-ketoesters, (265) α -cyanothiolesters, (266) and α -cyanoesters. (265) β 

-Diesters are not acidic enough to undergo reaction. (265) 

 

Alkylation of ethyl cyanoacetate occurs in 43–83% yields with primary and 

secondary alcohols provided the DEAD–triphenylphosphine adduct is 

preformed. Dialkylation occurs to the extent of 3–21%. (265) Reaction of ethyl 

acetoacetate  
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with 2-propanol and the preformed DEAD-triphenylphosphine adduct at room 

temperature gives 17% O-alkylated product 59 plus the DEAD addition 

products 60 and 61. No C-alkylation occurs. Reducing the temperature to –10° 
to –20° increases the yield of 59 to 35%. (265) Compounds 60  

   

 

 

and 61 may be formed from the oxyphosphonium ion 62. In the absence of an 

alcohol, 60 is formed in 68% yield. (265) Methyl acetoacetate undergoes  

   

 

reaction with optically active 2-octanol at –30° giving an O/C alkylation ratio of 

90/10 with 15% racemization. (267) Alkylation with 1-phenyl-1-ethanol gives a 

55/45 C/O ratio with 5% racemization. (267) The C/O ratio is 40/60 with 

1-(4-nitrophenyl)-1-ethanol with <10% racemization; the overall yield of 

alkylated products is 24%. (268, 269) 

 

Alkylation of 1,3-cyclohexanedione with 2-propanol in the presence of 

DEAD/triphenylphosphine gives exclusively O-alkylation in 81% yield. (265) 

Alcohol 63 undergoes reaction with (S)-tert-butyl cyanothiolacetate to provide 

a 2:1 mixture of C/O products in overall 54% yield. (266) Intramolecular 

formation  
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of a fused cyclopropane ring via a Mitsunobu reaction is a key step in the 

syntheses of the antitumor antibiotic CC-1065 and related compounds. 

270–273a  

   

 

 

 

 

Carbon–carbon bond formation at the 3 position of the tricyclic indole shown 

below can be accomplished via an intramolecular SN2′ reaction by treatment 

with DEAD/triphenylphosphine/ NaH in THF. The Z isomer reacts faster than 

the E isomer and gives a better yield (72% vs. 34%), which is probably due to 

the antiperiplanar relationship between the 2,3-indole double bond and the 

developing vinyl group. 273b  
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Nitriles are formed via reaction of alcohols with DEAD/triphenylphosphine and 

hydrogen cyanide. (245) Oleyl alcohol reacts with lithium 

cyanide/DEAD/triphenylphosphine to give the corresponding nitrile in 58% 

yield. (263) 

3.6. Ambident Nucleophiles  
Ambident alkylations have been briefly discussed in previous sections, 

including N- vs. O-alkylation of hydroxamic acids, carboxamides, and 

nucleotide imides, and C- vs. O-alkylation of β -diketones and β-ketoesters. 

Further examples of ambident reactivity are described below. 

 

N-Alkylation predominates over S-alkylation in the reaction of thiouracil 64 with 

2-phenylethanol. (250) Competitive N-alkylation of the diazenes 65 occurs  
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with product ratios ranging from 2:1 to 1:2 depending on the alcohol. (274) 

Both O- and S-alkylation occur in the Mitsunobu reaction of alcohols with 

phosphorothioic acid 66. With primary alcohols the S-alkylated product is 

formed nearly exclusively, but with secondary alcohols nearly equal amounts 

of products are formed. (275) N,O-Phthaloylhydroxylamine (67) undergoes 

reaction with  

   

 

 

2-cyclohexenol to give 40% N-alkylated product and 35% O-alkylated product. 

(89) Reaction of 68 with 67 gives 28% β C–N product and 33% β C–O  
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product. The anomer 69 undergoes reaction to give only α C–O product in 

58% yield. (89) Hydroxamate 70 reacts with a primary alcohol almost 

exclusively on oxygen, while hydroxamate 71 reacts primarily on nitrogen. 

(276)  

   

 

 

3.7. Dehydration to Form Alkenes  
Addition of triphenylphosphine/DEAD to an alcohol in the absence of a 

nucleophile leads to formation of alkenes. (277-282) Alkenes can be major 

side  
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products in esterification reactions. Use of more acidic carboxylic acids (i.e., 

less basic carboxylic anions as nucleophiles) such as trifluoro- and 

dichloroacetic acids reduces the amount of elimination product. (7) 

 

erythro-3-Hydroxycarboxylic acids undergo anti elimination to form E alkenes 

in 80–95% yields (Eq. 8). Under the same conditions, 

threo-3-hydroxycarboxylic acids form Z alkenes when R2 is an alkyl group, but 

form E alkenes when R2 is an electron-donating group such as 4-anisyl (Eq. 9). 

The latter is rationalized by invoking competitive E1 and E2 mechanisms, with  

   

 

 (8)   
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 (9)   

 

the E1 mechanism predominating when R2 is electron donating. (283, 284) 

Hindered cis-1,2-diols eliminate to form enols which tautomerize to ketones. 

(285, 286)  
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3.8. Other Reactions  
In isolated instances the outcome of the Mitsunobu reaction is alcohol 

oxidation rather than substitution. (228, 287, 288) With aromatic α 

-hydroxycarbonyl compounds, oxidation is the predominant reaction. (228) 

The highest yield of oxidation product occurs with a DEAD/triphenylphosphine 

ratio of 2:1 and with compounds of increasing α –H acidity (Eq. 10). Attempted 

condensation  

   

 
 (10)   

 

of ethyl nitroacetate with alcohols leads instead to oxidation of the alcohols to 

ketones or aldehydes, presumably arising from O-alkylation of the nitroacetate. 

(288)  

   

 

 

Phosphazenes are prepared from reaction of DEAD/triphenylphosphine with 

carboxamides, sulfonamides, and phosphinamides. 289–292a  
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Treatment of primary nitro groups in dichloromethane with Sn(SPh)4, 

tributylphosphine, and DEAD affords the corresponding nitriles in a combined 

process of deoxygenation and dehydration. The same result can be obtained 

in a slower reaction using only tributylphosphine (2 equiv) and DEAD (1 equiv), 

the proposed mechanism of which is shown. 292b  
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4. Comparison with Other Methods 

 

The manipulation of the alcohol functional group is a synthetic goal which has 

been approached by a wide variety of methods. Most of these methods rely on 

activation of the hydroxy group followed by displacement with an appropriate 

nucleophile. In the Mitsunobu reaction the alcohol activation is accomplished 

via an oxyphosphonium salt. In this section alternatives to the Mitsunobu 

reaction are discussed and compared in terms of yield, stereoselectivity, and 

ease of operation. 

 

In general terms the advantages of the Mitsunobu method include the following: 

(1) generally good yields with high stereoselectivity (inversion); (2) 

experimental ease since the alcohol activation and displacement reactions 

take place in one pot, often at room temperature; (3) compatibility with a wide 

range of functional groups, as outlined in the Scope and Limitations section. 

 

One of the major drawbacks of the Mitsunobu reaction is the difficulty of 

removing the redox byproducts triphenylphosphine oxide and 

di(ethoxycarbonyl)hydrazine. This becomes a major concern in large-scale 

applications where product purification by chromatography is not feasible. 

4.1. Inversion of Alcohols  
Other than the Mitsunobu reaction, there are several methods for inverting 

alcohols. Four procedures involve formation of a sulfonate ester followed by: (1) 

displacement with a cesium, (293-297) potassium, (298, 299) or 

tetraalkylammonium carboxylate (300) followed by hydrolysis; (2) 

displacement with potassium superoxide; (301-303) (3) displacement with 

potassium nitrite; (304, 305) or (4) displacement with nitrate ion followed by 

reduction (306, 307) (Eq. 11). Similarly, imidazolyl sulfonates, prepared by 

reaction of the alcohol with N,N′-sulfuryldiimidazole, are displaced with 

inversion of configuration by benzoate (Eq. 12). (308-310) Some documented 

cases where the alternative methods give better results than the Mitsunobu 

reaction are described below. For inversion of the homoallylic alcohol 

(R)-ricinealaidic acid (72) the Mitsunobu reaction gives racemization, whereas 

mesylate formation, substitution with cesium propionate, and hydrolysis with 

lithium hydroxide give 51% inverted alcohol  
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 (11)   

 

   

 

 (12)   

 

   

 

and 30% elimination product. (293) Mitsunobu reaction with 73 gives 

predominant formation of elimination product and cyclic ether, while mesylate 

formation followed by cesium acetate/18-crown-6 ether gives a 70% yield of 

inverted ester with only 5% elimination product. (295) Other examples include 

inversion of capnellene-8 α ,10 β -diol via the mesylate and potassium 

superoxide displacement, (303) inversion of 3 α -hydroxygibberellins using 

reaction of cesium acetate/18-crown-6 ether on the mesylate, (297) inversion 
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of a crinine precursor using mesylate formation followed by cesium acetate, 

(296) and inversion of a swainsonine precursor by making the 

trifluorosulfonate followed by reaction with potassium acetate/18-crown-6 ether. 

(299) Conversion of alcohols to isourea ethers followed by esterification and 

hydrolysis is a mild and simple Mitsunobu alternative (Eq. 13). (311) Overall 

yields range from 45 to  

   

 

 

   

 
 (13)   

 

75%. The method is applicable to imide alkylations. (312) An attractive feature 

of this method is that the dicyclohexylurea byproduct is insoluble and easily 

removable by filtration. 

 

When alcohol activation/displacement methods do not work, inversion by 

means of oxidation to a ketone and selective reduction is sometimes a viable 

alternative (Eq. 14). (313-316) Tertiary alcohols cannot be inverted using the  

   

 

 (14)   

 

Mitsunobu method or other alcohol activation/displacement methods. As an 

alternative, tertiary vinyl alcohols are inverted by a [2,3] sulfoxide sigmatropic 

rearrangement (Eq. 15). (317, 318)  
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 (15)   

 

 

4.2. Carbon–Sulfur Bond Formation from Alcohols  
Alternatives to the Mitsunobu reaction for preparing inverted thiols from 

alcohols include: (1) formation of a sulfonate ester, displacement with a cesium 

thiocarboxylate, followed by reduction or hydrolysis; (232) (2) formation of 

2-alkoxypyridinium salts using 2-fluoro-1-methylpyridinium tosylate, 

displacement with thiolacetate (319) or sodium N, N-dimethylthiocarbamate, 

(320) and reduction (Eq. 16); (3) preparation of 

alkoxytris(dimethylamino)phosphonium hexafluorophosphate  

   

 

 (16)   

 

salts followed by reaction with thiolate, thiocyanate, or thiolacetate (Eq. 17); 

(321-324) the byproducts are easy to remove since they are water soluble; (4) 

reaction of the alcohol with a disulfide and tri-n-butylphosphine (Eq. 18); (325) 

(5) reaction of the alcohol with tri-n-butylphosphine and an N-alkyl- or 
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N-arylthiosuccinimide; (326) clean inversion of configuration is demonstrated 

by formation of 3 α -(phenylthio)cholest-5-ene in 81% yield from cholesterol; 

and (6) activation of an alcohol using aminotriphenylphosphonium  

   

 

 (17)   

 

   

 

 (18)   

 

   

 

 (19)   

 

salts followed by displacement with a thiol (Eq. 19). (327) For carbon–sulfur 

bond formation from alcohols, the Mitsunobu reaction has found the most use 

in formation of inverted thiolacetates which are usually hydrolyzed or reduced 

to free thiols. The Mitsunobu and mesylate/cesium carboxylate procedures 

gave similar yields and enantioselectivities in a side-by-side comparison. (232) 

In the preparation of phenylthio compounds from primary or secondary 

alcohols the procedures using tri-n-butylphosphine with diaryl disulfides or 

N-(arylthio)succinimide have found the widest use. (328) 

4.3. Carbon–Oxygen Bond Formation  
As alternatives to the Mitsunobu reaction, cyclic ethers are prepared from diols 

by use of diethoxytriphenylphosphorane, (329, 330) pentaethoxyphosphorane, 

(330, 331) diaryldialkoxysulfuranes, (332, 333) and the reagent systems 

triphenylphosphine/carbon tetrachloride (334, 335) and 

tris(dimethylamino)phosphine/carbon tetrachloride. (336, 337) A comparative 

study of the cyclodehydration of chiral diols using triphenylphosphine/carbon 

tetrachloride/potassium carbonate, diethoxytriphenylphosphine, and 

triphenylphosphine/DEAD revealed that (S)-propane-1,2-diol and 

(R)-pentane-1,4-diol cyclize with retention of configuration while 

(S)-phenylethane-1,2-diol gives primarily racemic styrene oxide with all three 

reagent systems. (181) 
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Two noteworthy reactions are the following: The sulfurane 74 promotes the 

epoxidation of the highly hindered bis(tertiary) alcohol (Eq. 20). (333) 

Diethoxytriphenylphosphine  

   

 

 (20)   

 

converts the acidic and thermally sensitive diol 75 to the arene oxide in 99% 

yield, demonstrating the mildness of the reaction conditions. (329)  

   

 

 

 

 

Aryl alkyl ethers are prepared from reaction of the alcohol with 

tris(dimethylamino) phosphine/carbon tetrachloride followed by reaction with 

phenols. (322) 

4.4. Carbon–Nitrogen Bond Formation  
Formation of azides from alcohols is accomplished using triphenylphosphine/ 

carbon tetrachloride/lithium azide (338, 339) or tris(dimethylamino)phosphine/ 

carbon tetrabromide/sodium azide. (321, 340) A comparison of reagents used 

in the preparation of 5′-azido-5′-deoxythymidine from thymidine indicates 

that triphenyl phosphine/carbon tetrabromide/lithium azide produces better 

yields (90%) than triphenyl phosphite/iodomethane/lithium azide (50% yield) or 

triphenylphosphine/DEAD/lithium azide (36–46% yields). (339) 

 

Aziridines, azetidines, and pyrrolidines are prepared by action of 

triphenylphosphine dibromide (341-343) or triphenylphosphine/carbon 

tetrachloride/triethylamine (344, 345) on the appropriate aminoalkanols. 

 

For large-scale preparation of β -lactams, cyclization of a β -mesylate is a 

viable alternative to the Mitsunobu cyclization since chromatographic 

separation of the redox byproducts is not required (Eq. 21). (346, 347)  
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 (21)   

 

 

4.5. Formation of Carbon–Halogen Bonds  
Other than the Mitsunobu reaction, alcohols are converted to halides by 

several methods. Many of these methods involve mechanisms similar to the 

Mitsunobu reaction in that an oxyphosphonium salt formed from the alcohol is 

then converted to the halide by an SN2 displacement. These methods include 

the reagents triphenyl phosphite/iodomethane, triphenylphosphine/halogen 

adducts, triphenylphosphine/carbon tetrahalide, 

triphenylphosphine/2,4,5-triiodoimidazole, 

triphenylphosphine/N-halosuccinimide, and tris(dimethylamino) 

phosphine/carbon tetrachloride. A comprehensive review of these reagents 

was published in 1983. 6a 

 

Activation of the alcohol is also accomplished by formation of imidazolyl 

sulfonate, (308-310) trifluoromethanesulfonates, 348–349 imino esters, (350) 

chlorosulfates, (351) 2-alkoxybenzoxazolium salts, (352) and 

2-alkoxybenzothiazolium salts, (353) followed by SN2 displacement with halide. 

 

Diacetone-D-glucose, having a hindered secondary hydroxy group, serves as 

a good example to compare the various reagents. The inverted iodide (Eq. 22) 

is prepared in moderate to good yields by nearly all the reagents, as shown  

   

 

 (22)   

 

in Table A. By contrast, none of the methods give the inverted chlorides or 

bromides in a appreciable yields. With the phosphonium reagents, 

rearrangement of the 5,6-isopropylidene groups or elimination are the major 

reaction pathways.  
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Table A. Conversion of Diacetone-D-Glucose to the Inverted Halides (Eq. 
22)  

 

Reagent 
Yield 
(%) 

Refs
. 

 

Iodide 

PPh3/MeI — 354                    

DEAD/PPh3/MeI 70   10                    

PPh3/imidazole/ I2 60 355                    

PPh3/triiodoimidazole/ I2 78 355                    

ClPPh2/imidazole/ I2 67 356                    

(4-Me2NC6H4)PPh2/imidazole/I2 62 356                    

Polymeric PPh3/imidazole/ I2 45 356                    

(TfO)2O/n-Bu4NI 87 348                    

N,N²/Sulfuryldiimidazole 71 308                    

(Me2N)2PCl/MeI 62 357                    

Bromide 

PPh3/tribromoimidazole/imidazole 30 358                    

DEAD/PPh3/PhCH2Br   7a   10                    

(TfO)2O/n-Bu4NBr 42b 349                    

PPh3/ Br2   0a 359                    

PPh3/N-bromosuccinimide   0a 360                    

Chloride 

DEAD/PPh3/PhCH2Cl   5a   10                    

PPh3/ CCl4   0b 361                    

(Chloromethylene)dimethyliminium 

chloride 

0 350 
                   

(TfO)2O/n-Bu4NCl 22b 349                    
 

 
a
The major reaction is rearrangement to 6-halide. 

b
The major side reaction is elimination. 

 

 

4.6. Carbon–Carbon Bond Formation  
C-Glycosides are synthesized by reaction of malonate anions with sugar 

hydroxy groups that have been activated as alkoxytris (dimethylamino) 
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phosphonium salts. (362) Alcohols are converted to nitriles using 

tris(dimethylamino)phosphine  

   

 

 

/carbon tetrachloride/potassium cyanide (321, 363) or 

triphenylphosphine/carbon tetrachloride/potassium cyanide. (364, 365) 

 

Alcohols activated as 1-ethyl-2-alkoxypyridinium salts react with Grignard 

reagents to form carbon–carbon bonds. (366) 
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5. Experimental Considerations 

 

Although optimal conditions for the Mitsunobu reaction depend on the 

substrate alcohol and the nucleophile, a few generalities are outlined below. 

5.1.1.1.1. Solvent  

The majority of Mitsunobu reactions are carried out in tetrahydrofuran solution. 

However, several other solvents have been used with good results, including 

dioxane, (62, 178, 367) dichloromethane, (368-370) chloroform, 175–176 

diethyl ether, (52, 54, 86, 96, 99, 371-373) dimethylformamide, (139, 176, 177, 

374) toluene, (34, 35, 375, 376) benzene, (48, 49, 53, 90, 106, 111, 123, 128, 

377-383) and hexamethylphosphoramide. (138, 384) The dipolar aprotic 

solvents have found use with carbohydrates that are insoluble in the typical 

nonpolar solvents. 

5.1.1.1.2. Phosphine 

Triphenylphosphine has been used in more than 90% of the reported 

Mitsunobu reactions. Tri-n-butylphosphine, (215, 248, 385, 386) substituted 

triarylphosphines, (7) tris(dimethylamino)phosphine, (215) trialkyl phosphites, 

(170, 180, 215, 219) triphenyl phosphite, (216) phenoxydiphenylphosphine, 

(216) and diphenoxyphenylphosphine (216) have found limited use. Use of 

diphenyl(2-pyridyl)phosphine (387) and (4-dimethylamino)diphenylphosphine 

(197) facilitate product isolation since the resulting phosphine oxide is 

removed by aqueous acid washing. Use of polymeric triphenylphosphine 

eliminates the problem of phosphine oxide removal from the product. 388a 

5.1.1.1.3. Azodicarboxylate  

Diethyl and diisopropyl azodicarboxylates are used in most Mitsunobu 

applications and generally can be used interchangably. Dimethyl 

azodicarboxylate is used less often, but has the advantage that the byproduct 

hydrazine can be removed by aqueous extraction. (170) Polymer-supported 

alkyl azodicarboxylates can be used, and have the advantages of facilitating 

product purification and of being reusable. 388b Oxidants other than 

azodicarboxylates successfully employed in Mitsunobu reactions include 

4-methyl-1,2,4-triazolidine-3,5-dione (58), (264) dibenzoyl peroxide, (133) 

dimethyl ketomalonate, (389) and 3-methylbenzothiazole-2-selone. (390) 

5.1.1.1.4. Nucleophile  

For inversions, typical carboxylic acid nucleophiles include benzoic acid, acetic 

acid, formic acid, 4-nitrobenzoic acid, and 3,5-dinitrobenzoic acid. The latter 

two are often used since the corresponding esters are generally crystalline 

compounds which can be readily purified. For compounds with acidic or basic 

labile functionalities such as β -lactams, formic acid or phenoxyacetic acid (28) 

are used since the corresponding esters are readily hydrolyzed. Mosher esters 
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are prepared using α -methoxy- α -(trifluoromethyl)phenylacetic acid. (126, 127, 

391, 392) 

5.1.1.1.5. Temperature  

Most Mitsunobu reactions are carried out between 0° and room temperature. 

More hindered secondary alcohols, such as those found in carbohydrates, 

often require temperatures of 70–100°. An initial temperature of –50° gives 

increased selectivity in the esterification of an anomeric center in 

carbohydrates. (50) 

5.1.1.1.6. Order of Addition of Reagents  

Typically, triphenylphosphine, the alcohol, and the nucleophile are dissolved in 

the solvent and DEAD is added dropwise to the solution. (5) Alternatively, 

DEAD and triphenylphosphine are reacted first to form the 

DEAD-triphenylphosphine adduct, followed by addition of the alcohol and the 

nucleophile. (50, 231) Since DEAD is a strong oxidant, Michael acceptor, and 

dienophile, it is important that no excess DEAD be present in the reaction. This 

is accomplished either by preforming the DEAD–triphenylphosphine adduct or 

by adding DEAD slowly to the reaction mixture so that the 

DEAD–triphenylphosphine adduct forms while keeping the DEAD 

concentration low. In tetrahydrofuran and dichloromethane solution, formation 

of the DEAD–triphenylphosphine adduct is fast, completing within minutes at 

–20°. (7) 
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6. Experimental Procedures 

   

 

 

 

6.1.1.1. (4S)-2,2-Dimethyl-4-[(2R)-2-(4-nitrobenzoyloxy)pent-4-enyl]-1,3-dioxol
ane (Esterification with Inversion) (34)  
To a stirred suspension of triphenylphosphine (5.41 g, 0.0206 mol) and 

4-nitrobenzoic acid (3.45 g, 0.0206 mol) in toluene (60 mL) cooled to –30° was 

added a solution of (4S)-2,2-dimethyl-4-[(2S)-pent-4-enyl-2-ol]-1,3-dioxolane 

(3.2 g, 0.0172 mol) in toluene (10 mL). A solution of diethyl azodicarboxylate 

(3.3 mL, 0.0206 mol) in toluene (30 mL) was added dropwise over 15 minutes 

to the vigorously stirred mixture while the temperature was maintained at –30°. 
When the addition was complete the mixture was allowed to warm gradually to 

0° over 1 hour whereupon saturated aqueous sodium bicarbonate (75 mL) was 

added. The aqueous phase was separated and extracted with ether 

(2 × 75 mL). The organic extracts were combined, dried, and concentrated. To 

the residue was added ether (25 mL) and hexane (75 mL) whereupon the bulk 

of the triphenylphosphine oxide was filtered off. Concentration of the residue 

gave a viscous oil which was purified by chromatography (ether–hexane 1:4) 

to give the 4-nitrobenzoate ester (5.23 g. 90%) as colorless needles from cold 

hexane, mp 28–30°; (c 2.5, CHCl3); ν max ( CHCl3) 1725, 1608, 

1530, 1352, 1275, 920, 874, 840 cm–1; 1H NMR δ 8.1–8.4 (4H, m), 5.5–6.1 (1H, 

m), 5.35 (1H, m), 5.18 (1H, m), 5.05 (1H, m), 3.9–4.35 (1H, m), 4.0 (1H, dd, 

J = 6, 6 Hz), 3.55 (1H, dd, J = 5, 7.7 Hz), 2.05 (2H, m), and 1.32 and 1.38 (3H 

each, s); Anal. Calcd. for C17H21O6N : C, 60.88; H, 6.31; N, 4.17. Found: C, 60; 

75; H, 6.35; N, 4.2  

   

 

����������������������������������������������������

���������������




 

 

6.1.1.2. 2,3,4,6-Tetra-O-acetyl-1-O-benzoyl-D-glucose (Selective Esterification 
of an Anomeric Center (50)  
To a solution of triphenylphosphine (0.98 g, 3.7 mmol) in dry tetrahydrofuran 

(6 mL) at –50°, under an argon atmosphere, was added DIAD (0.74 mL, 

3.7 mmol). The mixture was stirred at this temperature for 10 minutes, 

whereupon a thick yellow precipitate formed. The hemiacetal 

2,3,4,6-tetra-O-acetyl-D-glucose (1.0 g, 2.9 mmol) was added and the stirring 

continued at –50° for a further 10 minutes before benzoic acid (0.46 g, 

3.8 mmol) was added. The mixture was allowed to warm slowly to room 

temperature over a period of 2 hours, the solvent removed in vacuo, and the 

residue purified by flash chromatography (ethyl acetate/hexane 1:4) to furnish 

the title compound (1.04 g, 80%) as a 2:1 mixture of anomers. Crystallization 

from ether gave the pure β -anomer (mp 143–144°); [ α ]D – 27.6° (c 1.0, 

CHCl3).  

   

 

 

 

6.1.1.3. 2-(+)-Benzoyloxyoctane (Esterification using Polymer-Supported 
Triphenylphosphine) 388a 
Benzoic acid (3.05 g, 2.5 mmol) and polymer-supported triphenylphosphine 

(1.5 g, 4.4 mmol contained P) were weighed into an oven-dried 50-mL flask. 

Dry tetrahydrofuran (10 mL) was then added under a nitrogen atmosphere, 

followed by 2-(–)-octanol (3.25 g, 2.5 mmol) diluted with tetrahydrofuran 

(5 mL). The flask was cooled on a 25° water bath while DEAD (6.09 g, 

3.5 mmol) was added by syringe over 2–3 minutes. The polymer darkened in 

appearance, but little yellow color from the DEAD reagent remained in solution. 

TLC indicated complete reaction within 10 minutes. The mixture was stirred 4 

hours at ambient temperature and then filtered. The polymer was thoroughly 

washed with ether. Evaporation of the solvent afforded an oily white solid 

containing the ester and the sym-dicarbethoxyhydrazine. The mixture was 

transferred to and eluted from a shortpath silica column using 5–10% ether in 

hexane (the majority of the hydrazine product is insoluble in this solvent). 

Removal of solvent after chromatography gave the title compound in 65% 

yield.  
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6.1.1.4. (3aS,6S,7aR)-3-[Benzyloxy)methoxy]hexahydro-6-(2-hydroxy-1-meth
ylethyl)-2(3H)-benzofuranone (Lactonization of a Secondary Alcohol in the 
Presence of a Primary Alcohol) (150)  
A magnetically stirred solution of tetrahydrofuran (310 mL) and 

triphenylphosphine (5.2 g, 19.8 mmol) at –20° under nitrogen was treated with 

diethyl azodicarboxylate (2.3 mL, 14.8 mmol) in tetrahydrofuran (10 mL). After 

30 minutes at –20°, diastereomeric diols 

(1S,2S,4S)-7-[(benzyloxy)methoxy]-2,9-dihydroxy-p-menthane-7-carboxylic 

acid (2.6 g, 7.39 mmol) in tetrahydrofuran (50 mL) were added via syringe 

pump over 4.5 hours while carefully maintaining the reaction temperature at 

–20°. The reaction mixture was quenched at –20° with saturated aqueous 

sodium chloride (100 mL) and 30% hydrogen peroxide. After dilution with ether 

(500 mL) the layers were separated and the aqueous layer was extracted with 

additional ether (3 × 200 mL). The combined organic layers were dried with 

magnesium sulfate and filtered, and the solvents were removed in vacuo. 

Flash chromatography (70/30 ethyl acetate/hexanes) afforded a mixture of 

epimeric lactones contaminated with diethyl hydrazodicarboxylate. Analytical 

samples were obtained by medium pressure liquid chromatography (75/25 

ethyl acetate/hexanes) α -isomer: white crystals, mp 83–84°; IR (thin 

crystalline film) 3500, 2900, 1780, 1500, 1450, 1380, 1340, 1275, 1200, 1160, 

1060, 1025, 960, 900, 855, 740, 695 cm–1; 1H NMR ( CDCl3) δ 7.30 (s, 5H), 

4.85 (ABq, JAB = 8.0 Hz, 2H), 4.85 (br m, 1H), 4.6 (s, 2H), 3.90 (br s, 1H), 3.55 

(m, 2H), 2.20 (br d, 2H), 1.90–1.00 (m, 7H), 0.95 (d, J = 6.6 Hz, 3H); MS, m/e 

335 (M + H, isobutane).  
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6.1.1.5. 1-Methoxy-8-O-(1-penten-3-yl)anthraquinone (Preparation of an Alkyl 
Aryl Ether) (393)  
To a stirred solution of 1-hydroxy-8-methoxyanthraquinone (20 g, 78.7 mmol), 

triphenylphosphine (26 g, 95.9 mmol), and 1-penten-3-ol (12 mL, 10.1 g, 

0.117 mol) in dry tetrahydrofuran (300 mL) at 0° was added dropwise from an 

addition funnel diethyl azodicarboxylate (20 mL, 20.12 g, 0.127 mol) dissolved 

in dry tetrahydrofuran (50 mL). After addition, the mixture was stirred at room 

temperature for 1 hour. Tetrahydrofuran was removed under reduced pressure 

to give a dark red syrup which was filtered through neutral alumina with 

dichloromethane and then chromatographed on silica gel (3:1 hexane/ethyl 

acetate) to provide the yellow ether (22.1 g, 87%); mp 97–98.5°; 1H NMR 

( CDCl3) δ 1.10 (t, 3H, J = 7.4 Hz), 1.98 (m, 2H), 4.01 (s, 3H), 4.68 (m, 1H), 

7.28 (m, 2H), 7.59 (m, 2H), 7.81 (m, 2H). High resolution mass spectrum: 

Calcd. for C20H18O4: 322.1204. Found: 322.1201.  

   

 

 

 

6.1.1.6. Allyl(6S,7S)-8-Oxo-3-[2-(phenylseleno)ethyl]-7-(tritylamino)-1-aza-4-o
xa-bicyclo[4.2.0]oct-2-ene-2-carboxylate (Formation of a Cyclic Enol Ether) 
(394)  
To a solution of allyl 

2-[(3S,4S)-4-hydroxymethyl-2-oxo-3-tritylamino-1-aze-tidinyl]-3-oxo-5-phenyls

elenopentanoate (6.49 g, 9.73 mmol) and triphenylphosphine (2.68 g, 1.05 

equiv) in dry tetrahydrofuran (270 mL) under argon was added diisopropyl 

azodicarboxylate (2.07 mL, 1.05 equiv). After 15 minutes the solvent was 

removed, and the residual oil was chromatographed to afford the 

O-2-isocephem (5.30 g, 73%) as white crystals (from ethyl acetate/hexane): 

mp 128–129°; IR ( KBr) 1770, 1710, 1610 cm–1; 1H NMR ( CDCl3) δ 2.71–3.35 

(m, 8H), 4.56–4.97 (m, 3H), 5.20–5.42 (m, 2H), 5.83–6.00 (m, 1H), 7.19–7.49 

(m, 20H).  
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6.1.1.7. Methyl 4-Acetamido-2,3-anhydro-4,6-dideoxy- α -D-allopyranoside 
(Formation of an Epoxide) (175)  
Triphenylphosphine (2.0 g) was added to a solution of methyl 

4-acetamido-4,6-dideoxy- α -D-glucopyranoside (630 mg, 2.9 mmol) in 

ethanol-free chloroform (50 mL). After stirring 15 minutes, diethyl 

azodicarboxylate (1.3 g) was added dropwise. The mixture was stirred 4 hours 

at room temperature and then allowed to stand overnight. The solvent was 

removed and the residue subjected to column chromatography on silica gel 

(60 g). Balast compounds were eluted with benzene–ethanol (100:2); product 

was isolated in 99% yield (570 mg); mp 185–186° (from ethyl acetate); 

[a]D + 205° ( CHCl3). 
1H NMR ( CDCl3) δ 1.15 (3H, d, J56 = 6.1 Hz, H-6), 2.00 

(3H, s, MeCON), 3.35 (dd, J23 = 4.0 Hz, H-3), 3.40 (3H, s, MeO), 3.50 (dd, 

J12 = 3.2 Hz, H-2), 3.59 (dq, J45 = 9.5 Hz, H-5), 4.15 (dt, J34 = 1.8 Hz, H-4), 

4.86 (d, H-1), 6.24 (d, J4 – NH = 9.0 Hz, NH).  

   

 

 

 

6.1.1.8. exo-2-Phthalimido-7-methoxybenzonorbornene (Phthalimide as a 
Nucleophile) (205)  
A solution of endo-2-hydroxy-7-methoxybenzonorbornene (600 mg, 

3.15 mmol), phthalimide (640 mg, 4.3 mmol), and triphenylphosphine (1.1 g, 

4.2 mmol) in tetrahydrofuran (25 mL) was treated with diethyl azodicarboxylate 

(0.65 mL, 4.12 mmol). The reaction was stirred at room temperature under 

argon for 72 hours. Brine (30 mL) was added and the layers separated. The 

aqueous layer was washed with ether (4 × 20 mL). The combined organic pool 

was dried over sodium sulfate, filtered, and evaporated in vacuo to give 2.55 g 

of a viscous oil, which was purified by flash chromatography with 

dichloromethane as the eluant to give 850 mg (84%) of product as a white 

solid: mp 133–134°; 1H NMR ( CDCl3) δ 7.85–7.55 (m, 4H, phthalimide ArH), 

7.08 (d, 1H, J = 8.0 Hz, H-5), 6.88 (d, 1H, J = 2.3 Hz, H-8), 6.66 (dd, 1H, 

J = 8.0 and 2.3 Hz, H-6), 4.33–3.97 (m, 1H, CHN), 3.77 (s, 3H, OMe), 

3.55–3.40 (m, 2H, bridgeheads), 2.88–2.45 (m, 2H, methylene), 2.10–1.45 (m, 

2H, methylene); IR (KBr) 2970, 1709, 1612, 1478, 1466, 1370, 1354, 1331, 

1289, 1246, 1233, 1128, 1089, 1030, 719, 662 cm–1; EIMS, m/e (rel. intensity) 

319 (3.8, M+), 146 (100), 131 (20.4), 115, (7.0), 103 (16.5), 77 (8.6).  
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6.1.1.9. 4-Ethoxycarbonyl-2-(3′-cyano-1′-(R)-azidoprop-1′-yl)thiazole 
(Formation of an Azide) (395)  
To a stirred solution of 

4-ethoxycarbonyl-2-(3′-cyano-1′-(S)-hydroxyprop-1′-yl)thiazole (13.2 g, 

55 mmol) and triphenylphosphine (15.9 g, 60.5 mmol) in toluene (225 mL) at 

room temperature were successively added a solution of hydrazoic acid in 

absolute toluene (110 mL, 60.5 mmol) and diethyl azodicarboxylate (10.5 g, 

60.5 mmol) in absolute toluene (110 mL). The reaction was stirred at room 

temperature overnight and the solvent was removed in vacuo. The residue 

was treated with ethyl acetate/petroleum ether (1:1) to remove 

triphenylphosphine oxide. The filtrate was evaporated and the residue was first 

filtered on silica gel (ethyl acetate/petroleum ether, 1:1) followed by basic 

aluminum oxide (ethyl acetate/petroleum ether, 3:7) to give the product azide 

(13.1 g, 90%); mp 49–50°; Rf = 0.57 (ethyl acetate); (c 1.2, CH2Cl2); 

ee > 98%; 1H NMR ( CDCl3) δ 1.43 (t, 3H, J = 7 Hz), 2.10–2.87 (m, 4H), 4.48 

(q, 2H, J = 7 Hz), 5.15 (m, 1H), 8.35 (s, 1H); Anal. Calcd: for C10H11N5O2S : C, 

45.27; H, 4.18; N, 26.40; S, 12.09. Found: C, 45.34; H, 4.24, N, 26.25; S, 

11.90.  

   

 

 

 

6.1.1.10. [(4S)-(Benzyloxycarbonyl)]-N-benzyloxy-2-azetidione (Formation of a 
β -Lactam) (396)  
The monobenzyl hydroxamate of D-malic acid (2.64 g, 8.02 mmol) was 

dissolved in dry tetrahydrofuran (50 mL). Triphenylphosphine (2.0 g, 8 mmol) 

was added, followed by diethyl azodicarboxylate (1.26 mL). The solution was 

stirred at room temperature under a drying tube for 11 hours. The solution was 

then concentrated to 10 mL and chromatographed on a medium-pressure 
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apparatus with ethyl acetate-hexanes (1:4 then 1:1) on silica gel. Evaporation 

of the rich cut gave the product as an oil (2.4 g, 96%); (c 3.6, 

MeOH); IR (neat) 1745, 1780 cm–1; 1H NMR δ 2.8 (m, 2H), 4.1 (m, 1H), 4.95 (s, 

2H), 5.2 (s, 2H), 7.32 (s, 5H), 7.5 (s, 5H).  

   

 

 

 

6.1.1.11. (2S)-(+)-Octanethiol (Formation of a Thiol) (231)  
Diisopropyl azodicarboxylate (8.33 g, 40 mmol) was added to an efficiently 

stirred solution of triphenylphosphine (10.50 g, 40 mmol) in tetrahydrofuran 

(100 mL) at 0°. The mixture was stirred at 0° for 30 minutes, resulting in a 

white precipitate. (2R)-(–)-Octanol (2.60 g, 20 mmol) and thiolacetic acid 

(3.04 g, 40 mmol) in tetrahydrofuran (50 mL) were added dropwise over 10 

minutes and the mixture was stirred for 1 hour at 0° and 1 hour at 22–25°. A 

clear yellow solution resulted. The solution was concentrated and then purified 

by column chromatography over silica gel (elution with 

hexanes–dichloromethane, 1:1) to give the desired octane thiolacetate (3.70 g, 

98%). The thiolacetate (3.00 g, 15.95 mmol) was dissolved in anhydrous ether 

(25 mL) and added dropwise to a suspension of lithium aluminum hydride 

(0.61 g, 4.0 equiv) in ether (15 mL) under a nitrogen atmosphere. The reaction 

mixture was stirred at 22–25° for 0.5 hour and the excess lithium aluminum 

hydride was destroyed by the careful addition of 1 N hydrochloric acid solution 

(10 mL). The ether layer was separated and dried over sodium sulfate to give 

the thiol (2.37 g, 100%) as a clear oil. A purified sample was prepared by 

distillation (2.05 g, 88.6%), bp 65–70° (15 torr).  

   

 

 

 

6.1.1.12. 3- α -Cholestanyl Fluoride (Formation of a Carbon–Fluorine Bond) 
(263)  
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Diethyl azodicarboxylate (1.70 g, 9.8 mmol) was added dropwise with stirring 

to a 0° solution of triphenylphosphine (2.62 g, 10 mmol) in dry tetrahydrofuran 

under argon. After 20 minutes lithium fluoride (0.52 g, 20 mmol) was added to 

the nearly colorless solution followed by 3- β -cholestanol (0.388 g, 1.0 mmol) 

dissolved in a minimum volume of tetrahydrofuran. The mixture was aged at 

room temperature until the alcohol was consumed. Upon evaporation of 

solvent, the residue was poured into water and extracted with ether. The ether 

extracts were washed with brine, dried over sodium sulfate, and evaporated. 

Flash chromatography on silica afforded the fluoride in 51% yield.  

   

 

 

 

6.1.1.13. (–)-1(S)-(Bromomethyl)-1-methyl-2 β -vinyl-3 α 
-isopropylcyclopentane (Formation of a Carbon-Bromine Bond using Zinc 
Bromide) (397)  
A solution of 1(S)-(hydroxymethyl)-1-methyl-2 β -vinyl-3 α 

-isopropylcyclopentane (0.80 g, 4.4 mmol) and freshly recrystallized 

triphenylphosphine (3.45 g, 13.2 mmol) in anhydrous tetrahydrofuran (25 mL) 

was treated with a solution of zinc bromide (0.99 g, 4.4 mmol) in 

tetrahydrofuran (15 mL) followed by a solution of diethyl azodicarboxylate 

(2.1 mL, 13.3 mmol) in tetrahydrofuran (15 mL). After 15 minutes, the 

transparent orange solution became a slurry. The mixture was stirred at room 

temperature for 16 hours and filtered. Concentration of the filtrate in vacuo 

gave an orange residue that was purified by chromatography on silica gel 

(hexane elution) to give the product (0.98 g, 91%) as a colorless oil: 

(c 2.9, CHCl3); 
1H NMR (300 MHz, CDCl3) δ 5.61 (ddd, J = 17.1, 

10.3, 9.4 Hz, 1H), 5.05 (dd, J = 10.3, 2.1 Hz, 1H), 5.00 (dd, J = 17.2, 2.1 Hz, 

1H), 3.38 (d, J = 9.9 Hz, 1H), 3.34 (d, J = 9.9 Hz, 1H), 2.13 (dd, J = 9.6, 9.7 Hz, 

1H), 1.89–1.27 (series of m, 6H), 0.96 (s, 3H), 0.90 (d, J = 6.8 Hz, 3H), 0.83 (d, 

J = 6.7 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 139.4, 116.6, 54.9, 48.8, 46.5, 

45.8, 37.0, 30.0, 24.2, 21.9, 20.7, 18.0; MS, m/z (M+ – Br) Calcd. 165.1643, 

Obsd 165.1685.  
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6.1.1.14. Methyl 
[(5a,6b)(1E,3R)]-5,6-Dihydro-5-[(phenylmethoxy)methoxy)]-6-(3-[(phenylmeth
oxy)methoxy]-1-octenyl)-4H-cyclopentathiazole-2-pentanoate (Dehydration to 
Form an Alkene) (278) Methyl(3aR-(3aα,5β,6a,(1E,3R), 

6aα ))3a,5,6,6a-tetrahydro-3a-hydroxy-5-[(phenylmethoxy)methoxy]-6-(3-[(phe

nylmethoxy)methoxy]-1-octenyl-4H-cyclopentathiazole-2-pentanoate (0.60 g) 

was dissolved in dry tetrahydrofuran (10 mL). Diethyl azodicarboxylate (1.04 g, 

6.0 mmol) was added and the solution was cooled to 0°, followed by addition 

of triphenylphosphine (1.60 g, 6.10 mmol). The reaction was aged for 20 hours, 

then the solvent was removed, and the residue was partitioned between ether 

(30 mL) and water (30 mL). The organic layer was separated, washed with 

brine, and dried. Evaporation gave a gum (3.1 g) which was purified by column 

chromatography (100 g of silica gel, 33% ethyl acetate/hexane) to give the 

thiazole (0.38 g, 67%) as a clear oil: IR ( CHCl3) 1730 cm–1; 1H NMR (300 MHz, 

CDCl3) δ 0.88 (3H, t), 1.20–1.88 (12H, m), 2.37 (2H, t), 2.84 (1H, dd, J = 16.0, 

4.8 Hz), 2.98 (2H, t), 3.15 (1H, dd, J = 16.0, 6.9 Hz), 3.68 (3H, s), 3.86 (1H, m), 

4.07 (1H, m), 4.58 (1H, m), 4.50–488 (8H, m), 5.48 (1H, m), 5.76 (1H, m), 7.33 

(10H, m); MS (CI) m/e 622 (MH+), 484, 408, 364. 
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7. Tabular Survey 

 

Mitsunobu reactions of alcohols to form carbon–oxygen, carbon–nitrogen, 

carbon–sulfur, and carbon–halogen bonds are grouped in Tables I–XX and 

follow the order of the discussion in the Scope and Limitations section. 

Because of the large number of examples of ester formation, this category has 

been further broken down into six subcategories that relate to the general 

nature of the alcohol component: general secondary alcohols, general primary 

alcohols, alcohols contained in β -lactams, alcohols contained in steroids, 

alcohols contained in carbohydrates, and allylic alcohols. 

 

Within each table, the compounds are listed according to increasing carbon 

number, and increasing hydrogen number within a given carbon number. 

Yields are given in parentheses; numbers not in parentheses are product 

ratios. A dash indicates that no yields or experimental conditions are given in 

the reference. Unless otherwise noted, triphenylphosphine and diethyl or 

diisopropyl azodicarboxylate were used in the reactions. 

 

Some entries involve esterification of a structurally large alcohol with a 

comparably large acid to give a product that, even using a partial structure, is 

too large for the printed page. In such entries, the notation [RH] appears under 

the acid structure, and the product structure contains R in place of the acid. 

Likewise, when very large ethers are products, the notation [ROH] appears 

under the hydroxy compound, and the product contains RO in place of the 

hydroxy compound. 

 

The literature has been reviewed from 1981 through June 1990. Examples of 

reactions prior to 1981 are found in the previous reviews of Castro 6a and 

Mitsunobu. (5) 

 

The following abbreviations are used in the tables:  

Ac acetyl 

Bn benzyl 

Boc tert-butoxycarbonyl 

Bz benzoyl 

C5H9 cyclopentyl 

C6H11 cyclohexyl 

Cbz carbobenzyloxy 

ClAc chloroacetyl 

DEAD diethyl azodicarboxylate 
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DIAD diisopropyl azodicarboxylate 

DMAD dimethyl azodicarboxylate 

DMF N,N-dimethylformamide 

DMtr 4,4¢-dimethoxytriphenylmethyl 

Ether diethyl ether 

HMPA hexamethylphosphoric triamide 

MEM methoxyethoxymethyl 

Mes mesityl 

MOM methoxymethyl 

MTD 4-methyl-1,2,4-triazoline-2,5-dione 

MTFPA 2-methoxy-2-(trifluoromethyl)phenylacetic acid 

Pht o-phthalyl, o-C6H4(CO)2 

pNB p-nitrobenzyl 

rt room temperature 

SEM (2-trimethylsilylethoxy)methyl 

TES triethylsilyl 

THF tetrahydrofuran 

THP tetrahydropyranyl 

Ts p-toluenesulfonyl  
 

 

  

Table I. Ester Formation from Secondary Alcohols, General  

 

View PDF  
 

  

Table II. Ester Formation from Primary Alcohols  

 

View PDF  
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Table III. Ester Formation from Secondary Alcohols, β -Lactams  

 

View PDF  
 

  

Table IV. Ester Formation from Secondary Alcohols, Steroids  

 

View PDF  
 

  

Table V. Ester Formation from Secondary Alcohols, Carbohydrates  

 

View PDF  
 

  

Table VI. Ester Formation from Secondary Alcohols, Allylic  

 

View PDF  
 

  

Table VII. Lactone Formation  

 

View PDF  
 

  

Table VIII. Formation of Alkyl Aryl Ethers  

 

View PDF  
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Table IX. Dialkyl Ether Formation, Epoxides  

 

View PDF  
 

  

Table X. Carbon–Oxygen Bond Formation, Four- to Six-Membered Cyclic 
Ethers  

 

View PDF  
 

  

Table XI. Enol Ether Formation  

 

View PDF  
 

  

Table XII. Carbon–Oxygen Bond Formation with N-Hydroxyimides and 
Amides  

 

View PDF  
 

  

Table XIII. Carbon–Oxygen Bond Formation, Tosylates  

 

View PDF  
 

  

Table XIV. Carbon–Oxygen Bond Formation, Formation of Imidates from 
Amides and Imides  
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View PDF  
 

  

Table XV. Carbon–Nitrogen Bond Formation, Imides  

 

View PDF  
 

  

Table XVI. Carbon–Nitrogen Bond Formation, Azides  

 

View PDF  
 

  

Table XVII. Carbon–Nitrogen Bond Formation, β -Lactams  

 

View PDF  
 

  

Table XVIII. Carbon–Nitrogen Bond Formation, General  

 

View PDF  
 

  

Table XIX. Formation of Carbon–Sulfur Bonds  

 

View PDF  
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Table XX. Carbon–Halogen Bond Formation  

 

View PDF  
 

Table XX. Carbon–Halogen Bond Formation  

 

View PDF  
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Table XX. Carbon–Halogen Bond Formation  

 

View PDF  
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