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INTRODUCTION 

The aim of this review is to provide a classification of the Birch reductions of steroids 
according to the functional groups that they can bear. The selectivity of the reaction is emphasized 
since various functionalities present in the steroid can be preserved. References are given as super- 
scripts for each equation. 

I. GENERAL CONSIDERATIONS 

1. Historical of the Birch Process 

The reduction of aromatic rings by solutions of alkali metals in liquid ammonia was frst 
discovered by Wooster and Godfrey’ who reacted toluene with sodium in ammonia followed by the 
addition of water. This reaction was actually developed by Birch more than five decades ago, 
providing one of the most powerful synthetic procedures available to organic chemists. Thus the reac- 
tion has come to bear his name although in some cases it is Simply called metal-ammonia reduction. 
Actually, the term “metal-ammonia reduction” is best reserved for reductions in which ammonia is the 
only proton donor present. In recent years, many chemists have used the term “Birch reduction” to 
include all metal-ammonia reductions, whether an alcoholic proton source is present or not. By defini- 
tion, a Birch reaction is one in which the metal, substrate, alcohol, and ammonia are present at the 
onset of the reaction.2 The distinction in terminology emphasizes the importance of the acidity of the 
proton donor in the reduction process. 

Metals of groups I and II of the Periodic Table dissolve readily in liquid ammonia. The 
resulting solution of solvated electrons are powerful reducing agents that may be used to perform 
highly selective reactions. The Birch reduction of a benzenoid compound involves the addition of two 
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PELLISSIER AND SANTELLI 

electrons and two protons to the ring. The order in which these additions occur has been the subject of 
both speculation and study. Birch3 and others4 originally suggested that two electrons add to the 
aromatic ring affording a dicarbanion which is subsequently protonated. The preference for maximum 
separation of charge in dicarbanion provided a reasonable explanation for the formation of 1,4- 
dihydro compounds. This mechanism is incompatible with kinetic data and in addition, it cannot 
account for the failure of reduction to occur in the absence of an alcohol. Subsequently Birch' and 
Krapcho and Bothner-By6 independently postulated the mechanism depicted in Scheme 1. Electrons 
are added in a reversible step to form a radical anion, which is usually protonated and reduced further 

(x = R, OR, N H ~  ,or N R ~ )  \ ROH 

to a pentadienyl anion.' Alternatively, the radical anion may be reduced further to a dianion? which is 
then protonated to afford the same pentadienyl anion. Protonation of this intermediate occurs predom- 
inantly at the central carbon atom to form the unconjugated 1P-diene, which is resistant to further 
reduction. With aromatic ethers, it is necessary to displace the initial equilibrium between the 
substrate and the radical anion through protonation by a stronger acid than ammonia. Alcohols (often 
ethyl, isopropyl, or t-butyl alcohol) are normally used to supply protons. In the absence of the alcohol, 
products arising from dimerization of the radical anion are frequently obtained. Recently, the kinetics 
of the Birch reduction of benzene derivatives have been reinvestigated by Greenfield et al.? who 
proposed the formation of an intermediate ion pair whose protonation is rate determining. This was 
established by the observed acceleration of the reaction upon addition of alkali cations common to the 
dissolved alkali metal, and the observed deceleration of the reaction by addition of alkali cation 
complexing cryptands. 

With substrates that bear electron-withdrawing groups (EWG), the radical anions are formed 
in sufficiently high concentrations to be protonated by the ammonia or then may be reduced further to 
dianions (Scheme 2). When substituted aromatic compounds are subjected to the Birch reduction, 
electron-donating groups such as alkyl decrease the rate of the reaction and are generally found on the 
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non-reduced positions of the product. On the other hand, electron-withdrawing groups such as CO,H 
or COW, increase the reaction rate and are found on the reduced positions of the products. 

EWG EWG 
I I 

FWG 

BH - 6  
(R = H, or alkyl) 

(EWG = COz-, COzR, COR, or Ar) 

Scheme2 

The synthetic approach to 19-norsteroid hormones was first achieved by Birch and 
Mukherji's method of reduction, in which the 3-glyceryl ether of estradiol (more soluble in liquid 
ammonia than estradiol) was reduced with sodium (or potassium) and an alcohol in liquid ammonia, 
and the dihydro-derivative so obtained hydrolysed to an unsaturated ketone.'O This compound had 
30% of the androgenic activity of testosterone and was the first active androgen to be obtained by 
synthesis. This success led to the 19-norprogestagens, including the first oral contraceptives. This 
method was improved by Wilds and Nelson by using lithium instead of sodium and they found 
another advantage in adding alcohol last, as opposed to having it present when the metal was 
added!,' ' The lithium technique permitted the use of the easily prepared 3-methyl ether of estradiol, 
while Birch and his co-workers were forced to use the more soluble, but less available, glyceryl ether. 
Thus, excellent yields of the corresponding crystalline dihydro derivative were obtained. It was 
cleaved and rearranged in 88% yield to the a,punsaturated ketone 19-n01testosterone, using dilute 
methanolic hydrochloric acid. This facile shift of the double bond into conjugation was easily avoided 
however, with aqueous oxalic acid which gave the /?,).unsaturated ketone in 83% yield. 

1. K - NH3 - EtOH - 
2. HCI 

OH OH , :1)'0 
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Me0 0 88% 

A few years later, Dryden and co-workers studied the experimental conditions of the Birch 
reduction carried out in presence of both sodium or lithium.” They concluded that the success of these 
conditions was due to the maintenance in solution of high concentrations of steroid, alkali metal, and 
proton donor for a sufficient period of time to allow the reduction to go to completion. Thus, 17- 
ethylestradiol3-methyl ether was reduced with sodium to the corresponding 1,4-dihydro compound in 
88% yield instead of 87% with lithium. Moreover, they suggested that Birch’s low yields in some 
cases might be ascribed to iron contaminants in the ammonia. 

Na - NH3 - rBuOH - THF 

So, Dryden et al. concluded that the previously reported failures of sodium to reduce 
steroidal aromatic ethers in good yields were probably due not only to the insolubility of the steroid 
but also to the presence of iron in the reaction system. 

2. Experimental Considerations 

The rate of a given Birch reduction is strikingly controlled by the metal used, the nature and 
position of substituents on the aromatic ring, and the structure of the alcohol used as the proton donor. 
The choice of metal can have a profound effect on the outcome of the reduction:l’ lithium and sodium 
are usually the most satisfactory, but potassium may be superior, and sometimes essential for special- 
ized app1i~ations.l~ Calcium metal is favored in the reduction of a-acetoxyketones, and magnesium 
appeared to offer advantages in some early reductions of aromatic arnides, esters, and polycyclic 
hydrocarbons, but on the whole there appears to be little point to the use of metals other than the 
common elements of Group I.Is In spite of small differences in their reduction potentials, lithium, 
sodium, potassium and calcium afford sufficiently high concentrations of the radical-anion so that all 
four metals can effect Birch reductions. However, lithium ion unlike sodium and potassium ions, can 
coordinate strongly with the radical-anion, and consequently equilibrium for lithium is shifted consid- 
erably more to the right than for sodium and potassium. This shift accounts for the greatly increased 
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rate of reduction with lithium. Moreover, lithium has the highest solubility in ammonia and is the least 
sensitive to impurities. The choice of metal for a reduction depends upon the structure of the 
compound being reduced. For practical purposes, it is between lithium and sodium since neither 
potassium nor calcium offer any advantages. 

Recent studies on the kinetics of the Birch reduction of benzene derivatives have shown that 
the rate of the reaction increases with the metals in the order K, Na, Li.9 The authors recommended 
the general use of lithium because the yield of the Birch product is generally larger with lithium than 
with the other alkali metals. Moreover, the rate of the formation of hydrogen proceeding in competi- 
tion with the Birch process decreases in the series of the alkali metals K, Na and Li. Sodium ions 
decelerate the rapid Li-Birch reduction while lithium ions accelerate the slow Na-Birch reduction. 

2 M + 2 R O H  - 2ROM+H2 

Electron-releasing groups direct reduction to unsubstituted 2,5-positions, and while alkyl 
groups retard reduction (t-butyl> isopropyl > ethyl > methyl), amino and alkoxy groups accelerate the 
rate of reaction slightly? Phenols are rapidly ionized and are resistant to the addition of electrons, 
although reduction may be effected with high concentrations of lithium.16 Groups which allow delo- 
calization of electrons accelerate reduction and afford 1,4dihydroderivatives, irrespective the pres- 
ence of alkyl, alkoxy, and amino substituents. A major limitation on the choice of electron-with- 
drawing groups is the ease with which they themselves undergo reduction. In the absence of an 
electron-withdrawing group, it is usually difficult to reduce benzene rings which carry bulky 
substituents or which do not have two unsubstituted positions in aparu relationship. 

The solubilities of ionic substrates, e.g. carboxylates salts, and their products depend very 
much on the metal counter-ion. Alcohols aid solubility, and it is common for insoluble substrates to 
dissolve as the reduction progresses. A co-solvent is usually necessary, however, and tetrahydrofuran 
is most commonly utilized, although other ethers may be employed. Tertiary alcohols react very 
slowly with the metal, but methanol or ethanol protonate the intermediate radical anions more rapidly 
and can suppress side-reactions. 

It has been noted that the order of addition of reagents is the most important single variable 
to influence the distribution of products. A commonly employed procedure is that of Wilds and 
Nelson in which the steroid is stirred with ammonia, ether and lithium while ethanol is added gradu- 
ally." Alternatively, another procedure is based on the addition of small pieces of metal to a mixture 
of substrate, ammonia, solvent and alcohol at < -70" until the blue color persists for a reasonable 
period. Many published procedures employ low steroid concentrations (0.01-0.02M) and therefore are 
inconvenient for moderate scale preparative purposes. Efficient reductions on a larger scale are best 
realized by adjusting the solvent properties of the reaction medium with respect to the steroid. 
Aromatic steroids are virtually insoluble in liquid ammonia and a co-solvent must be added to solubi- 
lize them or reduction will not occur. Ether, ethylene glycol dimethyl ether, dioxane and tetrahydro- 
furan have been used and, of these, tetrahydrofuran is the preferred solvent. It is infinitely miscible 
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with liquid ammonia, but the addition of lithium to a 1:l mixture causes the separation of two liquid 
phases. In general, a 1:l ratio of ammonia to organic solvents represents a reasonable compromise 
between maximum solubility of steroid and dissolution of the metal with ionization. Many aromatic 
steroids submitted to the Birch reduction contain hydroxy groups which are deprotonated to the corre- 
sponding alkoxides during the reduction, particularly if a tertiary alcohol is used as the proton donor. 
The steroidal alkoxides and the one derived from the proton donor often precipitate and cause 
foaming of the reaction mixture. These alkoxides can be kept in solution by adding an excess of the 
proton donor alcohol to the mixture; the alcohol also assists in dissolving the starting hydroxylic 
steroid. A particularly useful reaction medium for hydroxylic steroids contains ammonia, tetrahydro- 
furan and r-butyl alcohol in the volume ratio of 2: 1: 1. This mixture is also useful with non-hydroxylic 
steroids that are readily soluble in tetrahydrofuran. The relatively slow reaction of the metals with t- 
butyl alcohol facilitates the maintainance of a reactant contact time of several hours, which assures 
virtually complete reduction of the starting material. Other alcohols may be used in place of t-butyl 
alcohol; however, methanol and ethanol react sufficiently rapidly with the alkali metals, especially 
lithium, to make it less convenient to obtain complete reduction of the starting material with them than 
with the slower reacting isopropyl or t-butyl alcohols. 

Temperature is often an important factor, and should be monitored with an internal ther- 
mometer or sensor, since the assumption that the temperature of the reaction mixture is the same as 
that of the external cooling bath is rarely warranted. Low temperatures (< -70") are crucial for the 
ring-reduction of aromatic esters and ketones, and to help to suppress unwanted side-reactions with 
other substrates, e.g. hydrogenolysis of methoxy substituents. 

It must be noted that oxygen should be rigorously excluded and, although ammonia at reflux 
provides quite good protection, it is advisable to employ an inert atmosphere. Nitrogen is usually 
satisfactory, but there is a potential for reaction with lithium, so the use of helium or argon has been 
recommended for reductions with this metal.2f 

A variety of secondary reactions may reduce the yield of a desired product, and in some 
cases may prevent its formation altogether. For example, it is possible for both aryl and benzylic 
hetero substituents to undergo hydrogenolysis. Re-aromatization may occur readily, usually because 
oxygen is present, but in some cases by loss of hydride ion; tetrahydro-products often arise, as a 
consequence of base-catalysed conjugation of cyclohexa-l,4dienes, or by initial protonation at C-1 or 
C-5 of the intermediate pentadienyl anions, or during quenching procedures which do not ensure 
complete consumption of metal before protonation of product anions; ammonia is an excellent solvent 
for alkylations but may prove to be too nucleophilic for very reactive electrophiles, such as benzyl 
iodides. 

A competing reaction in any Birch reduction is the reaction of the alkali metal with the 
proton donor (vide supra). The more acidic the proton donor, the more rapid is the rate of this side- 
reaction. Alcohols possess the optimum degree of acidity for use in Birch reductions and react suffi- 
ciently slowly with alkali metals in ammonia so that efficient reductions are possible with them. On 
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the other hand, most commercial liquid ammonia contains up to several ppm of colloidal iron 
compounds, possibly from the iron oxide catalyst commonly used in the manufacture of ammonia. 
Reduction converts these compounds to colloidal iron which strongly catalyzes the reaction between 
alcohols or ammonia and sodium and potassium. The reaction of lithium with alcohols is also 
catalyzed by iron but to a markedly lesser degree. The presence of trace amounts of iron also acceler- 
ates the destruction of metal by alcohols. Consequently, the ammonia should be carefully dried and 
distilled before carrying out any Birch reduction. 

II. REDUCTION OF STEROIDS BEARING UNREDUCIBLE FUNCTIONS 
Simple alcohols, phenols, ethers, and amines are not normally reduced by metal-ammonia 

solutions in the presence of an alcohol. 

1. Reduction of Steroidr with 110 Substituent at C-17 

The Birch reduction of 17-deoxoestrone methyl ether reported in 1964, was carried out in 
presence of lithium and provided either corresponding 1,4dihydro cornpo~nd'~ or corresponding a!,p 
unsaturated ketone.I8 

1.  Li - NH3 - THF - rBuOH 

2. HCI 
- 

Li - NH3 - EtOH - EtzO 
c 

2. Reduction of Steroids bearing a Hydroxy Group at C-17 

a. Reduction of Steroids bearing a Hydroxy Group at C-17p 

Many steroids bearing a hydroxy group at position C-17phave been subjected to the Birch 
reduction conditions. The equations are depicted below. 

(6Y9 
Li - NH3 EtOH 

Me0 MOO 86% 
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Me0 

Me0 

Me0 

t (7)20 1 .  Li - NH3 - THF - EtOH 

2. HCI 

0 51% 

Li - NH3 - THF - iPrOH 

1. Na - NH3 - rBuOH 

2. HCI 
t 

Me0 75% 

0 16a : 82% 
16p : 79% 

(9)22 

( 10)23 
&- R 1. Li - NH3 - tBuOH - THF 

2. HCI 

R = Me : 71 % 0 
\ 

Me0 
R = H : 68% 

(1 1124 
I . L i - N H 3 - T H F - E t O H  

2. HCI 
L) 

Me0 0 56% 

I .  2. Li HCI - NH3 - &OH Me ( 12y5 

81% 
/ 

Me0 0 

( 1 3)26 
Na - NH3 - iPrOH - THF 

Me0 Me0 99% 
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Me0 

( 14y7 
1. Li - NH3 -THF - EtOH 

2. HCI 

77% HEt :Li-.iy3 - THF - EtOH &Et / 

16a or 16p : 75-85% 

( 1 5)28 

0 \ 
Me0 

( 1 6)'9 
l .Na-NH3 -iPrOH-THF 

2. Al(OiPr)j - NQCI - H30+ 

Me0 86% 

Me0 &OH \ ;.;c73-THF-EtoH&oH 0 +&OH 0 / ( 17)'O 

86% (80 I20) 

Me0 

Me0 

(18)3' 

24% 

1. Li - NH3 - Et20 - rBuOH 

2. HCI 

Li - NH3 - THF - EtOH 

Me0 &: I I  

R = H : 4 5 %  
R = Et : 43% 

( 19)'' 

(20)'3 I .  Li - NH3 - EtzO - EtOH 

2. HCI H 
Me0 60% 
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Me0 

Me0 

Me0 

Li - NH3 - THF - EtOH 

Na - NH3 - rBuOH - THF 

- 

MeO’ 

(21y4 

94% 

&yEt I /  

88% Me0 

(22)‘2 

I .  Li - NH3 - Dowanol33-D 

2. HCI - - 9  

06 

(23)” 

43% 

1 .  Li - NH3 - EtOH 

2.HCI 

Me0 &OH 1. Li - NH3 - EtOH 88% (24)4,23 \ 

0 83% 

(25)‘O 
I .  K - NH3 - EtOH 

2. HCI 

H O T 0  60% 
OH 

It must be noted that fluorinated groups remain unaffected by the Birch conditions in agree- 
ment with their known high chemical inertne~s .~~ ,~’  

(26y6 I .  Li - NH3 - Et20 - EtOH 

2. HCl 

Me0 77% 
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(27)” l . L i - N H 3  -THF 

40% Me0 &IF \ 2.HCI 

nu , OH 

b A 
2. HCl 

MeO’ 

b. Reduction of Steroids bearing a Hydroxy Group at C-17a 

In contrast with 17phydroxy steroids, those bearing a hydroxy group at position 17a have 
been rarely subjected to the Birch reduction conditions. For instance, Goto28 and Schneider2* have 
reported the conversion of 3-methoxy-16-akylestra-l,3,5(lO)-trien-l7a-ols into corresponding 17a- 
hydroxy- 16-alkyl- 19-nortestosterone derivatives via the Birch reduction. 

Me0 

I .  metal - NH3 - THF - alcohol 

2. HCI 0 &R / 

metal alcohol R Yield (96) Ref 
Na 
Na 
Li 
Li 

~~ 

tBuOH 16P 82 22 
fBuOH 16a 94 22 
EtOH 16P 75-85 28 
EtOH 16a 75-8 28 

3. Reduction of Steroids bearing Hydroxy Groups at Positions other than C-17 

Many steroids which have been subjected to the Birch reduction conditions bear hydroxy 
groups at various positions of their skeleton. The examples of steroids bearing hydroxy groups at posi- 
tions other than C-17 are collected below. 

Li - NH? - THF - rBuOH ---w 
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1. Li - NH3 - THF - rBuOH 

2. HCI 
t (3 1)j9 

u - -  Me0 
& 'OH 

AhoH Li - NH3 - tEuOH - THF 

72% 

89% 
1 -  II H I H 

Me0 ' V  

OH OH & 1. 2. Li HCI - N H 1 ~  THF - rBuOH 
(33)4' 

\ L o  
76% Me0 

(34)42 
1. Li - NH3 - THF / Eta0 - EtOH 

2. (COZH)~ - MeOH - H20 

62% Me0 

Me0 

# \ 

1.Li orNa-NHj-THF-EtOH 

2. HCI 

R = 0 : 46% (Li) 
R = 0-CH2-CH2-0 : 86% (Na) 

( 3 3 4 3  

@ 1.Li 2. HCI -NH3-THF-MeOH_ 
(36)''" 

44% 
\ 

Me0 0 

OH 

O- 

HO 3 3  -OH Li - NH3 - EtOH - dioxane 
H O A  

- JJ (37)4' 

I I  
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III. REDUCTION OF STEROIDS BEARING VARIOUS REDUCIBLE FUNCTIONS 

The following functional groups or types of compounds are generally reduced by metal- 
ammonia solutions in the presence of an alcohol: aldehydes, ketones, esters, nitriles, certain amides, 
epoxides, organic halides, alkyl sulfides, alkynes, vinyl groups, olefinc bonds conjugated with other 
unsaturated groups, quaternary ammonium ions, benzylic and allylic alcohols and ethers, carbocyclic 
aromatic rings, and certain heterocyclic rings. However, in some cases such functional groups are not 
reduced during the course of the Birch reduction. 

1. Reduction of Steroids bearing a Ketonic Function 

Ketonic groups are commonly encountered in steroids and their reduction is facile. Various 
ketonic estra-1,3,5( lO)-&ien-3-methyl ether derivatives have been involved in the Birch process in 
order to prepare a wide range of 19-norsteroids. 

In the following scheme, the steroid nucleus exhibits a simple internal or external ketone 
function which is obviously reduced during the reduction. Most of the time, the alcohols so formed 
may be reoxidized in a subsequent step. 

I .  Li - NH3 - EtzO - EtOH 

2. HCI 

I .  Li - NH3 -THF- EtOH 

2. HCI 
3. Jones 

0 76% 

d o  I.Li-NH3-THF-EtOH , 
2. HCI 

76% \ 
Me0 0 

(39)47 

(41)49 
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PELLISSIER AND SANTELLI 

(42)50 
1. Li - NH3 - THF - rBuOH 

0 3. Jones 
Me0 & \ 2.HCI 49% 

In some cases, a concomitant double bond can be present on the steroid skeleton. In both the 
two following examples, the double bond was reduced during the course of the reaction. 

fl0 1. Li ( 1 15 eq.) - NH3 -EtZO - EtOH 

Me0 0 

&OH 

e0 Li dioxolan (26 eq.1- - tBuOH NH3, 

\ 
Me0 Me0 61% 

Frequently, the steroid bears an hydroxy group as a second functionality. 

1. Li - NH3 - alcohol - 
2. HCI 

0 

(45) 

R' R2 R3 R4 R5 conditions Yield(%) R2' R4 Ry Ref 

Hg OHfi Ha =O Me MeOHlTHF 44% OHp OH Me 44 
Ha H CH20Ha Ac, H fBuOHlTHF 72% H CH(OH)(Me)B H 39 

H 4 6  
~ ~~ 

Ha H OH, AcB H EtOWE$O ~ -~ 22% H Ac; 
(*: after reoxidation of the alcohol) 

If the hydrolysis is carried out in the presence of oxalic acid, the unconjugated ketone can be 

HO 
YHI ) I n  (46)53 

A novel reaction was encountered when 3-methoxy- 1 1 pacetoxy- 1,3,5( lO)-estratrien- 17-one 
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THE BIRCH REDUCTION OF STEROIDS. A REVIEW 

was submitted to the Birch conditions since an internal transfer of the acetate group from oxygen at 11 
to the carbon at position 1 was observed:' The probable mechanism depicted below was proposed 
(Scheme 3). 

1.Li-NH3-THF-tBuOH 

2. LiAIH4 
3. HCI 

/ 
Me0 0 66% 

MsO 
Scheme 3 

(47)s' 

Since selective reductions generally are not possible in the presence of a ketonic function, a 
ketone is usually protected by conversion to the ethylene ketal which is not reducible (see Eq. 37). 

2. Reduction of Steroids bearing a Carboxylic Function 

A Bouveault-Blanc reduction of the carboxymethyl side-chain was observed during the 
course of the Birch reduction of methyl 3-methoxy-l,3,5( 10)-estratrien-17~carboxylate.s4 C- 17 

CHpOH 

I .  2. Li HCI - NH3 - Et2O - EtOH * &52% ( 4 W  

0 Me0 

* [JW 
2. HCI 

r -  - 52% 

steroidal 5- and 6-membered spirolactones are known to be potent aldosterone blockers. The Birch 
reduction was used by Cella et aLSS and more recently by Bull and his for the synthesis of 
derived 19-nor- 17-spirolactones. The spirolactone ring was previously converted into the corre- 
sponding disodium salt. The presumed intermediates of Birch reduction were not isolated, but were 
subjected to treatment with hydrochloric acid to give the corresponding methyl 21,17-carbolactones. 
In this reaction, the presence of the sodium salt of the hydroxy acid corresponding to the lactone 
leaves the carboxyl function intact whereas in such experimental conditions, both the lactone ring and 
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PELLISSIER AND SANTELLI 

the aromatic ring would be reduced. The corresponding 6-membered spirolactone was prepared by 
reduction of the corresponding hydroxy acid along with corresponding reduced hydroxy acid.ss 

0 

1. NaOH - MeOH 

2. Li - NH3 -THF - rBuOH 
I 

MeO 

r 
0 

0 R = H or CH20Na 

R = CH20Na : 2: Ac20 80% (49)s6 / 1 AcoH 

R = H or CH20Ac 

R = H : H C 1 6 5 %  

22% H 
I .  Li - NH3, 

2. HCI 
(50)ss 

Me0 

H 
2% 

Another example of Birch reduction of a steroid bearing a lactone group was reported by 
Neef and co-worker~.~~ In this case, a partial reduction of the lactone group was observed and the 
reduction was further completed by treatment with lithium aluminium hydride. 

(51)”’ * 
1, Li - NH3 - THF - rBuOH 

2. L i A I b  
3. HCI 

H 

66% / 
Me0 &< \ 0 

In order to prepare inhibitors of steroid 5meductase, 17~dialkylcarboxamides aromatic 
steroids were subjected to the Birch redu~tion.~~ 
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THE BIRCH REDUCTION OF STEROIDS. A REVIEW 

1. Li - NH3 - THF - rBuOH 
- 

2. HC1 
(52)58 

3. Reduction of Steroids bearing un Unsaturated Function 

Ordinary olefins are usually unaffected by Birch reduction conditions, particularly if double 
bonds present on the molecule are not conjugated. For instance, 3-methoxy- 14,17a-ethenoestra- 
1,3,5( lO)-trien-l7j%yl alcohol subjected to Birch conditions afforded the corresponding A4-3-one.24 

(53)" 
1. Li - NH3 -THF - EtOH 

2. HCI 

77% Me0 

Other examples of Birch reductions involving steroids exhibiting a located double bond are 
depicted below. 

- Li - NH3 - EtOH 

H 
62% 

\ 
MeO 

Me0 &- 
Li - NH3 - EtOH - THF 

Me0 Me0 84% 

92% 

Li - NH3 - tBuOH - THF 

MeO Me0 

* &OH 

Li - NH3 - EtOH - THF 

Me0 94 % Me0 
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PELLISSLER AND SANTELLI 

DH 

(58)62 
1. Li - NH1- aniline - THF 

2. HCI 

Me0 43% 

Ruggieri et al. attempted to protect the 17-ethynyl group of 17-ethynylestradiol 3-methyl 
ether by stining it with a large excess of lithium amide to form the salts of the ethynyl and hydroxyl 
functions prior to reduction, so that the A-ring could be reduced selectively.6' However, only the 
ethylenic derivative was isolated. When sodium amide was used for salt formation and sodium metal 
for the reduction, a 17% yield of the desired acetylenic compound was obtained along with a 75% 
yield of corresponding ethylenic derivative. 

I .  LINH;? 

- - - 

MeO' - - 
2. Na - NH 

EtOH 

Me0 17% 

* 
2. Li - NH3 - EtOH J 

).+\AH) ti l.NaNH2 

+ 

Me0 75% 

(59)63 

Treatment of the 17-01 derived from equilenin 3-methyl ether with sodium and t-butyl 
alcohol in ammonia reduced only the A-ring to afford the corresponding 1,4-dihydro compound." 
The use of lithium instead of sodium led to reduction of both the two rings, since reductions with 
lithium are known to be more rapid than those with sodium. 

Na - tBuOH - NH3 

85% Me0 Me0 

An inexplicably low yield was obtained for the reduction of 21,21-ethylenedioxy-3- 
methoxy-l9-norpentara-1,3,5( 10),16-te~aene.~~ 
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THE BIRCH REDUCTION OF STEROIDS. A REVIEW 

1. Li - NH3 -THF - N h C l  

2. TsOH I acetone 
* 

0 

(61)65 

In order to prepare 18-D-homo-l9-bisnorsteroids, Birch et al. reported the reduction of 10- 
ethylenedioxy-1,2,7,8,10,11,12,13,14a,17~decahydro-3-methoxychrysene to corresponding ethyl- 
enediox ydecahydromethoxychrysene." 

OMe 0 

Most of the time, the reduction of a double bond conjugated with the aromatic ring has been 
~ b s e r v e d ? ' ~ ~ ~ ~ ~ ~  

2.HCI rn 
0 * 27% 

OH nu 

i% 

* (65)68 Li - NH3 - EtOH 

Me0 Me0 78% 
mixture of A9.'" + A'".'' 

Olefrns conjugated with C=O are generally reduced under Birch-reduction  condition^?^-^^ 

(66)52 
* 

f l o  Li dioxolan (26 eq.) - rBuOH - W, 

\ 
M e 0  Me0 
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PELLISSIER AND SANTELLI 

HoMe Li - NH3 - EtOH - Et20 - dioxane D 

0 / HO’ 

@OM’ (67)69 

H 62% 

When the steroid exhibits an allyl group, the result of the Birch reduction seems to depend 
on the nature of the other substituents present on the molecule. For instance, it seems that when a 
tetrahydropyranyl ether group is present in the molecule, the allyl group is not reduced. In contrast, 
when an acetate group or an hydroxy group is present, concomitant reduction of the allyl group is 
generally observed. The greatly enhanced reduction of the allyl group may be due to an intramolecular 
participation by the hydroxyl group in a reduction intermediate. In the same context, arylated olefins 
are not systematically reduced under the Birch conditions. 

1. Li (105 eq.) - NH3 - THF - EtOH 

2. HCI 

1. Li (34 eq.) - NH3. 

* 

\ 

Me0 dR \T,HF - EtOH I 

R = Ac : 71 % 

R = THP : 85% 

& : .Li ;y-THF-EtOH 

0 R = THP : 50% 
\ 1. Li - NH3. 

Me0 

R = H : 7 3 %  0 

(6Q70 

(69)27 

(70)’’ 
Li (45 eq.) - NH3, 
El20 - EtOH 

Me0 Me0 79% 
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THE BIRCH REDUCTION OF STEROJDS. A REVIEW 

The presence of a hydroxy group in the vicinity of the phenyl group seems to involve the 
concomitant reduction of the phenyl group through an intramolecular participation by the hydroxyl 
group. Thus, a comparable reduction (Eq. 73) of the corresponding alcohol depicted in Eq. 71 with 
about 2.8 equivalents of sodium (instead of 4 equivalents) unexpectedly afforded the product of 
angular phenyl reduction and intact aromatic A-ring in 74% yield.72 This greatly enhanced rate of 
reduction of the angular phenyl group confirms the sterically favored intramolecular transfer of a 
proton from the 17phydroxyl group in this case to the radical-anion of the angular phenyl group. 

Na - NH3 - THF - rBuOH - 

R = H : 4 7 %  
R = OTHP : 84% 

(71)72 

(72)*’ 
1. Li - NH3, 

THF - EtOH 

77% 

L. L L L .  

Me0 0 

Na - NH3 - THF - rBuOH 
I 

Me0 74% 

(73)72 

Birch et a1.66 found that the dimethoxyhexahydrochrysene which contains both the 5- 
methoxy and 6-methoxytetralin ring systems, undergoes reduction primarily in the 6-methoxytetralin 
ring when treated with lithium and ethanol in ammonia.70 The modest yield suggests that some reduc- 
tion of the less reactive 5-methoxytetralin system was also occuring. Actually, when a very large 
excess of lithium (250 equivalents instead of 60 equivalents) and a longer reaction time were 
employed in the reduction, both aromatic rings were reduced. 

OMe 
I 

On the other hand, the reduction of a benzyl group during the course of a Birch reduction 
has been reported? 
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- (7338 Li - NH3 - THF - rBuOH 

Me0 Me0 76% 

4. Reduction of Steroids bearing an Ether Linkage or a Ketal Group 

In order to prepare new 14,17-hetero-bridged hormone analogues, Bull et al. treated a 
mixture of ( 2 0 0  and (20S)-17~14-epoxymethano-3-methoxy-19-norpregna-l,3,5( 10)-trien-20-ols 
under the Birch reduction conditions!' 

OH OH & / ;; ~ , ~ ~ ~ 3  -THF-rBuoH - o& (76)4' 

L o  
76% / \ L O  

Me0 

Similarly, the Birch reduction of a 13,17-hetero-bridged steroid has been described.73 

Me0 &H- \ 

1. Li - NH3 - rBuOH - Et10 

2. HCI 
b 

0 28% 

(77)7' 

The Birch reduction of l7a-oxaestranes has been reported by Pettit ef al.74 

& I..:;IVH3 - tBuOH - THF- 
(78)74 

73% 
\ 

Me0 0 

A concomitant reduction of a methoxymethyl ether was observed in the course of the Birch 
reduction of 2-methoxymethyl- 17-methylestradiol-3-methyl ether.7s 

1. Li - NH3 - EtOH * &' (79)75 

o /  70% 

'@- \ 2. HCI 

Me0 

On the other hand, an ether group at position C-17 is unchanged under the Birch conditions 
even in the case of a trimethylsilyl ether.76 
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THE BIRCH REDUCTION OF STEROIDS. A REVIEW 

Me0 

Li - NH3 - THF - tBuOH - 
Me0 

(80)76 

R = E t : 8 3 %  
R = SiMe3 : 47% 

When the Birch reduction is not followed by an acid treatment, ethylene ketal groups 
present on the molecule remain unchanged. 

OH 

& H H  Li - NH3 - EtOH - Et20 4 2  I I  H 

(82)77 

MeO 69% \ 
Me0 

* (83)78 Na - NH3 - rBuOH - THF 

Me0 MeO 93% 

Li-NH3 -EtOH &j - _  Li-NH3 -EtOH 
._ (84)79 

I 1  

I I H  " / I ,  

H H  
\ Me0 75% Me0 Me0 75% 

( 84)79 

Obviously, when an acid hydrolysis is carried out after the Birch reduction, the corre- 
sponding ketone is isolated. 

Me0 

1 .  Li - NH3, 

2. HC1 

tBuOH - Eta0 
* 

0 

(85)'* 

0 20% 
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Me0 

Me0 0 76% 

5. Reduction of Thiosteroids 

A function such as an alkyl sulfide is normally reduced under the Birch reduction condi- 
tions. Thus, Takeda et al. reported the Birch reduction of 16pethylthioestradiol 3-methyl ether into 
1 ,Cdihydroestradiol 3-methyl ether.8' However, when the reaction was quenched by adding ethanol 
within eight minutes after the addition of the ethereal solution of steroid, 16pethylthio-derivative was 
obtained in a good yield. Thus, the reduction of the anisole ring proceeds slightly more rapidly than 
the reductive cleavage of the C-S bond. 

SEt 1. NH3 - EtOH - Et2O 

2. Li 

Me0 (Li - NH3 - Et20 Me0 65% 

Me0 75% 

(88)8' 

6. Reduction of Halogenated Steroids 

Whereas fluorinated ~teroids'~.~'.*~ remain unaffected by the Birch conditions, the loss of the 
chloride atom occurs by hydrogenolysis.x3 

(89)82 

74% 

@:x 1. Na - NH3 - EtOH - THF 

2. (C02H)z - H2O - EtOH 

0 / 
Me0 
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THE BIRCH REDUCTION OF STEROIDS. A REVIEW 

Me0 

Na - NH3 - tBuOH - THF (90)83 

Me0 93% 

7. Reduction of Hetero-Steroids 

Several examples of Birch reductions involving hetero-steroids are collected below. 

(91P 
H 

97% 

Li - NH3 - rBuOH - THF 

Me0 Me0 

Me0 

1. Li - NH3, 
tBuOH - EtzO ~- 

2. HCI 

0 

(92)8s 

0 20% 

(93)86 
1. Li - M I 3  - THF - MeOH 

2. HCI 

Me0 59% 

Me0 

OH 

L (94)87 
Li - NH3 - Et2O 

Me0 100% 

R R' R2 
H OAc H 
H H OAc 
Me OAc H 

R R' R2 (%) 
H OH H 73% 
H H OH 62% 
Me OH H 58% 
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PELLISSIER AND SANTELLI 

IV. CATHODIC BIRCH REDUCTIONS 

Although the yields of 1,Cdihydroaromatics with the Birch method are often high, the 
experimental procedure is somewhat tedious, the solutions are strongly basic, and solubility of the 
reactant in the medium sometimes presents a difficulty. An electrochemical alternative to the Birch 
reduction (firs reported by Kaiser and co-workersS9 in the case of simple aromatic compounds) using 
tetraalkylammonium electrolytes, a mercury pool cathode and aqueous solutions has been achieved by 
Kariv-Miller and his co-workers.gO The reaction is an indirect electron transfer, since the electrolytic 
process forms an amalgam, which is consumed in the reduction of the aromatic ring (Scheme 4). 

Scheme 4 

The four last steps of the proposed mechanism are analogues to the Birch reduction, and in 
effect, an electrogenerated amalgam (first step) takes the place of alkali metal. 

The first positive results under these conditions were achieved with Pestradiol 3-methyl 
ether which was reduced in 95% yield,g0a similar high yields were obtained under lithium or sodium- 
ammonia reduction conditions.12 

MeO' 

TBAOH - Hg - H20 &OH 

MeO- - v v  
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Estrone 3-methyl ether presented an interesting substrate for the ele~troreduction,8~~ since 
due to its low solubility, it could not be satisfactorily reduced by the Birch method.9' 

Under the same conditions, 17a-ethynyl estradiol led to the compound bearing a double 
bond at position 17a as the major 

(TBA)BF, - Hg, 
THF - H20 

&cH=cH2 

90% Me0 + (98)90h 

V. CONCLUSION 

This report is an update of the scope and limitations of the Birch reduction of steroids with a 
view to demonstrating it's selectivity and the possibility for various functional groups to be present or 
not on the steroid skeleton. This catalogue of examples provides a compelling illustration of the great 
utility of the Birch reduction developed by Birch six decades ago. This reaction is still one of the most 
powerful and highly used synthetic procedures. Its success led to the 19-norprogestagens including the 
first oral contraceptives. It was initially the only process available to prepare them and without it, their 
development would certainly have been greatly delayed. 

REFERENCES 

1. C. B. Wooster and K. L. Godfrey, J. Am. Chem. SOC., 59,596 (1937). 

2. (a) A. J. Birch, Q. Rev. Chem. Soc., 4,69 (1950). (b) A. J. Birch and H. Smith, Q. Rev. Chem. 
Soc., 7,17 (1958). (c) A. J. Birch and G. S. R. Subba Rao in Advances in Organic Chemistry, 
Methods and Results, (Edited by E. C. Taylor), pp. 1-65, Wiley-Interscience, New York (1972). 
(d) J. M. Hook and L. N. Mander, Nur. Prod. Rep., 3,35 (1986). (e) E. M. Kaiser, Synthesis, 391 
(1972). (f) R. G. Harvey, Synrhesis, 161 (1970). (g) H. L. Dryden, Org. Reacr. Sreroid. Chem., 1, 
1, (1972). (h) A. J. Birch, Pure & Appl. Chem., 68,553 (1996). (i) P. W. Rabideau and Z. 
Marcinow, Org. Reacr., 42, 1 (1992). 

637 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
0
6
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



PELLISSIER AND SANTELLI 

3. A. J. Birch, J. Chem. SOC., 809 (1956). 

4. A. L. Wilds and N. A. Nelson, J. Am. Chem. Soc., 75,5360 (1953). 

5 .  A. J. Birch, J. Roy. Inst. Chem., 100 (1957). 

6 .  A. P. Krapcho and A. A. Bothner-By, J. Am. Chem. SOC., 81,3458 (1959). 

7. A. J. Birch, A. L. Hinde and L. Radom, J. Am. Chem. SOC., 102,3370 (1980). 

8. (a) P. W. Rabideau, N. K. Peters and D. L. Huser, J. Org. Chem., 46, 1593 (1981). (b) P. W. 
Rabideau, Tetruhedron, 45, 1579 (1989). 

9. A. Greenfield and U. Schindewolf, Phys. Chem., 102, 1808 (1998). 

10. (a) A. J. Birch and S. M. Mukherji, J. Chem. Soc., 2531 (1949). (b) A. J. Birch, J. Chem. Soc., 
367 (1950). 

11. A. L. Wilds and N. A. Nelson, J.  Am. Chem. Soc., 75,5366 (1953). 

12. H. L. Dryden, G.  M. Webber, R. R. Burtner and J. A. Cella, J. Org. Chem., 26,3237 (1961). 

13. D. J. Marshall and R. Deghenghi, Can. J .  Chem. 47,3 127 ( I  969). 

14. M. Narisada and F. Wabe, J. Org. Chem., 38,3887 (1973). 

15. P. Markov and C. Ivanoff, Tetrahedron Lett., 1139 (1%2). 

16. (a) J. Fried, N. A. Abrahams and T. Santhanakrishnan, J. Am. Chem. Soc., 89,1044 (1967). (b) P. 
Radlick and H. T. Crawford, J. Org. Chem., 37, 1669 (1972). 

17. C. Djerassi, P. A. Hart and C. Beard, J. Am. Chem. Soc., 86,85 (1 964). 

18. K. J. Sax, R. H. Blank, R. H. Evands, L. I. Feldman and C. E. Holmland, J. Org. Chem., 29,2351 
(1964). 

19. T. A. Miller, A. L. Bulman, C. D. Thompson, M. E. Garst and T. L. Macdonald, J. Med. Chem., 
40,3836 (1997). 

20. Y. S. Choe, P. J. LidstrGm, D. Y. Chi, T. A. Bonasera, M. J. Welch and J. A. Katzenellenbogen, 
J. Med. Chem., 38,816 (1995). 

21. S. Schwarz, S. Ring, G. Weber, G. Teichmiiller, H.-J. Palme, C. Pfeiffer, B. Undeutsch, B. Erhart 
and D. Grawe, Tetrahedron, 50, 10709 (1994). 

22. E. Mesko. G. Dombi, F. Lukacs and G. Schneider, Liebigs Ann. Chem., 923 (1993). 

638 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
0
6
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



THE BIRCH REDUCTION OF STEROIDS. A REVIEW 

23. J. R. Bull, K. Bischofberger, R. I. Thomson, J. L. M. Dillen and P. H. Van Rooyen, J. Chem. 
SOC., Perkin Trans. I, 2545 (1992). 

24. J. R. Bull and R. I. Thomson, J. Chem. SOC., Perkin Trans., 241 (1990). 

25. M. B. Groen and F. J. Zeelen, Tetrahedron Lett., 23,361 1 (1982). 

26. H. L. Holland and G. J. Taylor, Can. J. Chem., 59,2809 (1 98 1). 

27. G. Goto, K. Yoshioka, K. Hiraga, M. Masuoka, R. Nakayama and T. Miki, Chem. Pharm. Bull., 
26, 1718 (1978). 

28. G. Goto, K. Yoshioka, K. Hiraga and T. Miki, Chem. Phurm. Bull., 25, 1295 (1977). 

29. R. B. Garland, J. R. Palmer and R. Pappo, J. Org. Chem., 41.53 1 (1 976). 

30. G. Amiard, R. Heymes and T. Van Thuong, Bull. SOC. Chim. Fr., 272 (1972). 

31. W. F. Johns, J. Org. Chem., 33, 109 (1968). 

32. K. Hiraga, T. Asako and T. Miki, Chem. Phurm. Bull., 13, 1294 (1965). 

33. Y. Yamato and H. Kaneko, Tetrahedron, 21,2501 (1965). 

34. J. M. H. Graves, G. A. Hughes, T. Y. Jen and H. Smith, J. Chem. SOC., 5488 (1964). 

35. H. J. Ringold, G. Rosenkranz and F. Sondheimer, J. Am. Chem Soc., 78,2477 (1956). 

36. J.-C. Blazejewski, R. Dome and C. Wakselman, J. Chem. SOC., Perkin Trans., 337 (1986). 

37. S. J. Brandes and J. A. Katzenellenbogen, Mol. Phumcol . ,  32,391 (1987). 

38. H. Gao, X. Su and Z. Li, Steroids, 62,398 (1997). 

39. J. R. Bull and K. Bischofberger, J. Chem. SOC., Perkin Trans., 2859 (1991). 

40. K. M. R. Pillai, W. V. Murray, I. Shooshani, D. L. Williams, D. Gordon, S. Y. Wang and F. 
Johnson, J. Med. Chem., 27,113 1 (1 984). 

41. J. R. Bull and L. M. Steer, Tetrahedron, 47,7377 (1991). 

42. T. Terasawa and T. Okada, Tetrahedron, 42,537 (1986). 

43. A. J. Broek, A. I. A. Broess, M. J. Heuvel, H. P. De Jongh, J. Leemhuis, K. H. Schonemann, J. 
Smits, J. De Visser, N. P. Van W e t  and F. J. Zeelen, Steroids, 30,481 (1977). 

44. P. Crabbt5 and A. Bowers, J. Org. Chem., 32,2921 (1967). 

639 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
0
6
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



PELLISSIER AND SANTELLI 

45. B. J. Magerlein and J. A. Hogg, J. Am. Chem. Soc., 80,2226 (1958). 

46. N. A. Nelson and R. B. Garland, J. Am. Chem. Soc., 79,6313 (1957). 

47. A. Grover and S. Ray, Znd. J. Chem., 33B, 247 (1994). 

48. M. Lijkos, T. Bakos and I. Vincze, Steroids, 58, 185 (1993). 

49. R. Joly, J. Warnant, J. Jolly and A. Farcilli, Bull. Soc. Chim. Fr., 2694 (1973). 

50. G. R. Pettit and T. H. Brown, J. Chem. Soc., 2024 (1%7). 

51. B. J. Magerlein and J. A. Hogg, J. Am. Chem. Soc., 80,2220 (1958). 

52. W. F. Johns, J. Org. Chern., 28,1856 (1963). 

53. F. E. Ziegler and T. F. Wang, J. Am. Chem. Soc., 106,718 (1984). 

54. A. Sandoval, G. H. Thomas, C. Djerassi, G. Rosenkranz and F. Sondheimer, J. Am. Chem. Soc., 
77,148 (1955). 

55. J. A. Cella, E. A. Brown and R. R. Burtner, J. Org. Chem., 24,743 (1959). 

56. J. R. Bull and L. M. Steer, Tetrahedron, 46,5401 (1990). 

57. G. Neef, U. Ma-, G. Haffer, G. Sauer and R. Wiechert, Chem. Ber., 113,1106 (1980). 

58. D. A. Holt, M. A. Levy, H.-J. Oh, J. M. Erb, J. I. Heaslip, M. Brandt, H.-Y. Lan-Hargest and B. 
W. Metcalf, J. Med. Chem., 33,943 (1990). 

59. D. K. Phillips, P. P. Wickam, G. 0. Potts and A. h o l d ,  J. Med. Chem., 11,924 (1968). 

60. B. Aweryn and A. R. Daniewsky, Pol. J. Chem., 54,251 (1980). 

61. G. Schubert, K. Ponsold and U. Eibisch, P h a m z i e ,  39,92 (1984). 

62. Z. P. Zhuang and W. S. Zhou, Tetrahedron, 41,3633 (1985). 

63. P. de Ruggieri and C. Ferrari, Ann. Chim., 48, 1042 (1 958). 

64. J. Annah and J. H. Fried, J. Med. Chem., 8,536 (1965). 

65. J. M. Allison, D. Bum, F. K. Butcher, M. T. Davies and V. Petrow, Tetrahedron, 23, 1515 
(1 967). 

66. A. J. Birch and H. Smith, J. Chem. Soc., Chem. Comm., 4909 (1956). 

67. H. Baier, G. Duemer and G. Quinkert, Helv. Chim. Acra, 68, 1054 (1985). 

640 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
0
6
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



THE BIRCH REDUCTION OF STEROIDS. A REVIEW 

68. E. Ottow, S. Beier, W. Elger, D. Henderson, G. Neef and R. Wiechert, Steroids, 44,519 (1984). 

69. W. Nagata, T. Terasawa, S .  Hirai and K. Takeda, Tetrahedron Lett., 27 (1960). 

70. K. Yoshioka, T. Asako, G. Goto, K. Hiraga and T. Miki, Chem. Phunn. Bull., 21,2195 (1973). 

71. F. B. Colton, L. N. Nysted, B. Riegel and A. L. Raymond, J. Am. Chem. Soc., 79,1123 (1957). 

72. T. B. Windholz, R. D. Brown and A. A. Patchett, Steroids, 6,409 (1965). 

73. D. K. Banerjee and P. R. Srinivasan, Indiun J. Chem., 10,891 (1984). 

74. G. R. Pettit, A. K. Das Gupta and U. R. Ghatak, Steroids, 1,137 (1963). 

75. H. Kaneko, M. Hashimoto, Y. Mitta and K. Kawase, Chem. Phunn. Bull., 11,264 (1963). 

76. W. F. Johns and K. W. Salomon, J. Org. Chem., 36,1952 (1971). 

77. A. Zaffaroni, H. J. Ringold, G. Rosenkranz, F. Sondheimer, G. H. Thomas and C. Djerassi, J. 
Am. Chem. Soc., 80,6110 (1958). 

78. A. R. Daniewski, M. Gusewska and M. Kocor, J. Org. Chem., 40,3131 (1975). 

79. D. F. Crowe, P. H. Christie, J. I. DeGraw, A. N. Fujiwara, E. Grange, P. Lim and M. Tanabe, 
Tetrahedron, 39,3083 (1983). 

80. H. J. J. Loozen and M. S .  Dewinter, Recl. Truv. Chim. Pays-Bas, 99,3 1 1  (1980). 

8 1. K. Takeda, T. Komeno, N. Tokutake and Y. Kanematsu, Chem. Phunn. Bull., 12,905 (1964). 

82. H. Nemoto, A. Satoh, K. Fukumoto and C. Kabuto, J. Org. Chem, 60,594 (1995). 

83. C. G. Pitt, D. H. Rector, C. E. Cook and M. C. Wani, J. Med. Chem., 22,966 (1979). 

84. K. K. Pivnitski and Yu P. Badanova, Zh. Obshch. Khim. (Russ.), 48,1669 (1978). 

85. R. J. Chorvat, J. R. Palmer and R. Pappo, J. Org. Chem., 43,966 (1978). 

86. R. J. Marshall, I. McIndewar, J. A. M. Peters, N. P. van W e t  and F. J. Zeelen, Eur. J. Med. 
Chem.-Chim. Ther., 19,43 (1984). 

87. J. M. Ferland and Y. Lefebvre, Can. J. Chem., 62,315 (1984). 

88. G. A. Tolstikov, E. E. Shul’ts, Yu T. Struchkov, D. S. Yufit and S. Lindeman, Zh. Org. Khim. 
(Russ.), 22, 121 (1986). 

89. (a) R. A. Benkeser and E. M. Kaiser, J. Am. Chem. SOC., 85,2858 (1963). (b) R. A. Benkeser, E. 
M. Kaiser and R. F. Lambert, J. Am. Chem. Soc., 86,5272 (1964). 

641 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
0
6
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



PELLISSIER AND SANTELLI 

90. (a) K. E. Swenson, D. Zemach Chenniah and E. Kariv-Miller, J. Org. Chem., 48, 1777 (1983). 
(b) E. Kariv-Miller, K. E. Swenson, G. K. khan and R. Andruzzi, J. Org. Chem., 50,556 
(1985). ( c )  E. Kariv-Miller, K. E. Swenson and D. Zemach, J. Org. Chem., 48,4210 (1983). 

91. 0. I. Fedorova, E. S. Pekarskaya, I. V. Lukashina, G. S. Grinenko, Khim. Farm. Zh., 8,9 (1974). 

(Received January 22,2002; in final form April 22,2002) 

642 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
0
6
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1


