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I. INTRODUCTION 

A. Alkali metal additions 

Alkali metals add to a variety of organic substrates containing double and triple bonds 
and the synthetic utility of this method of reduction has been well studied_ Excellent 

. reviews are available on various aspects of the reduction of organic substrates by alkali 
metal soiutions in liquid ammonia’ or low molecular weight arnlnes2. Addition of alkali 
metals to multiple bonds such as C=C, C=O and C=N and the reduction of acetylenes to 
olefms were known quite early3s4. Reduction of organic compounds by alkali metal 
solutions in hexamethyIphosphoramide (HMPA) has also been examined in recent years, 
extensively by Normant and coworkers’. 

Alkali metals tend to add to unsaturated systems giving rise to radical anion inter- 
mediates and some of these radical anions are relatively stable in solutions. Radical anions 
are intensely coloured and can be readily characterized by spectroscopic methods. Structural 
features of radical anion intermediates have been extensively investigated using ESR tech- 
niques and the results of these studies are weIl documented in the literature. Radical anions 
may take up an additional electron to form dianions, which are diamagnetic and are 
generaBy in the singlet state. Both the radical anions and dianions show characteristic 
absorption bands. A comprehensive review on the electronic spectra of radical anions and 
dianions and the various equilibria associated with these species has been published by us 
recently6. In recent years, radical anions have also been postulated as intermediates in a 
variety of organic reactions 7-1o In the following pages, a brief review of the addition of . 
alkali metals to different unsaturated systems is presented. 

%. Scope 

This review is limited to those reactions of unsaturated systems with alkali metals (Ii, 
Na, K, Rb and Cs) in aprotic ether solvents. Halogen-metal interconversion reactions”, 
metaiation reactionsr2, use of organolithium compounds in synthesis’3 and synthetic 
applications of organosodium and -potassium compoundsr4 are excluded from consider- 
ation. However, some reactions where the distinction is one of degree rather than of kind, 
are aIso discussed. in the present review, we have included some of the results of spectro- 
scopic studies, which show evidence of some chemical transformations_ The literature 
survey for this review is covered up to the end of 1971. 

II. HYDROCARBONS 

A. Aromatic hydrocarbons 

Addition of alkali metals to benzene gives rise to an unstable radical anion intermediate15, 
which has been trapped by treatment with halosilanes to give 3,6-disilyl-substituted 1,4- 
cyclohexadienesr6. Toluene and anisole, on similar treatment, give 30 to 50% yields of 
l-methyl- and l-methoxy-3,6-bis(trimethylsilyl)I,4-cyclohexadiene, respectivelym. 
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Benzene is converted to a mixture of naphthalene, biphenyl and biphenylene, on treat- 
ment with alkali metals in HMPA, as evidenced by ESR studies”. Na, K or Li reacts with 
p-cymene in a mixture of HMPA and tetrahydrofuran (THF) and this product mixture is 
used as a catalyst in the preparation of polybutadiene oilier. 

As early as 1867, Berthelotlg reported the formation of a black addition product on 
fusing naphthalene with potassium. Alkali metals add to naphthalene which can be con- 
verted to 1,2- or 1 &dihydro derivatives, by either carboxylation or hydrolysis2@24_ The 
formation of a dilithium adduct of naphthalene, in contrast to a monosodium adduct, may 
be cited as an example of the strong reducing power of lithium2s. The kinetics of the 
reaction of sodium naphthalenide with water has also been studied recentlyz6. Alkali 
metal adducts of naphthalene abstract hydrogen atoms from solvents such as 1 ,Zdimethoxy. 
ethane (DME) and methyltetrahydrofuran (MTHF) to give dihydronaphthalenes and ether- 
cIeavage products27g28. 

The reaction of alkyi, vinyi and aryl halides with naphthalene radical anion has received 
much attention2*. Both electron transfer and nucleophilic displacement mechanisms have 
been suggested for these reactions. The reaction of sodium naphthalenide with alkyl halides 
(RX) in DME yields a mixture of aliphatic hydrocarbons (RH), dimeric products (R-R), 
alkylated dihyclronaphthalenes, alkylnaphthalenes, naphthalene and traces of alkenes, in 
some cases. Chlorides and bromides give much diminished yields of the dimeric products. 
In a series of primary, secondary and tertiary iodides, the yields of RH and alkylation 
products increase while the dimer formation decreases. Reductions of haloolefms37 and 
halocyclopropanes42 have been act omplished by sodium naphthalenide. Garst and 
coworkers3r reported that the reaction of sodium naphthalenide with 5hexenyl halide in 
DME gives I-hexene, small amounts of a dimeric hydrocarbon (C,,) and methylcyclo- 
pentane. On the other hand, reaction with cyclopentylmethyl bromide gives only methyl- 
cyclopentane. Reaction with cy,wdihaIo compounds results in the formation of polycyclic 
hydroaromatic hydrocarbons a Treatment of sodium naphthalenide with halobenzenes in _ 

THF, for example, gives a mixture of products consisting of benzene, biphenyl, terphenyls, 
phenylnaphthalenes and a dimer of THF44. The formation of these products has been ex- 
plained in terms of free radical as well as ionic mechanisms3g944. 

Alkali metal naph”rhaIenides react with monohalosilanes to @ve a mixture of 1,2- and 
1,4-disilyldihydronaphthalenes, which undergo aromatization through the loss of both 

45 hydrogen and a silyl fragment . Recently, it has been shown that the reaction of naph- 
thalene with trimethyIchlorosilane and sodium in THF gives rise to I &bis(trimethylsilyl)- 
1,4_dihydronaphthalene (I) and the 1,2derivative (II) (Scheme 1)46_ On the other hand, 

R= (CH3)3 Si 

Scheme I 
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the reaction with potassium gives mainly 1,2,3,7-tetrakis(trimethylsilyl)-1,2,3,Ptetra- 
hydronaphthalene (III), besides, l,2,4-tris(trimethylsilyl)-1,4-dibydronaphthalene (IV) and 
1,2,4-tris(trimethylsilyl).1,2-dihydronaphthalene (v) (Scheme 2)46_ 

H 
R= (CH,), Si 

(III) 

Scheme 2 

The reaction of triphenylsilyl halides with sodium naphthalenide, however, yields 
mainly hexaphenyldisilane and a small amount of 1 &lisubstituted I ,4-dihydronaphthalene4’. 
The yield of silylated products increase if an excess of free naphtbalene is present and an 
electron transfer mechanism to produce a triphenylsilyl radical has been proposed for the 
initial step. When sodium naphthalenide in THF is added to a premixed solution of benzyl 
chloride and trimethylsilyl chloride, a 90% yield of benzyltrimetbylsilane is obtained”. 
Renzyl chloride alone is reduced by sodium naphthalenide to give bibenzyl, benzylated 
dihydronaphthalenes and traces of toluene. 

Naphtbalene radical anion, generated by reaction with sodium in THF reacts with 
hydrogen?’ or sulfur dioxide to give back naphthaIenesO. Sodium naphthalenide is 
converted to a mixture of 1,2- and 1,4_dihydronaphtbalene in an autoclave pressurized 
with hydrogen 51 . The other products formed in the reaction with sulfur dioxide are sodium 
dithionate, sulfite and thiosulfate So Naphthalene radical anion has been used as a catalyst . 
in initiating polymerization reactionss2”5. 
also been studied5658. 

A few reactions with inorganic complexes have 

Sodium naphthalenide in THF has been successfully employed in severaI alkylations964 
ar,d cyclization reactions5g*6S46 , and in reactions of this type, naphthalene acts as a metal 
carrier. Sodium naphtbalenide in THF constitutes a good metalating agent for compounds 
containing active methylene groups and is thus effective in Claisen condensation and in the 
synthesis of several other organic compounds5gy60. N-Alkylation of amines37B37a, o-ethylation 
of naphthalene6 162, and dimerization and trimerization of nitriles65y66, carbodiimide67 
and phenylisocyanate , 67 have been brought about by lithium naphthalenide. Some of 
these reactions are tabulated in Table 1. Coates and coworkers6’ have reported that 
solutions of triphenylstannylsodium could be prepared by the action of sodium naphthalenide 
on hexaphenyldistannane or tetraphenylstannane. The use of lithium naphthalenide in the. 
reductive his-alkqrlation of a bis-sulfoxide such as (VI) to the cyclooctatriene derivative (VII) 
has been reported recently (Scheme 3) 7o Iithium naphthalenide in TIIF is an excellent _ 
reagent for the ethynylation of @-unsaturated ketones5g*7 1-73, for the dirnerization of 
conjugated dienes7+” and for the synthesis of certain terpene alcohols80*8’ (Table 1). 
Sodium naphthalenide promotes the cleavage of trifluoroethyl ethers. Regeneration of 
amines in excellent yields from different sulfonamides can be achieved by treatment with 
sodium naphthalenide in IXIE 83*84 Reaction of sodium naphthalenide with alkyl toluedk- _ 
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CH3S0 
,dH2 

(VI) 
Na-CreHa = Sodium naphthalenide 

Scheme 3 

sulfonates in THF constitutes an ideal procedure for regenerating the corresponding 
alcohols (Scheme 4) ” Competitive C-O and S-O bond cleavages in reactions of a&y1 _ 
alkanesulfonates with arene radical anions have also been studieds6. Using naphthalene 
radical anion, van Tamelen and coworkers 87 have recently reported a novel method for 

P-CH~C~H~SO~OR &- 

i_ 

CHsCeH, + SO, + RO- 

CH,C,H5S02-- + RO- 

R= phenyl, cyclopentyl, cyc!ohexyl etc. 
Ar = naphthalene, Fhenanthrene, anthracene 

Scheme 4 

the 

fixation of atmospheric nitrogen. Molecular nitrogen, on treatment with a mixture of any 
titanium a&oxide and sodium naphthalenide followed by treatment with a protic solvent 
generates hydrazine or ammonia depending upon the concentration of the reactants 
(Scheme 5). The reaction is not successful with other transition metals like Co, MO, W, 
Cr, Ni or Fe. Under high pressure, nitrogen reacts with the dilithio adduct of naphthalene 
to give a mixture of ammonia and f-aminonaphthalene88. 

Ti(OR)e s [Ti(OR)& -% [Ti(OR)s - Na] a 

[ Ti(OR), - N21X4- ‘LNaNp [Ti(OR)a. N21X6- 

4H’ 
I 

6H+ 
I 

N2I-b 2m3 

Scheme 5 
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Thus, in the sodium- and potassium-catalysed reactions of I-methylnaphtbalene with 
ethylene under pressure, all the hydrogen atoms of the a-carbon of the side-chain can be 
repIaced by ethyl groupsg4. Quite early, Sch.!enk and Bergmannf1g~12o have reported the 
formation of dimeric products in the addition of alkali metals to several unsaturated 
compounds. The reactions of radical anions derived from fluorescent compounds with 
various oxidizing agents represent a very general type of chemil&escent reactionsr21-123 
9,10-Diphenylanthracene, for example, undergoes a luminescent reaction with benzoyl 
peroxide. 

The addition of lithium to biphenyls has been reported to give l/l-dilitbio-1 ,&libydro- 
biphenyl 11gs124. However, there seems to be some doubt concerning the points of attach- 
ment of the metal atoms in the adduct. Thus, it has been stated that the addition takes 
place not at the 1 &positions but at the 3,6- and also at the 2,5-positions’25-‘27. The 
effect of different solvents on the formation of radical anions from biphenyl has also been 
investigated _ x2’ Shatenshtein and coworkers12*c tested the effect of several ethers for 
solvation effects in the formation of sodiobiphenyl. While 2,Sdimethoxytetmhydrofuran 
failed to show any anion formation, DME, diglyme etc. were more effective than THF. 
While steric factors appear to be effective on solvation of the cation, there is no relation 
between the solvating ability and the number of oxygen atoms in an ether moIecule. 

Alkali metal adducts of biphenyl can bring about different types of reactions which do 
not occur when alkali metals alone are used’2g-135, Thus, a l/Zadduct of lithium and 
biphenyl in THE acts as a metalating agent toward pseudo-acidic hydrocarbons. Eisch and 
coworkers129-131 have suggested a modified Birch-type reduction, by the use of biphenyl- 
lithium adducts. Selective reduction of the 1 ,Zdouble bond in LL’*~-~-oxo steroids’32 and 
reductive ring opening of bridged polycyclic compounds have been described133. Biphenyl- 
dilithium adducts bring about the cleavage reactions of several organic compounds which 
tie immune to cleavage by lithium alone (see Table 3). l,l-Binaphthyl radical anion, 
generated from tris(l-naphthalene)phosphine by the action of alkali metals in THF or 
DME, undergoes cyclodehydrogenation to give perylene radical anion, in the presence of 
lithium metal deposited on silica136. 

Hydrocarbons such as diphenylmethane137, cyclopentadiene140*‘41, indene’42, sub- 
stituted mdenesr4s*fm, fluorenel30,l41,142,l45_1511 substituted fluorene derivatives’43y150r53, 
and fluoranthene’54 react with alkali metals giving rise to metalation products probably 
arising through radical anion intermediates. The mechanism of the reaction of alkah metals 
with fluorene has been the subject of considerable investigation. A green coloured radical 
anion is formed at low temperatures (-90°) whereas at higher temperatures, the orange 
coloured carbanion is formed. In the absence of hydrogen evolution and metal hydride 
formation, the formation of the carbanion can be explained only by disproportionation 
reactions. Carbanions of Ruorene, substituted fluorenes and condensed fluorenes undergo. 
reduction, cleavage, dimerization and suitable displacement reactions 140.142,143,145.146.14~151 

In the presence of excess metal (generally potassium), further reduction of the hydro- 
carbon dianions is possible. Thus, the carbanion of dibenzoyhuethaner55 Koelsch’s radical’56,- 
4,5-methylenephenanthrene’56~157, fluorene158y15g and 9-phenylfiuorene’56 form radical 
dimions, which can be reduced further even to the trianions in certain casesl”. ESR 

studies have shown that the g values of these radicals increase with an increase in the 
negative charge’56 and that the unpaired electron interacts with one counter ion onlyrs7-. 
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Hydrocarbons also undergo few interesting transformations in the presence of alkali metals. 
Thus, the conversions of 1 ,l-binaphthyl radical anion to perylene radical -anion (counter 
ion J-i.3 136 benzylsodium to stilbene dianion’eO 
lene radical’anion (counter ion Na+) 

, dinaphthylenecyclobutane to acenaphthy- 
16r, biphenylene to dibenzonaphthacene (by ti)162 and 

l,ld-triphenylindene to l-sodio-l,2,3-triphenylindene144 have been reported_ In the 
photolysis of aryllithiums, coupling reactions have been observed and the radical anions 
have been postulated as intermediates’“3*‘64. 

Triptycene undergoes ring cleavage on treatment with potassium in ether to give 
9-phenyE9,1Gdihydroanthracene, on protonation’65*‘66. Many substituted triptycenes 
behave similarly. Benzocyclobutene, a valence isomer of o-xylylene, was reported to give 
o-xylylene radical anion, on treatment with sodium-potassium alloy in THF or DME at 
-80”. However, there exists some controversy concerning this electrocyclic ring opening’ 67*16a. 

Syntheses and reactions of the dianions of [ 143-, [16]-, and [24]annulenes have been 
reported 16g-171. It seems that the non-planar annulenes are converted to the planar form 
of diani~ns’~~. The aromatic radical anions act as neighbouring groups in the electron- 
transfer and nucleophilic substitution reduction reactions of optically active aromatic 
hydrocarbons172s”3. Paracyclophanes’79r76 and paracyclonaphthanesr76 form radical 
anions on treatment with potassium in DME or THF, but they are finally cleaved to the 
arylmethide anions. The ESR spectrum of adamantane radical anion observed in THF-DME 
mixture after reduction by Na-K alloy is identical to that of benzene radical anion’77. 
Decacyclene can be reduced up to the trianion stage by sodium in MeTHF178. Spiro- 
pentane and 1-methyladamantane form radical anions with Na-K alloy in THF-DME 
mixture17g. It might be noted that the ESR signal obtained for a solvated electron in DME 
is not quenched by the addition of varying amounts of compounds like cyclopropane, and 
adamantaner80~r8’. 

B. Olejinic cornpounds 

Although alkali metals do not add to simple olefms, they readily yield addition products 
with phenyl-substituted oIefms. The addition of alkali metals to different olefinic compounds 
such as 1 J-diphenylethylene, tetraphenylethylene and tetraphenylbutene gives radical 
anions and dianions or products derived from them”g~‘20~‘82-1g0. The disproportionation 
reaction of tetraphenylethylene radical anion (TPE’) to form the dianion and neutral 
molecule has been extensively studied as a function of the cation, solvent and tempera- 

183-186 ture . 

2 TPE’ =+ TPE*- + TPE 

The reaction of ar-methylstyrene (xj with lithium in THF, gives rise to a mixture of 
cumene (XI) and 2,5diphenylhexane (XII) (Scheme 7)“‘. Lithium adds to styrene in an 

C6NS\ 

Ac=cH2 
CM3 

(1) C6H5CH(CH3)2 + 
(2) C,H,OH 

Scheme 7 
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aprotic solvent such as THF to give the radical anion intermediate which then dime&es 
to give a dianion intermediate 192*193. This dianion intermediate has been trapped through 
its reaction with dimethyldichlorosilae to give products such as 1 ,l-dimethyl-2,5diphenyl- 
I-silacyclopentane (XIII) or l,l-dimethyl-3,4-diphenyl-l-silacyclopentane (XIV), depen- 
ding on the reaction conditions (Scheme 8) lg2*lg3. Disilacyclohexanes and polymers have 

C&S\ H,C=CH2 (1) WTHF 
C6H5 

(2) (CH&Xk 

CH; \cH, CH’J ;Hs 

(XIII) WV) 

Scheme 8 

also been prepared, employing the treatment of the appropriate dianionic species with 
different chlorosilanes’9~196. The side-chain aralkylation of alkyl pyridines with styrene, 
ar-methylstyrene etc., is catalysed by alkali metals’g7. 

Alkali metals add to stilllene to give the dimetal adducts, which on methylation, give a 
diastereoisomeric mixture of 2,3_diphenylbutanes 120*198~1gg. The solvent appears to play a 
role in this reaction as, asymmetry can be induced by the use of optically active 2,3-dimethoxy 
butane as solvent. Several other reactions of the disodium adduct of stilbene have been 
studied200y20’_ It also catalyses the trimerizations of benzonitrile to s-triazine and phenyl- 
isocyanate to s-triazinetriones. 

Addition of lithium followed by alcohol to o-(9-phenanthryl)stilbene gives o-(9-phenan- 
thryl)dibenzyl and other unidentified products, one of which appears to be a fluorene 
derivative”‘. 

Direct reactions between alkali metals and ether solutions of 1,3-diphenyl-l-butene 
give the allylic anion (XV) which with CH,OH, DzO or C02, give mixtures of (XVI) and 
(XVII) (Scheme 9). Compound (XV) is present in solution in three distinct solvation 

H II H 

CsJ% C6H5 CH,OH 
C6% 

R 

H CH3 
D,O H CH3 H CH3 

(XV) 
R=H,DorC02H 
Scheme 9 

(XVI) (=QI) 

states, namely, the solvated contact ion-pair, the solvent-separated ion-pair and the free 
ion. The absorption maxima of the solvent-separated ion-pair has been found to be inde- 
pendent of the nature of the cation. The solvent-separated ion-pairs, in this case fluoresce 
in ether solvents at low temperatures. 

Alkali metals bring about the cleavage of carbon-carbon bonds as well as C-H bonds in 
certain specific cases 206B207- When 1 ,I-diphenyl-2-cyclopropylethylene is treated with 
Na-K alloy in THF, the cyclopropyl ring is cleaved to give, after hydrolysis, a mixture of 
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trans-1 ,l-diphenylpent-2-ene and 1 .l-diphenylpent-l-ene206. Action of lithium on 1 13 3 3- , , 5 3 
pentaphenylpropylene, gives a mixture of triphenylmethane and 1,1,4,4-tetraphenylbut-2- 
ene after hydrolysis207. Skinner and coworkers 2o8 have reported that l-alkenes on refluxing 
in the presence of lithium results in the formation of lithium hydride and alkynyllithium 
compounds. 

RCH=CH2 + 4Li + RCXX + 3LiH 

Olefms and dienes undergo geometric isomerization in the presence of their radical 
anions. Possibly, the double bond character is reduced by the presence of the unpaired 
electron and hence free rotation around this bond becomes possible. Thus, cis-stilbene is 
isomerized to trans-stilbene in THF solution2ov _ Similarly, cis,cis- or cis,trans-tetraphenyl- 
butadiene is isomerized to the ?rans,@uns-isomer in THF by lithium or sodium20v. 

Treatment of certain clienes with alkali metals results in the formation of high molecular 
weight polymeric compounds 210*211_ Weyenberg and coworkers2r2 have reported that in 
the addition of alkali metals to conjugated dienes like butadiene, isoprene and 2,3-dimethyl- 
butadiene in THF and subsequent silylation reactions, lithium gives 1,4-disilyl-substituted 
trans-olefins, whereas sodium gives the corresponding cis-olefms. Metallic sodium reduces 
nonconjugated olefins and polyalkylated aromatic derivatives to their saturated derivatives 
in HMPA-t-butano12r3. Behaviour of compounds such as norbornadiene and dibenzo- 
cyclobutadiene with alkali metals has been investigated and some cleavage products have 
been identified2r~2r8. Thus, norbomadiene reacts with lithium to give a mixture of nor- 
bornene, nortricyclene, 3-vinyl-1-cyclopentene and other unidentified products214. The 
products of reduction of dibenzonorcaradiene (XVIII) with sodium met&-J in DME are 
9-methylphenanthrene (XIX), 9-methyl-9,10-dihydrophenanthrene (XX) and the cyclo- 
heptene derivative (XXI) (Scheme 1 0)216. The reactions of few allenes with alkali metals 

mm 
Scheme 10 

have been reported to give the corresponding acetylenes or propenes2’g”24. In the reaction 
of tetraphenylahene (XXII) with lithium in ether, besides the expected propene derivative 
(XXIII), the cycloheptatriene (XXIV), is also isolated (Scheme 11). However, reduction by 
Na-K alloy leads to the isolation of 1 ,l ,3,3-tetraphenylpropane224. 

Addition of alkali metals to few trienes has also been studied225-22g. Thus, the triene, 
bis(biphenylene)butatriene (XXV) reacts with Na-K alloy to give the dianionic intermediate 
(XXVI) which gives (XXVII) or a mixture of (XXVII) and (XXVIII) when methanol and 
acetic acid respectively, are used for protonation (Scheme 12). Protonation studies of the 
dianions derived from several trienes reveal that all these undergo 1 &addition initially. The 
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CsHs, CH c=c=c/ 6 5 (1) WEther 

C6H5’ ‘C6% 
0 

(=a 

C6Ki\ /H 

CsH, NC=C\CH(C6&), + 

(x=IQ 

Scheme 11 

. 

1,4-dihydro compounds, which are kinetically favoured, rearrange 30 the thermodynamically 
more stable 1 ,Zdienes and finally to the even more stable conjugated dienes228. In the case 
of carbonation and mef-hyation reactions, the required hydrogen for the prototropic changes 
is absent and therefore products corresponding to (XXVIII) are obtained. 

Formation of both tropenide anion230J31 and a radical dianion232~233 has been observed 
in the reaction of tropyl ethers with sodium in THF. Cyclooctatetraene dianion (XXIX) is a 
highly resonance-stabilized species and reacts with a number of substrates such as proton 
donors, carbon dioxide, aldehydes, ketones and halogen containing compounds to give a 

I CH,CO,H 

Scheme I2 
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variety of products accompanied by interesting valence isomerizations23h246. The carboxy- 
lation of (XXIX) for example, gives chiefly 2,4,6,8-decatetraene-1 JO-dioic acid (XXX) 
accomjranied by minor amounts of 2,5,7-cyclooctatrien-l&dicarboxylic acid (XXXl) 
(Scheme 13). When (XXIX), generated by potassium reduction in THF, is irradiated in 

i302H 

(xX=) I K=O 

Scheme 13 

presence of weakly acidic proton donors, cyclooctatrienyl anion is obtained247. Protonation 
studies have also been carried out with certain alkali metal cyclooctatetraenides, con- 
taining fused benzene rings24894g_ R eactions of cyclononatrienide, cyclononatetraenide 
and the dianions of monohomocyclooctatetraene’36 and bicyclononatrienes’37~‘38 have 
also been studied25G257. 

C. Acerylenic compounds 

Among acetylenic compounds, the reaction of tolan towards alkali metals has been 
investigated by several groups of workers25g267. l3 y th e action of lithium or sodium on 
tolan in ether solvents and subsequent hydrolysis, products such as 1,2,3&tetraphenyl- 
butadiene and 1,2,3-triphenylnaphthalene were obtained”gP58125g*264. Addition of alkali 
metals to tolan proceeds through a radical anion intermediate which can undergo dimerization 
to a dianion intermediate. Several interesting cyclopentadiene derivatives have been prepared 
by the treatment of these dianions with different substrates262,2.65~6~282_ Thus, in the 
addition of lithium to tolan, the radical anion intermediate @XXIII) is formed which 
dimerizes to give 1 $dilithiotetraphenylbutadiene (XXXlV) (Scheme 14). The reaction of 
(XXXN) with metbylphenylclichlorosilane gives l-methyl-1,2,3,4,5-pentaphenylsilacyclo- 
pentadiene (XXXV) 280. The geometric configuration of (_XXXW) has not been fully estab- 
lished but it appears to be the cis,cis-isomer, as evidenced by the ease of formation of cyclic 
derivatives262. 

Addition of alkali metals to substituted acetylenes gives rise to the corresponding radical 
anions, dianions and dimerization products, whereas acetylene gives simple acetylides285287. 
Interestingly enough, the dianion of methylphenylacetylene is protonated by methylphenyl- 
acetylene itself, yielding an allene and a carbanion interm&iiate285. 
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Li/Ether 
C,H5--c=c--C6H5 ____f 

C6H5 \ 
c=< 

,C6H5 

c=Jw (xXx111) 

C,H S\si,CI 
CH ’ ‘Cl 

I 

3 

Scheme 14 

III. CARBONYL COMPOUNDS 

A. Aliphatic ketones 

The reactions of several aliphatic ketones such as acetone2”, isobutyrone2” and hexa- 
methylacetone2g02g1 with sodium in ether were studied quite early. Hydrolysis of these 
alkali metal derivatives gives a mixture of products consisting mainly of the starting ketone, 
glycol and alcohols. Hexamethylacetone, for example, yielded a red adduct with sodium, 
which on exposure to air and subsequent hydrolysis gave hydrogen peroxide, the starting 
ketone, di-t-butylmethanol and tetra(t-butyl)ethylene glycol. The reduction of this ketone 
with sodium in diethyl ether has been reinvestigated and the structure of the product, 
assumed earlier to be tetra(t-butyl)ethylene glycol, is shown to be 1 ,1,4,4-tetra(t-butyl)- 
butane-l ,M.iol (XXXVII)2g2*2g3_ In addition, di(t-butyl)carbinol (XXXVI) could also be 
isolated (Scheme 15). In the absence of cliethyl ether, the product(XXXVI1) is not formed, 
thereby suggesting that the solvent participates in this reaction_ 

R\ (1) Na/Ether 3 ?” YH 
R’ 

c=o 
(2) CH,OH + R2C 

‘OH 
+ R2 C-CH2 CH2-CR2 

R = (CH&C (=xvI) (XXXTII) 

Scheme 15 

Pinacols and plnacolones react with sodium or potassium in ether to give ketyls and 
ultimately ketones and the corresponding secondary alcohols2g4-300. In several instances, 
some of the products formed in these reactions remain unidentified. In a few cases olefms 
have also been detected. 
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B. Aromatic ketones 

Beckrnarm3er in 1891 had shown that sodium reacts with benzophenone to give a blue 
coloured product presumably due to benzophenone ketyl. Extensive investigations of 
ke@s, formed from aromatic aldehydes and ketones have been carried out by different 
workers302-314 and it is now assumed that these ketyls exist in equilibrium with several 
species such as the monomeric and dimeric radical anion intermediates and the dlani~ns~~~~‘~. 
The stability of aromatic ketyls is increased by delocalization of the unpaired electron, 
whereas, in the ahphatic series the uncoupled electron is localized on the carbon of the 
carbonyl group and their stability can be enhanced by steric effects315-3rg_ The ketyl 
systems are marked by the presence of several species such as paramagnetic monomer, para- 
magnetic dimer, diamagnetic dlmer, different types of ion pair and ionic aggregates. The 
various equilibria associated with these species and their electron exchange reactions have 
been well established mainly from ESR and electronic spectral studies61312. Substituent 
effects are also well correlated in these studies 312*316s31g_ The sodio derivatives of ketones 
are converted by magnesium halides to halomagnesium pinacolates320. According to 
Bachmann307, hydroiysis of the &metal derivatives of aryl ketones by dilute acids gives 
nearly quantitative yields of pinacol; if water alone is used for hydrolysis, then the pinacol 
rapidly decomposes by the alkali to a mixture of ketone and secondary alcohol. In spite 
of this generalization, hydrogen evolution has been noticed, when the carbon adjacent to 
the carbonyl contains labile hydrogens which also partake in the reduction306. Further, 
kinetic data support the electron transfer mechanism for the dismutation of ketyls and 
aromatic pinacols in alkaline media to the corresponding ketones and secondary alcohols2” 
Autoxidation of the diietal derivatives of benzophenone gives back the ketone and the 
superoxides or peroxides of the alkali metals221y322 . Ketyls such as benzophenone ketyl 
induce the decomposition of benzoyl peroxide also323~324. 

Samuel and Setton have made the interesting observation that in the absence of 
solvents, the reaction between acetophenone and alkali metals gives a variety of linear and 
cyclic condensation products, depending on the nature of the alkali metals. Alkylations of 
the radical anions and dianions of aryl ketones have been studied by different 
workers302~305~3r0~3r4~32~330_ The disodio derivative of benzophenone in liquid ammonia 
gives a mixture of diphenyLmethy1 carbinol and be-nzhydryl methyl ether, on treatment 
with methyl iodide 331 The relative ratios of carbon and oxygen alkylation products depend . 
cn the nature of the alkali metal, the alkyl halides and the leaving groups. A one-step alter- 
native to the Grignard reaction has been suggested recently where a mixture of the carbonyl 
compound and an alkyl halide is added to a suspension of lithium in THF to give a tertiary 
alcohol ultimately . 332 Both organolithium and radical anion intermediates have been 
suggested for this reaction. Sodium benzophenone ketyl reacts with methyl iodide in ether 
solvents to give, in addition to the normal methylation product, ring-substituted products 
als~~~~. Thus, both 4methylbenzophenone @XXVIII) and 2-me+hylbenzophenone (?uomr) 
were isolated from this reaction, besides the expected carbinol (XL.) (Scheme 16). 

The disodlo adduct of aryl ketones serve as useful synthetic intermediates67*334. Benzo- 
phenone disodio adduct (XII) in DME, for example, reacts with carbon dioxide and water- 
to give benzilic acid (XIII)_ Reaction of (XII) with anisaldehyde gives the glycol (XLIII) 
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C6HS\ _ 
,c-0 

(1) Na[Dioxane 

C6HS 
(2) C&I, (3) I-I,0 

C6HJ_h C6H5\ 

p-CH3 C6 He’ 
c=o f 

O-CH3C6H4/ 
c=o i- 

%&-.C/H 

C6J% ‘OH 

(xxxVIrI) @XX=) GW 

Scheme 16 
and the reaction with benzyl chloride results in the formation of the corresponding benzyl 
derivative (XLIV) (Scheme 17). Several other reactions of ketyls in liquid ammonia and in 
hydrocarbon solvents have also been reported 335-337_ Aminomethylation and intramolecular 
alkylation of ketyls are also known336g337. 

(1) CO, C6H5\c,C02H 
> 

(2) %O+ C6HS’ ‘OH 

(XLII) 

C6Hh ,Na 

C6HS ‘-C’ONa 

W-I) 

s HO OH 
Ar-c=o 

Ar = Anisyl 

~ C6%\&_&_& 

C6H5’ 

B 

(XLIII) 

WW 
Scheme 17 
Several interesting reactions of benzophenone &anion have been reported in recent 

years. Benzophenone dianion reacts with dimethylformamide in a mixture of ether and 
ammonia to yield a 83% yield of 1 ,1,3,3-tetraphenylglycerol (XLV) (Scheme 1 8)338. When 

‘$I+/Na 
’ ‘ONa 

+ Hj_N/CH3 

fl 

‘CHs - 

C,HS\~/C-H 

C6H5 C6H5 ’ ‘ONa 

(XLI) (l)(XLI) 

I 
(2) I-&0+ 

H’: p YH 

C&&-C-~~--C& 

I H W35 

C6H5 

Scheme 18 
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attempts were made to prepare the ketyls of cyclic compounds, a carbonyl insertion reaction 
was observed338B3p. Thus, 2,2,4,4_tetmmethylcyclobutanone (XLVI) forms a radical anion 
with potassium in THF at --80°; upon warming this solution to -50°, the ketyl decomposes 
to give 3,3,5,5-tetmmethylcyclopentane-1,2-semidione (XI-VII) (Scheme 19)338. Similarly, 
the reaction of 7-norbornenone (XLYIII) with potassium in DME gives the semidione (IL) 
(Scheme 19)33g. A possible explanation for this carbonyl Insertion reaction is that the 
strained ketyl decomposes to yield K+ and CO’ which can undergo an insertion reaction 

CHs CH3 
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0 

CH, CH3 

(J=VI) 

Scheme 19 

CH3 

CH3 CH3 

(XLVII) 

A K,DMB lg 

(XLVIII) (IL) 

with the ketone or ketyl. Such a behaviour is not observed in the case of cyclic ketones 
containing 5,6 or 7 carbon atoms but is noticed in 9-benzonorbomenone system 338,339 

The addition of benzophenone dilithium adduct to the nitrile (L) gives the substituted 
carbinol (LI) after hydrolysis (Scheme 20)340 . Treatment of pyridine and benzopyridines 
with benzophenone and lithium (l/2), in boiling ether provides a convenient route to the 
preparation of o-substituted alcohols and benzoxazepines341. Quinoline, for example, on 
treatment with a mixture of benzophenone and lithium yields the alcohol (LIII) and the 

OH 
C6Jh. ,Li 

/chxi 
f (CH3)aNCH2CH2CN - 

C6H5, / 

C6H5 C6H5 
,C-COCH2CH2N(CH3)a 

Scheme 20 
0-J W) 

benzoxazepine (&VI) (Scheme 21). A cyclic intermediate (LII) is assumed, to account for 
the formation of the exclusively o-substituted derivative (LIII). Single electron transfer to 
quinoline may also result in the formation of (LIV) which can couple with the ketyl to 
give (LV). The formation of (LVI) can be visualized by the protonation of (LV), followed 
by an internal Michael addition. Treatment of benzophenone ketyl with titanium tetra- 
chloride and aqueous ammonia results in the formation of hydrogen peroxide, titanium 
dioxide and tetraphenylethylene32. 
polymerization reactions343*344. 

Aryl ketyls have also been used as grafting agents in 
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Gv> 

Scheme 21 

C. ac,&Unsatirated ketones 
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Mesityl oxide (LVlI) dimerizes under the influence of lithium in ether, to give 2-acetyl- 
1,3,3,5-tetramethylcyclohex-5-en-l-01 (LVIII), besides other products (Scheme 22)345y346. 
This reaction can be regarded as a diene addition between one molecule of mesityl oxide, 
actirrg as a dienophile and another in the form of the enolate, acting as diene. The reduction 
of c&unsaturated ketones to the corresponding saturated ketones by alkali metals dissolved 
in HhWA has also been investigated347-34g. House and coworkers348,34g have reduced a 
large number of enones to give monomeric and dimeric reduction products. Generally, a 
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greater percentage of the less stable epimer is formed in the reduction of cyclohexenone by 
lithium or sodium, when a mixture of HMPAjTHF/t-butanol is used as the solvent. In the 
absence of proton donors (t-butanol), polymeric materials and unchanged ketone are ob- 
tained. Thus, when (LIX) is reduced with Na/THF/t-butanol, in liquid ammonia a 10% 
yield of (IX) and 84% geld of (LX) are obtained; using HhPA, the yields of (LX) and 
(LXI) are 44% and 49%, respectively (Scheme 23)54Q. Sodium in THF alone, favours the 
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conversion of enones such as &XII) and (I-XIII) to their corresponding dihydrodimers 
(LXIV) and @XV) in a process that is at least partially stereospecific (Scheme 24). Co- 
reduction .of acetone with olefins like styrene350a, and butadiene350b by sodium in ether 
solvents, results in the formation of several condensation products. 
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0. Diketones 

The addition of a&ah metals to diketones exhibits a pronounced cis-stereochemistry3s1~3sz. 
Potassium adds to benziI m) in THF to give an adduct which on benzoylation gives 
stilbenediol dibenzoate &XVII) (Scheme 25). Benz3 radical anion undergoes dispropor- 

C6H,,(yO C6HS\C /OK 7 
I - II 

C,H,C--Cl 
t 

c H /c* 
6 5 0 C6H5 /‘,OK 

(=-VI) 

Scheme 25 

tionation to the corresponding dianion and the neutral molecule3s3. With excess of 
potassium in boiling THF, berkl dianion forms a trianion radical, which undergoes cyclo- 
dehydrogenation to give phenanthrenequinone trianion radical (LJMII)354. Addition of 
benzil to (LXVIiI) gives the clianion (LXIX) which on benzoylation gives the dibenzoyl 
derivative (LXX) (Scheme 26). The spectral properties of &XVIII) synthesized from either 

Scheme 26 
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phenanthrenequinone or benzil are similar. Alkylation products of dimetal adducts of 
substituted benzils have been identified 355_ When diketones separated by four carbon 
atoms are reduced by lithium in ether, a mixture of cyclic and linear diols is obtained, 
arising through intramolecular condensations356. The reaction of o-dibenzoylbenzene 
@XXI) with sodium in THF gave, on protonation, a mixture of products consisting 
chiefly of 1,34phenylisobenzofuran &XXII) and 9,lOdihydroxylO-phenyl-Y,lO- 
dihydroanthracene (&XXIII) (Scheme 27)200*201~3s7-360. Lithium reduction of biacetyl 

Scheme 27 

and perfluorobiacetyl gives rise to cis- and trons-isomers of semidiones with a slow equili- 
bration rate361. An ether solution of dipivaloylmethane extracts and binds lithium ions 
selectively under alkaline conditions. Thus, separation of lithium from other alkali metal 
ions can be achieved by this procedure362. 

E. Quinones 

Semiquinone salts are formed on treatment of quinones with alkali metals in ether 
solvents3@6136”366. Substituted o-semiquinone salts undergo quantitative dispropor- 
tionation in acid solution to give the dimetA salt and the hyclroquinone. The semiquinone 
salts react with alkyl halides to give the dialkyl derivatives of the hydroquinone. They also 
react with diazonium salts to give quinone salts substituted with aryl groups in the 
cr-position363 . Tetrabromo-o-benzoquinone, phenanthrenequinone, bromanil, anthra- 
quinone, and 1,2-naphthoquinone react with sodium amalgam in ether to give the dimetal 
salts, which can be isolated as the diacetyl or dibenzoyl derivatives of the corresponding 
hydroquinone _ 3w This reaction fails with p-benzoquinone, 1,4-naphthoquinone, l-chloro- 
anthraquinone, 2-chloroanthraquinone and ch_loranil. In such cases, the dimetal salts can 
be prepared from the sodium metal adducts of nitrobenzene or azobenzenes by electron 
transfer reactions364*365. 

F. Esters 

The reactions of esters with alkali metals have been studied long back. The behaviour of 
esters is quite varied and may warrant a systematic investigation. Phenyl benzoate, for 
example, reacts with one equivalent of sodium in ether solution to give a radical anion 
which then couples with a similar species, followed by the spontaneous loss of phenoxide 
ions to give benzi1367 _ Phenyl benzoate also reacts with two equivalents of sodium to give 
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an adduct, which on treatment with bromobenzene gives sodium phenoxide.and benzo- 
phenone367. Wiemann and coworkers368 have studied the comparative ease of reduction 
of the carbonyl group of ketones, aldehydes and esters by sodium. The reaction of phenyl 
acetate with alkali metals, gives a variety of products including pyrone, chromone and 
xanthone derivatives36g-371_ On the other hand, the reaction of ethyl diphenylacetate with 
sodium in ether gives sym-tetraphenylacetone, while that of ethyl P$diphenylpropionate 
gives a mixture of hexane-3,4dione and its derivatives372. 

The reduction of esters by alkali metals may proceed through radical anion inter- 
mediates. In the absence of hydroxylic solvents, dimerization of the radical anion is 
observed_ Thus, aliphatic esters react with alkali metals in ether to give acyloins. With 
excess of the ester, however, acetoacetic ester type of condensation takes p1ace373s374. 
The reaction of potassium with ethyi acetate gives also paraffinic compounds375 which 
are not formed when sodium is used. The reaction of ethyl phenylacetate @XXIV) with 
sodium and trimethylchlorosilane in ether yields benzylsilane &XXV), dibenzylketone 

&XXVI), the keten-acetal @XXVII), and the bis-siloxyalkene (LXXVIII) (Scheme 28)376. 
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hfany abnormal acetoacetic ester type of condensations have also been reported in the 
reaction of unsaturated esters with alkali metals 377378. Several esters of dicarboxylic acids 
are known to undergo a variety of condensation reactions373‘379. The reaction of several 
dicarboxyhc esters with sodium in the presence of trimethylchlorosilane leads to 1,2-b& 
(trimethylsiloxy)olefins in high yields380383. Under these conditions, cyclobutane ring 
systems can be successfully synthesized. ‘llms, the cyclization of 1,2dicarbethoxycyclo- 
hexane &XXIX) leads to (LXXX) (Scheme 29) 383 Similar reduction of diethyl oxalate, . 

CrxxIx) 
Scheme 29 

leads to a cis- and trans-mixture of 1 ,Zdiethoxy-1,2-bis(trimethylsiloxy)ethyIene (LXXXi) 
(Scheme 30). On the other hand, disubstituted malonates (LXKXR), which on treatment 
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Scheme 30 

with methanol gives the ester (rxxxrV ) and the ether (LXXXV) (Scheme 31). This 
provides a mild dealkoxycarbonylation procedure for malonic esters. The reactions of 
alkali metals with both acid anhydrides and acid chlorides have also been studied384-387. 
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IV. HETEROCYCIX COMPOUNDS 

A. Azaaromatics 

Addition of alkali metals to nitrogen containing heterocyclic compounds yields 2 wide 
variety of products. Several workers have examined the reaction of pyridine with alkali 
metals and found that both monomeric and dimeric reduction products are formed, 
depending upon the reaction conditions. Pyridine reacts with sodium in presence of protic 
solvents to give piperidine and partially hydrogenated derivatives of pyridine3883g1. 
Anderson3’* fust noticed the reaction between sodium and pyridine to give a dark green 
compound, whereas the formation of 4,4’-bipyridyl was noticed by several workers3’=“. 
Formation of a mixture of bipyridyls was reported by few workers, and in some cases these 
reports were supported by spectroscopic evidences40tio6. Smith40!*402 had isolated several 
isomers of bipyridyls and partially hydrogenated mixture of bipyridyls, especially when the 
reaction was carried out at higher temperatures. The evolution of hydrogen gas has also 
been observed in these reactions407*408, while Kuwata and coworkers4” have reported the 
evolution of methane when the reaction between pyridine and sodium was carried out in 
DME_ We have observed that the reaction of pyridine in THF with Ii, N2 or K even at 

(LXXXVIIi) 

Scheme 32 

room temperature gives rise to 2 mixture of products consisting of 2,2’- and 4,4%pyridyls, 
partially hydrogenated bipyridyls and polymeric materials2709410. The formation of 4,4’- 
bipyridyl (LXX2WIll) may be rationalized through the dimerization of pyridine radical 
anion (IXXXVI) leading to tetrahydrobipyridyl dianion (Lxxxv Il.) which then loses 
hydride ions to give (LXXXV llI)_ The formation of other mixed bipyridyls can be ex- 
plained by the delocalization of the electron in ( LXXXVI) and by the disproportionation 
of (IxxxvII). 

Analogous coupling reactions to give dimers of quinoline411, isbquinoliue412, acridine413=414 
phenazine4’ 3, pyrimidine4fi and 4rs pyridazine have been observed, when the correspon- 
ding compounds are treated with alkali metals.‘Under these conditions, however, the 
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radical anions of pyrazine and 35lutidine do not dimerize416. Recent work shows that 
pyrazine radical anion also gives a dimer which is stable in the dark but decays slowly in. 
presence of hght4r7_ Szwarc and coworkers4’SP’g have reported that using HMPA as solvent, 

the dimerization reaction could be prevented. When an alkyl substituent is present in the 
3- or Pposition of the pyridine nucleus, the radical anion appears to be stable, with Kf as 
‘ihe counter ion in THF solution. Thus, 3- and 4-picoIine undergo dimerization4”_ Similarly, 
the radical anions of quinoline and isoquinoline, do not show any evidence of 
~erization410,420.421 R ecent reports show that 2-methylquinoline and 2,6-dimethyl- 
quinoline are reduced to dimeric products by lithium in THti22. Reactions of bipyridyh, 
and 2,4,6triphenyIpyridine with alkali metals in THF give dark coloured crystalline adducts, 
containing solvent molecules423*424. 

Sodium and potassium catalysed additions of pyridine to olefrns have been described 
in the Iiterature425*426. Th e reductive siiylation of pyridine leads to (LXXXIX), from 
which (XC) and (XCI) can be obtained (Scheme 33)427. Fyridinium salts give the corres- 
ponding pyridinyl radicals; on treatment with potassium in Dh4E or dioxane428. Pyridine- 
N-oxide undergoes deoxygenation in the presence of alkali metals to give pyridine and 

SiR3 

(LXXXIX) 

(XC) 

Scheme 33 

SiR3 

(XC0 

bipyridyls4roa42g, whiIe 4-nitropyridine-l-oxide410~430 and 2,2’-bipyridyldi-N-o$de280 are 
quite stable. It is thus apparent that alkali metals cannot be used for deoxygenating 
pyridme-N-oxides. 

Phenanthridine (XCII) reacts with lithium in THF to yield, 5,6-dihydrophenanthridine 
(XCIII) and the dimeric product QKIV), on hydrolysis (Scheme 34)431. The formation of 
dimers, on the other hand, is not observed with 6-substituted phenanthridine. Dimetal 
adducts of phenazine432 and dibenzopyridazine43335 are good nucleophiles in substitution 
reactions. Phthalocyarrir~~~~, tetrazine437 and phenanthroline438 also form alkali metal 
adducts. 

When 2-methoxyazocine and a number of its methylated derivatives are treated with 
potassium in THF or DME, their conversion to azocinyl dianion takes pIace43g*440. On 
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(xcm 

Scheme 34 

(XCIII) (XCrv) 

protonation, both 3,4- and 3,6dihydroazocine (XCVI, XCVII) are formed in preference 
to (XCVIII) (Scheme 35). Treatment of the dianion (IC) of the azocinyl derivative with 

NW (XCVII) (XCW (xcV111) 

Scheme 35 
benzophenone gives the Cb-monoalkyiation product (C) together with the 2,3-pyridocyclo- 
butane derivative (CI) (Scheme 36)*l. 
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8. Oxygen heterocyciics 

Alkali metals bring about the cleavage of several oxygen containing heterocyclic 
compounds 442444. Cleavage of dibenzofuran (CII) gives 2-hydroxybiphenyl (CIV) which 
arises through the protonation of the intermediate (CIII) (§cheme 37). Among the 

- 
Q---p Na/THF 

l 

(CW 

\ 
OH 

Pw 
Scheme 37 

- - - 
_wl \/ \/ 

0 

I 
Q-g3 

hi 
(CIII) 

different alkali metals, lithium brings about this cleavage more readily. The cleavage of 
(CII) by lithium in dioxane yields only (CIV), after carbonation and hydrolysis, while 
3,4_benzocoumarin (CV) is obtained when the reaction is carried out in ether (Scheme 38). 
‘ihe alkali metal reduction of oxepins by potassium in THF-NHs does not lead to the 
formation of their dianions but cleaves them to carbonyl derivativesM5. 
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C. Sulfur heterocyclics 

Alkali metals bring about certain desulfurization reactions of heterocyclic sulfur 
compounds M6*447. The cleavage of dibenzothiophene (CVI) by lithium is markedly 
affected by the choice of the solvent medium and refluxing conditions. Thus, it is unaffected 
in ether but yields biphenyl and 2-mercaptobiphenyl, after hydrolysis or carbonation444. 
On the other hand, 3,4_benzothiocoumarin (CVII), the disulflde &VIII) and trace of 
biphenyl have been isolated after carbonation in THF medium (Scheme 39). A novel de- 

Biphenyl + 

(CVII j (CVIII) 

Scheme 39 

sulfurization and dealkylation reaction is observed when 12-methylbenzo[a] phenothiazine 
(CIX) is refluxed with lithium in boiling ‘II-IF to give benzo [a] carbazole (CX) (Scheme 40)4”7. 

(CIX) 
Scheme 40 

Normal cleavage of N-ethylphenothiazlne (CXI) by lithium in THF at 25O leads to (CXIIj 
whereas, ring closure occurs at 50°, eliminating lithium sulfide to give N-ethylcarbazole 
(CXIII) (Scheme 41)448. 
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Scheme 41 

Vinyl-substituted thiophene, furan and pyridine derivatives also give radical anion inter- 
mediates, on treatment with sodium in THF and these adducts are used in polymerization 
reactionP’ . 

v. ANILS AND AZINES 

Schlenk and coworkersr1g*327p13 were the first to study the addition of sodium to 
compounds containing C=N system, such as antis and azines of aldehydes and ketones. 
Recent work shows that these systems do not give rise to simple adducts, as was formulated 
by earlier workers119,327.413,450~452_N_Be nzylideneaniline (CXIV), for example, gives rise 
to a monosodium adduct, which immediately dimerizes to give (CXV) (Scheme 42)327p53*454, 
Treatment of(CXV) with methyl benzoate gives a mixture of optically active N&V’-l,atetra- 
phenylethylenediamine (CXVI), its monobenzoyl derivative (CXVII) and N-benzoylAVfl’- 
diphenylstilbenediamine (CXVIII) (Scheme 42) 453 The sodium adduct of N-benzylidene- _ 
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aniline, on protonation, gives the optical Isomers of (CXVI) and the influence of solvent 
polarity and the nature of alkali metals in dete 
been discussed454 

rmining the ratios of optical isomers have 
. It appears that the dimerization of (CXIV) can be prevented, if the 

metal adduct is prepared by electron transfer from indenylsodiurn4s5. 
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Disodium adduct of benzophenone anil (CXIX) gives mainly C-alkylation products*“, 
on treatment with alkyl halides 456 Substantial amounts of alkylation also occur in the _ 
aromatic ring attached to the benzylic carbon atom, to give (CXXI), in addition to the 
normal product (CXX) (Scheme 43)457~4s8 . A series of transformations resulting in the 
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formation of aniline and 1 ,1-diphenylethylene have been reported in the reaction of (CXIX) 
with methyl iodide45g. In the reaction of (CXIX) with polymethylene dibromides, carbon 
alkylation occurs first whereas further alkylation occurs on nitrogen456. Thus, treatment of 
(CXIX) with 1,3dibromopropane and 1,4dibromobutane gives rise to the pyrroline 
derivative (CXXII), and the piperidine derivative (CXXIII), respectively. But the reaction 
with 1 ,klibromopentane results in the formation of the linear diamine (CXXIV), instead 
of the expected homopiperidine derivative (Scheme 44). 

Contrary to previous reports, the reaction between acetophenbne anil (CXXV) and 

Na Na 

c6H5~&+c J_J 
C6H5’ 

6 5 

(CXW 

Br(CH,),Br C6HS 
t 1 I 

C6J35 

IN\ 
N 

C&5 H Ii \CsH5 

Scheme 44 



258 -V_ KALYANARAMAN, M.V. GEORGE 

sodium produces a mixture of mono-sodio adducts which on methylation gives propio- 
phenone &XXVI) and the tertiary amine (CXXVIl) (Scheme 45)460. 
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Sodium or potassium reacts with benzophenone azine to give a 1 ,Zdimetal adduct 
(CXXVIII) which on methylation, gives N-( 1 ,l-diphenylethyl)Wmethylbenzophenone 
hydrazone (CXXIX) (Scheme 46) 120y413B461. When lithium is used, it brings about exten- 
sive reduction and cleavage. The phenyliido ester (CXXX) has been reported to react 
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with sodium to yield benzil dianil (CXXXI) and the sodium salt of benzanilide (CXXXII) 
(Scheme 47)462. Syntheses of a few macrocyclic compounds by the reaction of alkali metals 
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with dianik and imido esters have also been reported463966. Benzil dianil (CXXXI) under- 
goes cyclodehydrogenation with lithium in THF to produce the dianion of 9,10-dianihno- 
phenanthrene (CXXXIII) and lithiuni hydride (Scheme 48)467p6*. 
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Renzophenone phenylhydrazone adds to sodium, but the addition product decomposes 
to give a mixture of products, on treatment with ethano14’3. 

VI. NITRILES 

The addition of alkali metals to nitriles in ether solvents has not received much attention_ 
Sodium adds to pivalonitrile to give an adduct, which on hydrolysis yields hexamethylace- 
tone46g. Dirnerization of tetracyanoethylene radical anion470, cross hydrodimerization of 
acrylonitrile and its derivatives47’ and elimination of a nitrile group from ar-aminonitriles472 
have been brought about by alkali metals in a variety of solvents. When benzonitrile is 
treated with sodium473 or the disodio adduct of stilbene, it undergoes cycllzation to 
s-triphenyltriazine. 

VII. NITRO AND NITROSO COMPOUNDS 

A_ Nitro compounds 

Aromatic nitro compounds readily form radical anion intermediates, on reaction with 
alkali metals. Although both ESR and electronic spectral data of these radical anion inter- 
mediates are available, the products formed in these reactions have not yet been studied in 
detail. Nitrobenzene radical anion decomposes in aqueous solution to give nitrobenzene 
and phenylhydroxylamine 474 Reduction with potassium in THF of nitrobenzene gives a . 
radical anion which is oxidized by air to nitrobenzene and potassium superoxide475. 
Lukashevich first reported the formation of disodio adducts of nitro compounds on treat- 
ment of aromatic nitro compounds with sodium476s477. 

Aromatic nitro compounds are reported to be selectively reduced to nitroso, azoxy, 
azo and hydrazo stages by metal amalgams, although the details of these reactions are not 
available478p7g. 

The decomposition of nitrobenzene radical anion, generated by alkali metal reduction 
becomes apparent by its change of colour with time280P8W82. The reaction of nitrobenzene 
with lithium in THF under nitrogen atmosphere gives a mixture of azobenzene (CXXXIV), 
2-anilinoazobenzene (CXXXV), 2,2’-dianilinoazobenzene (CXXXVI), 2,4%lianilinoazo- 
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benzene (CXXXVII), aniiinodibenzopyridazine (CXXXVIII ) and unidentified polyazo 
compounds (Scheme 49) 280t183. The reaction involves the immediate formation of nitro- 
benzene radical anion and it goes through the nitroso and azoxy stages. Nitrobenzenes 
containing substituents like Cl!&, OCH3 and N(CH& behave in a fashion similar to that 

C,Hs--NO2 
Li/THF 

Scheme 49 

C6H5, 
- N=N 

-‘C&k 
+ 

of nitrobenzene.but no reaction occurs when the substituent group is either NH2 or 
NHCOCH3. 2,2’-Dinitrodiphenyl (CXXXIX) undergoes reductive cyclization to give 
dibenzopyridazine (CXL) in presence of lithium or sodium in THF or DME (Scheme 
50)280*483. It m ay be mentioned in this connection that the ESR spectrum observed on 

q--p=Q--p 
2 2 

G==w 
Scheme 50 

(cm 
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prolonged treatment of (CXXXIX) with alkali metals in e&et solvents, corresponds to 
that of (CXL)484_ 

Reactions of aliphatic tertiary nitro compounds with sodium in ether solvents have been 
studied4*~** . The initially formed radical anions of these compounds cleave giving rise to 
both the nitrite anion and the corresponding free radical. Subsequent reactions of these free 
radicals, however, lead to a variety of products such as alkanes, alkenes, nitroxide and 
a&oxides. 

B. Nitroso compou,2ds 

Formation of the disodio adduct of nitrosobenzene was first noticed by Lukashevich476g477. 
Treatment of aromatic nitroso compounds with sodium in ether gives rise to a radical anion 
intermediate, which dimerizes to give azoxy compounds4”; with excess sodium, however, 
they form dimetal adducts and give phenylhydroxylamine derivatives, on hydrolysis. 

Treatment of nitrosobenzene with lithium in THF gives azobenzene and 2-anihnoazo- 
benzene as products 280s483. In addition, the reaction mixture contains several constituents 
quite similar to the type of products formed in the nitrobenzene reaction_ 

VIII. AZOXY AND AZ0 COMPOUNDS 

A. Azoxy compounds 

Alkali metals bring about deoxygenation of azoxy compounds to give the corresponding 
azo compounds. Thus, lithium in THF deoxygenates azoxybenzene and 4,4’-azoxyanisole 
to azobenzene and 4,4tazoanisole, respectively, in almost quantitative yields2ac~483. The 
alkali metal adduct of azoxybenzene gives azobenzene, after protonation followed by air 
oxidation4”. The reaction of ar+bromoazoxybenzene gives only a poor yield of azobenzene, 
suggesting thereby that a debromination step is also involved280P83. 

B. Azo compounds 

Addition of alkali metals to azobenzene was first reported in 1928 by Schlenk and 
Bergmanu . 413 The disodio adduct of azobenzene on benzoylation gives either the dibenzoyl 
derivative or benzanilide, depending on the reaction conditions. The formation of the 
dimetal adducts was also studied by other workers4g14g4. Azobenzene radical anion is 
green in colour and it can be reduced further to the dianion which is yellow. This radical 
anion disproportionates to the dianion and neutral molecule and the equilibrium is governed 
by the choice of the alkali metal, solvent and temperature280~4g3*4g5. George and co- 
workers4ssP9s-sor ha ve studied the nucleophilic displacement reactions of azobenzene 
&anions on halosilanes, for the syntheses of several silylhydrazines and disilatetraazacyclo- 
hexanes. Azobenzene dianion (CXLI) for example, reacts with trimethylchlorosilane to 
give N,.N’-diphenyl-N,N’-bis(trimethylsilyl)hydrazine (CXLII) or with dimethyldichloro- 
silane to give 1,2,4,5-tetraphenyl-3,3,6,6-tetramethyl-1 ,2,4,5-tetraaza-3,6disilacyclohexane 
(CXLIII) (Scheme 51). Treatment of the dianions of aromatic azo compounds with methanol 
constitutes a quick method for the synthesis of the corresponding hydrazo compounds280~50’. 
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Recently, azobenzene complexes of nickel have been synthesized from its dianion50z. 
Addition of sodium and potassium to diethyl azodicarboxylate in DME to give both mono 
and dimetal adducts and aiso several reactions of these intermediates have been reported503. 

Diazomethane undergoes decomposition on treatment with sodium in ether solventssW. 
Sodium adds to diazofluorene and diphenyldiazomethane to give the corresponding radical 
anion intermediatesso5. Diazofluorene radical anion exists in equilibrium with its dimer 
and the hydrolysis of this mixture yields both bifluorenylidene and fluorenone azine. 

Phenyl azide reacts with sodium in ether to give a free-radical intermediate, which gives 
hydroazobenzene, on hydrolysis. Prolonged treatment of phenylazide with sodium, how- 
ever, gives aniline as one of the products505. 

IX. MISCELLANEOUS COMPOUNDS 

In this section, the reactions of several organic compounds toward aIkaIi metals are 
discussed under the appropriate headings. Some of the systems present clear evidence of 
alkali metal additions across the doubIe bond, whereas in some cases, there is evidence for 
the formation of radical anion intermediates at least in the initial stages, if the reaction is 
performed at low temperatures. In most of the reactions discussed in this section, bond 
cIeavage takes place and the mechanism is not known with certainty. Based on analogies, 
we feel that several of these reactions may proceed through radical anion intermediates and 
hence are included in this review. 

A. Ethers 

Ethers are reported to be cleaved on treatment with alkali metals5e6. Thus, it is not 
-advisable to purify high boiling ethers by distilling over sodium507-50g. Alkali metal treat- 
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ment of ethers gives rise to a number of cleavage products. Diphenyl ether, for example, 
when refluxed with sodium, gives a mixture of benzene, biphenyl, phenol and polymeric 
materials. Analysis of the products and ESR spectra indicate that the reaction proceeds 
through a heterocyclic cleavage of the aryl C-O bond of the dianion intermediate50g. 
However, benzyl ethers undergo a rearrangement to give secondary alcohols510. Thus, when 
benzyl methyl ether is boiled with sodium in nitrogen atmosphere, a mixture of toluene 
and phenyl methyl carbinol is obtained ‘rl. On the other hand, Gilman and coworkers5r2 
have reported that the action of lithium in the cold, on a solution of benzyl methyl ether 
in THF results in the formation of lithium methoxide and benzyllithium. Cleavage of ally1 
phenyl ether by lithium in THF is a convenient method for the preparation of allyllithiums13 
and its derivatives5 13S 14. 

Various degradation and dimerization reactions of ethers and ketals by alkali metals 
have been studied’ ls5 “_ 9-Phenyl-l O-methoxyanthracene reacts with sodium in ether to 
give a bianthryl derivativesnr or the disodio adduct of 9-phenylphenanthrenesr5. Several 
/3-dialkenyl ethers are readily converted to aliphatic dienes by treatment with alkali metals”*. 
In the reaction of Il_chlorovinyl ether (CXLIV), with sodium in ether, no Wurtz type of 
products are formed but the vinyl and alkynyl ethers (CXLV) and (CXLVI), respectively 
have been isolated in addition to sodium butoxide, sodium chloride, acetylene and uniden- 
tified products (Scheme 52)5’9. 

H\ ,H 
&=C, 

Na/Ether H\ /OR 

OR 
_ H,C=c, 

H 
+ H-C=C-OR + H-C=C-H 

(CXLIV) 

Scheme 52 

(CXLV) (CXLVI) 

Several phenyl ethers and m-polyphenyl ethers cleave to give biphenyl radical anion, on 
treatment with potassium in THF or DME 520521_ Anisole is cleaved by potassium and when 
the reaction is quenched by heavy water, deuterium is found to enter into the resulting 
biphenylsz2. 

Reaction of epoxides to give cli01s~~~ and cleavage of THF, MeTHF, DME and cyclic 
ethers of ferrocene during the formation of organometallic compounds409~524~525 have 
been reported. Treatment of tropyl methyl ether with sodium in THF results in the for- 
mation of cycloheptatrienide dianion radica1233. 

B. Sulfur co??zpounds 

Most disulfides react very readily with alkali metals to give the corresponding mercap- 
tides526. Diphenyl sulfide, thioanisole etc. are cleaved by potassium in DME with the 
initial formation of the phenoxide ion and the corresponding aryl or alkyl radicals*‘. 
Thioanisole (CXLVII) reacts with sodium in ether and after carboxylation yields phenyl- 
thioglycolic acid (CXLVIII) and thiophenol (CXLIX) (Scheme 53)528. Thioacetals appear 
to be very resistant to alkali metals but sodium reacts with the mercaptole (CL), to give 
benzoin (CLI) and thiophenoxide (Scheme 54)529. Action of alkali metals on sulfoxides 
has been studied53e-532. Dimethylsulfoxide reacts with sodium or potas’sium to give methane 
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mlfenate, me&y1 sulfinyl carbanion, methane and dimethyl sulfone. Diary1 sulfones form 
radical anions with potassium in DME and their ESR spectra are closely related to the 
corresponding hydrocarbons533. The dianion of thiobenzophenone generated by alkali 
metals, induces the polymerization of vinyl monomers534. In the preparation of tetra- 
tbiaadamantane dianion, cleavage of the C-S bond is observed535. The sulfur analowe of 
azoxybenzene is believed to be formed when aniline sulfate is treated with sodium in 
boiling toluene536. 

C. Amines 

The tendency of the alkali metals to cleave the C-N bond in amines, is generally less 
than that in the case of ethers 537 The cleavage is very facile, however, in the case of 
polyaryl amines537-540. Triphenylamine, for example, reacts with Li, Na and K in THP 
to give biphenyl, anlline and diphenylamine540. The use of lithium metal in place of 
n-butyllithium as a reagent in the direct butylation of N,Aklimethylaniline has been 
studieds4’. Sodium reacts with N,AUimethylformamide in protic and aprotic solvents to 
give an equal mixture of dimethylaminometboxide and dimethylformamidylsodium54’. 

D. Phosphorous co??zpounds 

lhe cleavage of tertiary phosphines by alkali metals to give metalloorganophosphides 
and organometallics is weU known53ga54S545. Issleib543 had suggested that the dimetallo- 
phosphorane, (RaPMa) which is formed initially, dissociates further to give the cleavage 
products. In mixed tertiary phosphines, the most electronegative group is ejected and the 
aIkali metal phosphide contains at least one aromatic group. 

In the reaction of triphenylphosphine (CLII) with alkali metals, the initial reaction is a 
phenyl cleavage rather than the formation of a negative ion53g*546~47. The alkali metal 
diphenyl phosphide @XIII) gives a radical anion on further treatment. When the cleavage 
products are treated with a halosilane and subsequently hydrolysed in presence of air, a 
mixture of products (CLIV-CLVII) are formed but no stable compound containing a Si-P 
bond has been isolated (Scheme 55). 
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Lithium in THP cleaves phosphines containing unsaturated groups a.l~o~~~. Preparation 
of (CLIII) from unsaturated phospines, di-tert-phosphine and from tetraalkyldiphenyl- 
phosphine disulfide 54g have been reported. Cleavage of solvents like dioxane by (CLIII) 
to give ethylenebis(diphenylphosphineoxide) (CLVIII) has been observed (Scheme 56)550. 

0, 

(C6Hd2P~ + 0 Hz0 P P 
- (C~HS)~PCH~CH~-~(C~HS)~ 

(CLIII) 0 (CLVIII) 

Scheme 56 

Several other reactions of alkali metal phosphides have been reported53g~543~551-555. The 
ESR spectrum of biphenyl radical anion is observed when triphenylphosphine is treated 
with alkali metals in ether solvents546*556 , whereas the formation of biphenyl radical anion 
and “ylides” are observed in the case of phosphineoxidess5’. The reactions of phenyldi- 
chlorophosphiness3, phosphorous esters55855g and phosphonium bromides560 with alkali 
metals have been studied. Reesor and Wright ‘N have found that each of the polymeric 
fo-rms of phosphorobenzene is converted by treatment with sodium in dioxane to its 
disodio adduct which can be methylated or benzoylated to give air-sensitive compounds. 

E. Silicon compounds 

The preparation of silylmetallic species by the reaction of alkali metals with polysilanes 
in ether solvents is well established and has been reviewed562”65. While lithium, potassium, 
rubidium and cesium derivatives are easily obtained, the corresponding sodium compounds 
are difficult to prepare s66 However, they can be prepared from the corresponding . 
disilane in THF using metallic sodium and a little naphthalene567368. The triarylsilyl 
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potassium or lithium readily undergoes a variety of reactions such as protonation, alkylation 
and silyIation56~s72. 

Hexaalkyldisilanes are not cleaved by alkali metals but readily by bromine. A possible 
explanation for the failure of alkali metal cleavage may be due to the lack of resonance 
stabilization of the trialkylsilyl fragment, as compared to the triphenylsilyl or diphenyl- 
silyl groupingP3. Treatment of an optically active disilane with lithium has been reported 
to give an optically active silyllithium compound574. A radical anion intermediate is formed 
when cyclopiopyltriphenylsilane (CLIX) is treated with alkali metalss75_ Depending on 
the reaction temperature, both reductive coupling to give ((3.X) and phenyl cleavage to 
give (CLXI) are observed (Scheme 57). Siiyllithium compounds were found to react with 

(Cdk)3Si -cl K/DME 

-40” 
l 

(CLIX) :I GA 

Scheme 57 

cyclic and linear ether solvents to give glass-like resins or silyl substituted carbinols576. The 
cleavage reactions of alkali metals on linear polysilanes, cyclic polysilanes and silaoxa- 
phenanthrenes have been reported 577-57g. Both sodium and potassium cleave methyl- 
trimethoxysilane to give a mixture of substituted silanes and alkali metal oxide?‘. 

Compounds containing oleftic groups attached to silicon, undergo two types of 
reactions with alkali metals. Seyferth and coworkers”’ found that propenyltrimethyl- 
silane undergoes isomerization by the action of lithium in THF to give the @tins-isomer, 
whereas no isomerization occurred in ether. This reaction, as well as the formation of 
1 ,4-bis(triphenylsilyl)butane from triphenylvinylsilane by lithium can be rationalized in 
terms of a radical anion intermediate which subsequently undergoes either isomerization 
or reductive coupEng581*582 - Addition of lithium to l-triallcylsilylnaphthalene gives a 
dilithio adduct which has good nucleophilic properties583. Further silylation results in the 
formation of 1,5-bis(trialkylsilyl>1,4-dihydronaphthalene or 1,4,5-tris(triallqlsilyl)-1,4- 
dihydronaphthalene (compare with Scheme 2). Formation of radical anions and dianions 
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of a few sllacyclopentadiene derivatives 280,s84586 has been observed_ Chemiluminescence 
has also been observed, when these solutions are exposed to airss6. 

In the alkali metal adducts of some organosilicon compounds, conjugation of aromatic 
ring systems through a silicon atom has also been observedss7. Electron delocahzation even 
in some permethylpolysilanes suggest that electron mobility is not limited to conjugated 
molecules, but can also be observed in systems not normally considered as unsaturated588. 
The possible implications of this phenomenon for preparing organic conductors and super 
conductors have been described588158g. A novel organosllicon cyclophane and its radical 
anion which is fully delocalized through transannular interaction have also been described589. 

Radical anions of trimethylsilyl and trimethylgermyl substituted polyphenyls and 
naphthalenes have been generaGd and studied5”. Seyferth et aL5’r found that propenyl- 
trlmethylgermane isomerizes to a mixture of 92% trans- and 8% &-isomers, by the action 
of lithium in TI-IF. 

Tetraethylgermane is remarkably stable to lithlum5v1 but tetraphenylgermane can be 
cleaved in DME to give tiphenylgermyllithium 592 Hexaalkyldigermanes can be cleaved _ 
by lithium and other alkali metals in HMPA but not in ether, THF or DME5v3. 

F_ Boron compounds 

Sodium reacts with diborane in ether solution to give sodium borohydride and triboro- 
hydride5g4. Formation of alkali metal complexes has been reported in the reactions with 
trialkyl boron595, triphenyl boronsg6 and trialkyl borates5”. Tri-1-naphthylborane is 
reduced to the radical anion and dianion intermediates by treatment with sodium amalgam 
in DME. The dianion decomposes to give naphthalene radical anion and 1 ,l ‘-binaphthyl 
radical anionsv8. Similarly, prolonged reaction of the radical anion of triphen$lboron with 
sodium in DME degrades it to biphenyl radical anion5vgy600. 

G. Other systems 

Reaction between lithium and the phenyl derivatives of the elements of Groups II, III, 
IV and V of the periodic table have been studied 601. Some of these cleave to give phenyl- 
lithium in ether solution. The reaction of arsenobenzene with sodium in DME gives di- 
and tetra-sodium adducts, resulting fmaIly in the cleavage of the As-As bond602. 

Lithium isomer&es cis- and pans-propenyltrimethyltin in ether solution to a mixture of 
trans and cis isomers, in each case. However, in THF, compounds like propenyllithium, 
trimethylstannyllithium and methyllithium are obtaineds8’. When tetra-cis- and tetra-trans- 
propenyltin (CLXII) are treated with lithium in ether, metal displacement reaction occurs 
to give propenyllithium (CLXIII), which can be silylated (Scheme 58). In addition, the 
tetrapropenyltin recovered in this reaction, is found to be a mixture of both cis and trans 

(CH3CH=CH)4Sn a CH,CH=CHLi + tetra-cis and 

(CIXII) (CIXIII) tetra-@fins forms 
of (CLXII) 

Scheme 58 
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isomers. It is interesting to note that while the propenyl derivatives of silicon, germanium 
and tin are isomerized, no isomerization occurred with the corresponding carbon compounds. 
Crotyltrimethyltin also undergoes a similar isomerization603. 

Cleavage reactions of organolead compounds are kn~wrr~~~~~~. Trialkylaluminum reacts 
with sodium in the presence of naphthalene in TE-IF to give solid derivatives of dihydro- 
naphthaleneal uminates containing sodium and THF in their molecular compositions50660g. 
Lithium displaces mercury from divinylmercury to give vinyllithium in high yields610. 
Similarly, bis(triethylgermy1) and bis(triethylsilyl)-mercury react with lithium to yield 
triethylgermylli?hium and triethylsilyllithium, respectively6r1. Lithium causes the iso- 
merization of propenyl derivatives of mercury also, as in ‘he case of propenyl derivatives 
of other Group IV elementsQ2. 
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