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1. Introduction 

 
This review covers carbanions of the following structure  

   

 
in which X is a heteroatom and the double bond may be part of a conjugated 
system. Propargylic and allenic systems are also included. The cation M+ is an 
alkaline or alkaline-earth element; transition metals are excluded. The chapter 
by Gilman and Morton in 1954 (1) was restricted to lithium derivatives. 
Reviews covering part of the subject include those on organometallic 
compounds, (2-4) on reagents for nucleophilic acylation, (5) on olefin synthesis 
with P(O)-activated reagents, (6, 7) on the formation and reactions of 
carbanions derived from allylic sulfoxides, (8) dithianes, (9) nitrosoamines, (10) 
thioethers and ethers, (11, 12) selenium compounds, (13) on base-catalyzed 
isomerization, (14) and on rearrangements of carbanions. (15, 16) 

1.1. Nature of the Heteroatom  
Allylic and benzylic carbanions adjacent to the following heteroatoms have 
been described:  
1. Boron, as in an organoborane with a vinylic substituent. (17) 
2. Nitrogen, as in an amine, (18) amine N-oxide, (18a) enamine, (19) 

ynamine, (20) isonitrile, (21) thioisonitrile, (22) nitrosoamine, (23) 
iminodithiocarbonate diester, (24) amide, (25) 
bis(dialkylamino)phosphoramide, (26) 
dialkylaminoalkyloxyphosphoramide, (27) bis(alkyloxy)phosphoramide, 
(28) sulfonamide, (29) and nitro compound. (29a) 

3. Oxygen, as in an alkyl, aryl, tetrahydropyranyl, (30) trialkylsilyl ether, (31, 
32) cyanohydrin ether, (33) ketal, (34) hemithioketal, (35) and 
bisdimethylamido- and dialkyl phosphate ester. (36) 

4. Silicon, as in a silane. (37) 
5. Phosphorus, as in a phosphine oxide, (38) phosphine sulfide, (39) 

phosphinate, (40) phosphinamide, (39) thiophosphinate, (39) 
phosphonate, (41) and phosphonamide. (42) 
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6. Sulfur, as in a thiol, (43) alkyl and aryl thioether, (44) dithioester, (45) 
thiothiazoline, (46) trialkyl silyl thioether, (47) 
N,N-dimethyldithiocarbamate, (48) dithioketal, (49) 
diphenylphosphinodithioate and diphenylphosphinothioate, (50) sulfoxide 
(51) and sulfimine, (52) sulfone (53) and sulfoximine, (52) sulfonic ester, 
(54) dialkylsulfonamide, (55) and thioketone. (56) 

7. Chlorine, as in a benzyl or allyl tri-, di-, and monochloride. (57) 
8. Selenium, as in an arylselenide (58) and arylselenoxide. (59) 
9. Bromine, as in a monobromide or a dibromide. (60) 

10. Tellurium, as in a telluride. (61) 
 
 
The basicity and structures of these anions are considered first. This 
discussion is followed by sections on methods of generation of carbanions, 
reactions occurring during preparation, decomposition, and rearrangements of 
carbanions, reactions with electrophiles, regioselectivity and stereochemical 
aspects of the reactions, transformations of the reaction products, and some 
applications of these carbanions in synthesis. 
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2. Carbanions 

2.1. Basicity  
Are heterosubstituted carbanions more or less basic than the parent carbanion 
in which the heteroatom is replaced by a hydrogen? With some very acidifying 
substituents such as sulfone, sulfoxide, or phosphonyl, the answer is yes, but 
with others the answer is not so clear. Some experiments using an 
isotope-exchange method suggest that the oxygen in ethers renders the 
compound less acidic than the parent hydrocarbon. (62-64) Such results agree 
with nuclear magnetic resonance (nmr) measurements: the electron density 
determined by the chemical shift is higher at the para carbon in the carbanion 
1 than at the para carbon of the unsubstituted anion 2. (65)  

   

 
Published pKa's are summarized in Table 1.  

Table 1. Acidity Constants  
 

Compound pKa Method Refs. 
 

C6H5SCH2C6H5 30.8 Equilibrium, 
Potassium salt in 
Me2SO 

67 

C6H5SCH(C6H5)2 26.7 The same 67 
(C6H5S)2CHC6H5 23.0 The same 67 
1,3-Dithiane 31.2 Equilibrium, Cesium 

salt in cyclohexane 
68 

2-Phenyl-1,3-dithiane 28.2 The same 68 
2-p-Biphenylyl-1,3-dithiane 26.1 The same 68 
C6H5CH2SO2CH2C6H5 22 Equilibrium, 

Potassium salt in 
Me2SO 

69 

[C6H5CH(CH3)]2SO2 23.5 The same 69 
10.79 Equilibrium in H2O 70 
   

 
12.36 The same 70 

C6H5SCH2SO2C6H5 20.3 Equilibrium, 66 
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Potassium salt in 
Me2SO 

(C6H5)2PCH2SO2C6H5 20.2 The same 66 
C6H5CH2SO2C6H5 23.4 The same 66 
C6H5CH2SO3Ar 21.7 Exchange in D2O  72  

 
 
 
 
Recent experiments show that the kinetic acidities determined by the rate of 
base-catalyzed exchange are not always a good indication of the 
thermodynamic acidity. (66) Care should be taken so that internal return does 
not complicate the exchange kinetics. However, this is not the case for one 
sulfoxide. (73) 
 
The acidifying effect of sulfur has been the subject of numerous speculations. 
The effect of the empty d orbital was an early explanation but at present this is 
less favored. In addition to the purely polar effect, some authors propose an 
electron-acceptor conjugation of the sulfur with the alpha carbanion. (74) 
Recent calculations agree with a polarizability effect. (75-77) Ab initio 
calculations on , and 

show that carbanion stabilization by the alpha heteroatom is subject 
to appreciable stereoelectronic effects. The “equatorial” type 3 is found to be 
the most stable. (78, 79) This explains some stereoselective reactions such as 
the equatorial reactivity of dithianes. (80, 81)  

   

 
 
 
The pKa's of substituted 1,3-dithianes were determined by an equilibrium 
method as the cesium salts in cyclohexylamine. On the basis of substituent 
effects it was proposed that the anionic carbon is planar in the aryl-substituted 
dithiane anion. (68) 
 
The effect of a thiophenyl group on the pKa was measured by an equilibrium 
method in dimethyl sulfoxide. The introduction of this group increases the 
acidity from 4.9 to 11.5 pKa units and the cumulative effect of this group is 
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additive, which is contrary to the effect of the phenyl group. (66, 67) The 
diphenylphosphino group (C6H5)2P - has about the same effect as the 
thiophenyl group. (66) 
 
Experiments suggest that increased alkyl substitution decreases acidity. For 
instance, the thioether 4 is not metalated by n-butyllithium under conditions 
where the thioether 5 reacts. (82) This seems to favor an sp3-hybridized 
carbanion in which the methyl group has an inductive effect unfavorable for 
carbanion formation. (83)  

   

 

 
 
For protons alpha to a sulfone group the introduction of phenyl conjugation 
increases the acidity even more than for dithianes. Dimethyl sulfone has a pKa 
of 28.5, dibenzyl sulfone 22, (69) and methyl phenyl sulfone 27. 
 
Anomalously low pKa's were found for the cyclic sulfones 6: R = H, 10.75 
( H2O ); R = CH3, 12.36( H2O ).  

   

 
It was suggested that the anion has aromatic character. (70, 71) 
 
The number of calculations on carbanions alpha to heteroatoms almost 
exceeds the number of pKa determinations. However, further studies of 
structural effects are needed on the basicity of heterosubstituted carbanions. 

2.2. Structures  
Interesting facts have emerged from the structural investigation of crystalline 
carbanions, e.g., benzyllithium and indenyllithium. (84-86) Similar studies have 
not been undertaken with heterosubstituted carbanions even though their 
stability is probably adequate. Such work could provide information on a 
number of important points including the chelation of the cation by the 
heteroatom, location of the cation relative to the conjugated system, and 
conformation in the reacting molecules. 
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Some details of the structures of heterosubstituted carbanions can be deduced 
from the stereochemistry of the reaction products (see Stereochemistry 
section, p. 40). The carbanions of thioethers 7 and 8 do not interconvert at 
–18°. The lower limit of activation energy of 19.5 kcal/mol was  
   

 
 
estimated for the rotation of the beta - gamma bond. (87) This value is higher 
than for comparable carbon systems (88) and it has been suggested that the 
rotation about the alpha - beta bond is slow in carbanions derived from 
propenyl and allyl phenyl ethers. (89) 
 
The carbanion 9 was studied by nmr spectroscopy. The chain has the 
stereochemistry indicated in formula 9 and the chemical shifts suggest equal 
electron densities at the alpha and gamma carbon atoms. (90)  

   

 
 
 
Dissociation and solvation of ion pairs of heterosubstituted carbanions have 
been little studied except for carbanions derived from thioethers and sulfoxides. 
Conductivity measurements at –78° of the lithium carbanion derived from 
methyl benzyl sulfoxide at various concentrations show that in tetrahydrofuran 
and tetrahydrofuran-N,N,N′,N′-tetramethylethylenediamine there are no free 
ions. However, after addition of cryptand[2.2.2] 10,  

   

 

triple ions and free ions appear to some extent. The slow appearance of 
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conductivity was attributed to a gradual dissociation. In contrast, the carbanion 
from benzyl phenyl thioether is present in tetrahydrofuran at –78° in part as a 
free ion and the increase in conductivity is rapid after addition of 
cryptand[2.2.2]. Though more basic, the thioether carbanion is more 
dissociated than the sulfoxide carbanion. This is attributed to a strong 
interaction of the sulfoxide group with the lithium. These results are consistent 
with 13C and 1H nmr measurements. (91, 92) 
 
The carbanion derived from benzyltrimethylsilane has been studied by 13C nmr 
spectroscopy. The corresponding lithium carbanion is a solvent-separated ion 
pair or a contact ion pair depending on the temperature, while the sodium 
carbanion is a contact ion pair. (92a) The classical spectroscopic study of the 
fluorenyl anion has been extended to C-9 sulfur substituted compounds 
C6H5S(O) n where n = 0, 1, 2. The solvent-separated ion pair for the thioether 
carbanion in tetrahydrofuran at 20° and the contact ion pair were found in 
2-methyltetrahydrofuran even at low temperatures. The sulfone carbanion is 
both a contact ion pair and a solvent-separated ion pair according to 1H nmr 
measurements. (92b) 
 
More developments should be expected in the areas of the basicity and the 
structure of heterosubstituted carbanions. It is important to determine how the 
presence of a heteroatom influences the structure of the carbanion. Through a 
better understanding of structural effects, it might be possible to improve the 
yield, the regioselectivity, and the stereoselectivity of these reactions. 
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3. Methods of Generation of Heterosubstituted 

Carbanions 

 
Heterosubstituted carbanions are prepared by the usual methods for 
generating carbanions. Side reactions caused by the heteroatom sometimes 
make it necessary to use more selective agents such as dialkylamides. It is 
possible to generate the heterosubstituted carbanions by special methods 
such as fragmentation or addition. 
 
The methods of generating ions are presented in the following order: action of 
metals, metalations by reagents such as metal alkyls and aryls, amides, 
alkoxides, hydrides, etc., transmetalation, halogen–metal interchange, addition, 
and fragmentation. Side reactions occurring during the preparation of 
carbanions are discussed. The chapter ends with a procedure for choosing a 
suitable metalating reagent. 

3.1. Action of Metal  
The action of lithium on benzophenone dimethyl ketal 11 yields a carbanion 12 
by cleavage of a carbon-oxygen bond (Eq. 1). (93, 94)  
   

 
 (1)   

 
This method has not been used much for the preparation of heterosubstituted 
carbanions. However, an alternate procedure employs the cleavage of a 
phenylthio ether with a lithium arylide to generate the desired intermediate. 
94a,b 

3.2. Metalations  
A proton alpha to the heteroatom in substituted allylic or benzylic systems can 
be removed with a more basic agent. A large variety of such agents are used, 
with n-butyllithium being the most common. The introduction of sterically 
hindered amides has extended the metalation procedure to compounds 
carrying substituents that react with organolithiums. Sodium and potassium 
hydride and corresponding alkoxides have been less frequently used. Possibly 
in many of the cases described in the tables, other bases and solvents would 
give similar results and yields might be improved by exploring other 
experimental conditions. 
 
n-Butyllithium as the commercially available solution in a hydrocarbon is used 
in a stoichiometric amount* with the compound to be metalated in solution in 
tetrahydrofuran. The temperature is usually below 0°, sometimes –78°. At 
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lower temperatures, tetrahydrofuran–diethyl ether mixtures can be used. At 
low temperature n-butyllithium has a low reactivity because of its polymeric 
nature. By addition of a chelating agent, usually 
N,N,N¢,N¢-tetramethylethylenediamine (TMEDA), in molar amounts, the 
polymer is broken down. Decomposition of tetrahydrofuran 13 by n-butyllithium 
is not negligible at 20° (Eq. 2). (99)  
   

 

 (2)   

 
This decomposition can also be brought about by the newly generated 
carbanion 14. If a temperature above 0° is needed to prepare the carbanion, 
the next step must be carried out without delay for a reasonable yield. 
 
With allylic systems n-butyllithium is the most commonly used base. Its action 
is commented on only if side reactions occur or if special conditions must be 
used, such as addition of potassium t-butoxide or of 
hexamethylphosphoramide. Otherwise the reader is referred to the tables. 
 
With N-prenylindole 15 and N-prenylcarbazole 16 the reaction of n-butyllithium 
is complex (Eqs. 3 and 4). With the former the enamine proton seems to be 
removed to some extent, and with the latter the allylic proton is  
   

 

 (3)   
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 (4)   

 
removed and the carbanion undergoes alkylation by the starting material. 
(100-102) 
 
The manner in which the reagent is introduced to the medium is sometimes 
very important. If n-butyllithium is added slowly to a solution of 
allylmethylphenylamine 17 in n-hexane in the presence of potassium 
t-butoxide, isomerization to methylphenylpropenylamine 18 is important. The 
carbanion is protonated by the starting amine and the propenylamine is not 
deprotonated by n-butyllithium. (103) If the addition of base is rapid or if a 
stronger base such as t-butyllithium is used, the expected carbanion 19 is 
produced (Eq. 5).  
   

 

 (5)   

 
Similar observations have been made with allyl benzyl thioether 20. If the 
addition of n-butyllithium to a solution of the thioether in tetrahydrofuran at 
–78° is rapid, a mixture of 70% of carbanion 21 and 30% of thiolate 23 arising 
from the rearrangement of carbanion 22 is produced. Slow addition produces 
only thiolate 23 (Eq. 6). (104)  
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 (6)   

 
The metalation of 3-nitropropene to the dianion occurs cleanly with 
n-butyllithium in tetrahydrofuran in the presence of hexamethylphosphoramide 
at –80 to –90°. (29a) 
 
The reactivity of n-butyllithium can be enhanced by adding potassium 
t-butoxide. Allylmethylphenylamine does not react with n-butyllithium in 
tetrahydrofuran, but is metalated by n-butyl- or t-butyllithium in the presence of 
potassium t-butoxide in hexane. (89, 103) The allylic proton is removed in 
phenyl (Z)-propenyl ether by n-butyllithium–potassium t-butoxide in petroleum 
ether (103) and the vinylic proton is removed in the corresponding 
tetrahydropyranyl ether by sec-butyllithium–potassium t-butoxide in 
tetrahydrofuran. (105) Since two items, the solvent and the substituent, have 
been changed, it is not clear if both or only one factor is important for the 
change in regioselectivity.  
   

 
 
Reaction of the acetal 24 with n-butyllithium proceeds by cleavage of the 
oxygen-carbon bond (Eq. 7). (106)  
   

 

 (7)   

 
With silanes, n-butyllithium–hexamethylphosphoramide was used. In contrast, 
methyllithium attacks at silicon. (107)  
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Allyltriphenylsilane in ether is metalated with 
n-butyllithium-N,N,N¢,N¢-tetramethylethylenediamine. (108) 
 
Ketene dithioketals are metalated by n-butyllithium in tetrahydrofuran in the 
presence of hexamethylphosphoramide (9, 109) and by sodium amide in 
hexamethylphosphoramide. (110) 
 
The reaction of n-butyllithium with benzyl chloride is very sensitive to the 
solvent. In n-hexane, diethyl ether, and dioxane the reaction products are best 
explained by the formation of benzyllithium. However, in tetrahydrofuran 
carbanion 25 must be formed, leading to stilbene. (60, 111) This carbanion is 
best produced at –100° in tetrahydrofuran, similar to the one derived from 
benzylidene chloride. (112) With benzyl bromide attack occurs at the bromine 
atom. (60, 111)  

   

 
 
 
The action of a base on a vinylic system is more complex. In addition to the 
removal of the allylic proton, two other reactions may compete: addition of the 
base to the double bond and removal of the vinylic proton. Enamines are 
metalated at the allylic carbon by n-butyllithium in 
tetrahydrofuran–hexamethylphosphoramide (113) or by t-butyllithium, which 
has a higher reactivity than n-butyllithium. (103) Vinyl ethers, depending on the 
substituents at oxygen and on the base, give vinylic or allylic carbanions. With 
n-amylsodium in petroleum ether or 
t-butyllithium-N,N,N¢,N¢-tetramethylethylenediamine in tetrahydrofuran, the 
vinylic proton is removed from 1-methoxy and 1-ethoxy-1-propene. (114-117) 
 
Many dianions can be produced by the action of n-butyllithium. Benzyl and allyl 
thiols are metalated by n-butyllithium-N,N,N′,N′-tetramethylethylenediamine in 
tetrahydrofuran to give dianions. (43, 118)  
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Dicarbanions like 26 and 27 were prepared in a similar fashion. (119, 120)  

   

 

The latter, 27, is stable only in the presence of lithium bromide. 
 
The following gem-dicarbanions were prepared from benzyl sulfones, (55, 
121-123) allyl sulfones, (92) and propargyl ethers: (124, 125)  
   

 

 
 
 
sec-Butyllithium (126) is more reactive and more sterically hindered than 
n-butyllithium. With alkyl allyl ethers n-butyllithium in tetrahydrofuran at –65° 
does not react; by contrast sec-butyllithium produces the allylic carbanion. 
(127) However, n-butyllithium under the same condition reacts with phenyl allyl 
ethers. (32) The presence of a phenyl group seems to have a noticeable 
influence on the metalation rate. (32, 104) For triethylsilyl allyl ether, 
sec-butyllithium is a very efficient base. (32) With allyl thioether and derivatives 
sec-butyllithium was used. (45, 129-131) 
 
Triphenylmethyllithium attacks both the allylic carbon and the double bond of 
thiacyclobutene (Eq. 8). (132)  
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 (8)   

 
 
 
In N-methyl-1,4-dihydropyridine the vinylic proton at C-2 is removed by 
n-butyllithium and potassium t-butoxide, while the allylic proton at C-4 is 
removed by trimethylsilylmethyl potassium. (132a) 
 
Lithium, sodium, and potassium amide in ammonia are efficient bases. (49, 
133-135) More hindered amides like lithium diethylamide, diisopropylamide, 
isopropylcyclohexylamide, and 2,2,6,6-tetramethylpiperidide allow access to 
carbanions where other metalating agents give complex reaction mixtures. 
The amides are usually prepared in situ from amine and n-butyllithium, and the 
compound to be metalated is then added. 
 
The reaction of organolithium (RLi) with boranes leads to a complex by 
addition of R– to the boron atom. However, with lithium 
2,2,6,6-tetramethylpiperidide this addition can be avoided and the carbanion is 
formed in good yield. Lithium diisopropylamide and isopropylcyclohexylamide 
were inefficient in this reaction. (17) 
 
Nitrosoamines give in excellent yield the corresponding anion with lithium 
diisopropylamide. With other reagents, the reaction is more complex. (23) The 
metalation rate of nitrosoamines by lithium diisopropylamide is greatly 
enhanced in the presence of potassium t-butoxide. (135a) 
 
Allyl and benzyl benzamide can be converted to the dianion with lithium 
diisopropylamide. 135b,c  
   

 
 
 
 

When the carbanion is prepared from 3,3-dichloropropene 

and lithium 2,2,6,6-tetramethylpiperidide, some brominated product is found in 
the reaction products. This results from the presence of lithium bromide in the 
methyllithium used to prepare the amide and from chloride–bromide exchange 
in the final product. The side product disappears after removal of lithium 
bromide by triglyme addition to the methyllithium solution. (135d) 
 
The propargyl thioether CH3SC ≡CCH2OCH3 and acetal CH3SC ≡ 
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CCH(OC2H5)2 are converted to carbanions by lithium diisopropylamide and 
diethylamide in tetrahydrofuran. (136, 137) With sodium amide in ammonia the 
allenic carbanion 29 produced from 28 is isomerized to 30. (133)  
   

 

 
 
 
Allyl N,N-diethyldithiocarbamate 31 and the ketene ketal 33 give the 
carbanions 32 and 34 with lithium diisopropylamide in tetrahydrofuran. (138, 
139)  
   

 

 
 
 
The preparation of carbanions from sulfoxides is improved by the use of a 
lithium dialkylamide. (140-142) In tetrahydrofuran–hexamethylphosphoramide, 
the phosphonate ester 35 can be converted to the anion by lithium 
isopropylamide. (143)  

   

 
 
 
The attack of many reagents on selenoethers or selenoxides occurs at the 
selenium atom. However with lithium dialkylamide metalation occurs cleanly. 
(58, 59, 144) 
 
Organomagnesium compounds have been seldom used as bases. For 
example, phenyl prenyl sulfone is reported to be metalated by ethylmagnesium 
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bromide. (145) 
 
Potassium t-butoxide has occasionally been used as a base with isonitriles 
and sulfones. (146-148) Also, it was used as an additive to butyllithium as 
mentioned above. 
 
Alkali hydrides usually react slowly. The higher temperature required for 
complete metalation may be harmful to the carbanion and lead to 
decomposition products. Allylic phosphonates can be metalated by sodium 
hydride in dimethoxyethane or in the presence of hexamethylphosphoramide. 
(149-151) Isonitriles and dithioacetals in dimethylformamide are transformed 
to the corresponding carbanions by the same reagent. (152, 153) Potassium 
hydride was used for the production of carbanions from allyl sulfoxides in 
tetrahydrofuran. (154) In the presence of a stabilizing substituent and a 
reactive reagent, triethylamine may be sufficient for some isonitriles (Eq. 9). 
(154a)  
   

 

 (9)   

 
 

3.3. Transmetalation  
This method was used to prepare dichloroallyllithium from a plumbane by the 
action of n-butyllithium in tetrahydrofuran at –90° (Eq. 10). (155)  
   

 
 (10)   

 
 

3.4. Phase Transfer  
Probably because of the low acidity of most of the starting materials, phase 
transfer has seldom been used to generate carbanions. One early example of 
its use is the reaction 2,5-dihydrothiophene-1,1-dioxide with acrylonitrile in the 
presence of trimethylbenzylammonium hydroxide as a catalyst (Eq. 11). (156) 
All four hydrogen atoms react and no products from  
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 (11)   

 
ring opening of the intermediate carbanions are detected. Under the usual 
metalation procedure the carbanion undergoes a rapid electrocyclic ring 
opening. In phase transfer, where the carbanion is generated in the presence 
of the reactant, the lifetime of the intermediate carbanion may be short with 
respect to the half-life of rearrangement or elimination. The Horner reaction 
and the condensation of sulfones with aldehydes were performed in excellent 
yield by phase transfer (Eqs. 12 and 13). (157, 158)  
   

  (12)   

 
   

 
 (13)   

 
 

3.5. Halogen–Metal Interchange  
This method has been used very little, probably because the starting materials 
are not readily available and the reaction of the generated carbanions with the 
starting material is difficult to control. The action of n-butyllithium on 
benzotrichloride and 1,1,1-trichloro-2-propene gives at –100 to –105° the 

lithium compounds C6H5CCl2Li and , the latter in a yield of ca. 

50%. (159, 160) 

3.6. Addition  

Carbanions can be generated by addition of a carbanion to double 
bonds:  
   

 

 
or by addition to activated double bonds. 
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Examples of the first mode are the reactions of organomagnesiums and 
lithiums with aromatic thioketones 36 and dithioesters 37. (56, 161-163)  
   

 

 
 
 
The second method is illustrated by the addition of lithium compounds to a 
ketenethioketal (164) (Eq. 14), to such heteroatom-substituted allenes as 
phosphine oxides, (165-167) sulfoxides, 166 and sulfones 166 (Eq. 15), and to 
phospholes (167) (Eq. 16).  
   

 

 (14)   

 
   

 

 (15)   

 
   

 

 (16)   

 
 

3.7. Fragmentation  
The reaction of n-butyllithium, as contrasted to the earlier discussion involving 
triphenylmethyllithium, with thiacyclobutene takes a somewhat unusual course. 
Attack on the sulfur occurs and ring opening gives the allylic carbanion 38 (Eq. 
17). (132)  
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 (17)   

 
 
 
This method of generation of the carbanion 38 may control its stereochemistry, 
while the alpha- beta bond should be cis if rotation around this bond is slow. 
This point awaits further investigation. 

3.8. Comments  
1. There are a few examples of carbanions not derived directly from starting 

material, since the initially formed carbanion may undergo an elimination to 
form a species that is subsequently metalated (Eq. 18). (168)  
   

 
 (18)   

 
There are other such examples in the literature. (169, 170) 

2. The addition to the basic medium of a solution containing the compound to be 
metalated and the electrophilic reagent has seldom been tried for obvious 
reasons. (38) However, the method might be useful for unstable carbanions. 
The carbanion formed from benzyl isothiocyanate is rapidly trapped by 
ketones. If a solution containing benzyl isothiocyanate and a ketone is added 
to potassium t-butoxide in tetrahydrofuran, then the addition compound is 
obtained. (22) 

3. Isomerization of carbanions can be used in some cases. The action of 
n-butyl- or n-amylsodium on N,N-dimethylbenzylamine in hexane produces 
the ortho-metalated species 39, which undergoes slow isomerization to the 
side chain anion 40. The benzylic anion 40 is produced directly by 
phenylsodium or phenylpotassium. (18)  
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In conclusion, if one is faced with the problem of generating a carbanion for the 
first time from a species believed to be acidic, the following procedure is 
recommended. The commercially available and previously titrated 
n-butyllithium should first be tried. (95-98) One equivalent of base is added to a 
solution containing the product to be metalated in the presence of an amine, 
preferably redistilled N,N,N¢,N¢-tetramethylethylenediamine in 
tetrahydrofuran. All operations must be performed under nitrogen or, better, 
argon, at –78°. During the addition the solution is observed and color changes 
are noted. The appearance of a color that deepens as more n-butyllithium is 
added may indicate a stable carbanion (or a rapid decomposition of the 
carbanion to a colored species). A transient color during the addition could 
suggest the decomposition or a rapid rearrangement of the carbanion. In 
general the solution of carbanion described here is colored even if only faintly 
yellow although it is far from certain whether the color is attributable to the 
carbanion. 
 
In trial experiments it is convenient to add (at –78°) deuterium oxide (diluted in 
tetrahydrofuran) to the reaction mixture 1 hour after addition of n-butyllithium. 
The deuterium content of the product is determined by spectroscopic 
examination. Three situations may be encountered:  
1. The starting material is recovered with no deuterium incorporation. The 

metalation most likely did not proceed, so a more powerful base should be 
tried: sec- or t-butyllithium or a lithium dialkylamide or a combination like 
n-butyllithium–potassium t-butoxide. 

2. The starting material has incorporated deuterium. The carbanion was 
obtained and is apparently stable under these conditions. Further 
exploration of the reaction conditions may improve yields. 

3. No starting material is recovered. The n-butyllithium caused a reaction other 
than proton removal, carbanion decomposition or rearrangement. Further 
studies of the reaction product can give the answer. Lowering the 
temperature may slow down the decomposition or the rearrangement. A 
more specific base like a dialkylamide should be tried or the reactive group 
should be protected. 

 
After it has been established that the carbanion is formed through its reaction 
with deuterium oxide, the next step is to study its reactivity with other reagents 
(see the section on reagents, p. 28). Usually reactions with halides, ketones, 
and epoxides proceed well. However, with these reagents it may be necessary 
to increase the reaction temperature or to add a more solvating solvent like 
hexamethylphosphoramide. The reaction time may vary from a few seconds to 
several hours. In many cases the discharge of the color or appearance of a 
precipitate may indicate a reaction. 
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4. Decomposition of Carbanions 

 
Carbanions often undergo side reactions and disappear. Sometimes the 
products are not characterized and the literature may state that the carbanion 
decomposed. Yet, the decomposition reaction is clean and may be useful. 
Various side reactions are discussed in the following order: alpha, alpha′–beta, 
and other eliminations, cyclizations and ring openings, and migrations. 

4.1. Eliminations  
Alpha elimination gives rise to carbenes. This was observed with the  
   

 
 
carbanion derived from benzylidene chloride, which at –65° decomposed to 
phenyl chlorocarbene. The carbene was trapped by addition to 

2,3-dimethyl-2-butene. (160) The carbanion is also unstable at 

–65° (159) and the decomposition of this intermediate in the presence of an 
olefin gives the vinylcyclopropane 41. (135a)  
   

 

 

Alpha elimination was also noted with the carbanion and 

there was isolated the adduct derived from the addition of carbene to 
isobutylene. (171) 
 
The carbanion formed on addition of ethylmagnesium bromide to a dithioate 
(Eq. 19) gives on standing a mixture of olefins that probably arises from alpha 
elimination and subsequent coupling. (163)  
   

 

 (19)   

 
The following sequence was postulated for alpha elimination–addition to the 
carbene. (137)  
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The alpha¢–beta elimination of carbanions has received little consideration,  

   

 
but its occurrence was observed accompanying the Wittig rearrangement of 
ethers. (172-177) The carbanion from benzyl cyclohexylmethyl ether gives 
methylenecyclohexane. (178) 
 
Thioethers undergo alpha¢–beta elimination in high yield, (179, 180) probably 
because 1,2 rearrangement seldom occurs. The carbanion of benzyl sec-butyl 
thioether is stable at low temperature (–78°) but gives at 25° in 83% yield a 5:1 
mixture of 1- and 2-butene. (179) The carbanion of benzyl n-octadecyl 
thioether undergoes alpha¢–beta elimination more slowly to give 
1-octadecene in 92% yield by refluxing in tetrahydrofuran for 4–5 hours. (179) 
 
From the carbanions that can extrude an alkoxide group, the product is often 
metalated through subsequent reaction with base (Eq. 20). (181-183)  
   

  (20)   

 
 
 
An elimination of a sulfone has been described (Eq. 21). (184)  
   

 

 (21)   

 
 
 
The carbanion derived from bis(ethoxy)-N-benzyl-N-methylphosphoramide 
and n-butyllithium undergoes elimination to produce imines that react further 
with n-butyllithium (Eq. 22). (27, 28)  
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 (22)   

 
Bis(dialkylamino)-N-benzyl-N-methylphosphoramides give more stable 
carbanions. (185) 

4.2. Cyclizations and Ring Openings  
Several cyclizations have been described. The anion derived from a pyridyl 
isonitrile cyclizes to the anion 42. (146)  
   

 
 
The base-catalyzed cyclization of hydrobenzamide 43 to amarine 46 occurs 
stereospecifically from the anion 44 prepared from hydrobenzamide in 
tetrahydrofuran and phenyllithium at –70°. At this temperature the anion 44 
has a half-life of 7 hours. Very likely a disrotatory 6 π electron cyclization of the 
U-shaped anion occurs so as to form the cyclized anion 45. (186-188)  
   

 

 
 
 
The intramolecular addition of carbanions derived from allylic and benzylic 
ethers to double bonds occurs in diethyl ether–tetrahydrofuran (Eq. 23). (189)  
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 (23)   

 
 
 
Intramolecular opening of the epoxide 47 forms the oxetane 48, but the 
epimeric epoxide 49 fragments. (190)  
   

 

 
 
 
The cleavage of ethylene acetals to ethylene and a carboxylate under the 
action of a base is well documented. In substituted systems other cleavages 
may occur. For example, in the ketal 50 the proton abstracted is not that 
derived from the aldehyde, but from the glycol; the anion 51 cleaves to enolate 
52 and benzaldehyde. (191, 192)  
   

 

 
 
 

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

���������������



The monothioacetal 53 is metalated at the acetalic site and fragments to 
stilbene and thiocarboxylate. (35)  
   

 
 
 
 
The analogous cleavage of 2-phenyltetrahydrofuran to tetrahydrofuran is 
described. (176)  
   

 

 
 
 
Ring opening of the anions derived from 2,5-dihydrofuran, 
2,5-dihydrothiophene and its 1,1-dioxide, and 2,3-dihydrooxepin is quite rapid 
at –60°. (193) This reaction corresponds to the reversal of cyclization of 
hydrobenzamide to amarine discussed above.  
   

 
 
 

4.3. Migrations  
A number of migrations are observed in which the group on the heteroatom 
migrates to the carbanion part. These migrations, often occurring in high yield, 
may have preparative value. Migrations may sometimes be avoided by 
changes in the nature of the group on the heteroatom (often not of much 
importance because this group will be removed later) or by changes in reaction 
conditions such as temperature, solvent, or counterion. 
 
In contrast to the extensive studies of migration in ylides derived from 
quaternary ammonium salts, migrations in carbanions derived from nitrogen 
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have been little explored. In analogy to the Wittig migration, the carbanion of 
N,N-diphenylbenzylamine slowly (72 hours) undergoes at 25° a 1,2 migration. 
(194)  
   

 

 
Sigmatropic shifts have been described (195) and used for ring enlargement of  
   

 
 
β -lactams. The β -lactam is metalated to the carbanion 54 at –78° with  
   

 
 
lithium diisopropylamide in tetrahydrofuran, and it is likely that this carbanion 
undergoes a rapid concerted [2,3]sigmatropic shift to amide anion 55. With 
steric hindrance and aromatic groups, products arising from nonconcerted 
migration may appear. (196) 
 
Migrations in carbanions derived from ethers were extensively studied, but 
here we report only the essential points. Many different alkyl and aryl groups 
are known to undergo 1,2 migration in the Wittig rearrangement. The migration 
rate depends on the nature of the cation. (94, 197) This migration has been 
shown to be largely but not completely intramolecular, (198) occurring with 
partial racemization. (199, 200) The rate of migration is related to the 
dissociation energy of the hydrocarbon corresponding to the migrating radical. 
(174) These facts suggest that the Wittig rearrangement is a free-radical 
process, the carbanion dissociating to a radical-anion and a radical that 
recombine essentially in the solvent cage to give an alkoxide. (177)  
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For migration of a phenyl group the formation of benzyne as an intermediate 
was excluded. (201) The migration of a vinyl group has been observed without 
isomerization of the double bond. (202)  
   

 
 
 
 
This result may be explained by fragmentation to aldehyde and vinyllithium. An 
alternative explanation involves an intramolecular addition of the carbanion to 
the double bond followed by opening of the epoxide. Ring opening is more 
rapid than rotation around the alpha - beta bond. (202)  
   

 
 
Both 1,4 and 1,2 shifts of carbanions prepared from allyl ethers were 
simultaneously observed. (203) They occur with 30% racemization for the 
carbanion of allyl α -phenylethyl ether. (204) A nmr study of this type of 
rearrangement showed that the rearranged products are not polarized. 
However, a short relaxation time may be the reason for the lack of observable 
polarization in the product of the Wittig rearrangements. Thus a free-radical 
path is not excluded. (205) Migrations of silyl and of phosphorus groups from 
oxygen or from sulfur to the anionic carbon have been described. (31, 36, 47, 
50, 206, 207) 
 
Carbanions derived from diallyl (56) and allyl benzyl ethers undergo  
   

 
 
rapid rearrangements, among which [2,3]sigmatropic shifts may be concerted. 
(208-213) A cyclopropane group can replace the double bond. (214) The 
[2,3]-sigmatropic shifts occur suprafacially for both fragments. (211) 
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Dihydropyran gives with n-butyllithium a carbanion that reacts with 
trimethylsilyl chloride to yield two products (Eq. 24). 215  
   

 

 (24)   

 
 
 
At higher temperature a [1,4]sigmatropic shift occurs to form the 
cyclopropylaldehyde 57. A concerted mechanism is proposed for this 
rearrangement. 215  
   

 
 
 
 
Carbanions derived from diallyl thioethers and derivatives undergo 
[2,3]sigmatropic migrations even at –78° that are faster than the metalation. 
(180, 216)  
   

 
 
 
 
However, under isomerization conditions (sodium ethoxide–ethanol) vinylic 
thioethers are produced beside the rearranged products. (217) The benzyl and 
allyl-N,N-dimethyldithiocarbamates with n-butyllithium give carbanions that are 
stable at –78° in tetrahydrofuran, but in the presence of 
hexamethylphosphoramide they undergo a 1,2 shift. (218)  
   

 
 
 
 
The carbanions 58 from 4-thiacyclohexene (with a phenyl substituent next to 
the sulfur) are stable at –78°. The carbanion 58 undergoes rearrangement to a 
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vinylcyclopropyl compound 59 at higher temperature in a proposed stepwise 
mechanism. (219, 220)  
   

 
 
 
 
The allyl benzyl thioether 60 can give, depending on the substituent on the allyl 
radical, two different carbanions: the benzylic 61 that rearranges rapidly to 
thiolate 62, and the allylic carbanion 63 that is stable at –78°. (180, 216, 221)  
   

 
 
At higher temperature the allylic carbanion 63, redrawn as 63¢, undergoes 
various rearrangements. (216, 219)  
   

 

 
The intriguing migration into the para position is also observed in a tetralin 
system 64. (221)  
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Dibenzyl thioether gives at –78° a stable carbanion that rearranges at higher 
temperature essentially by two pathways: a [2,3]sigmatropic shift, analogous to 
the Sommelet rearrangement, and a [1,2]shift, similar to the Wittig 
rearrangement. The competition between both rearrangements depends on 
the temperature and the solvation of the cation. Higher temperatures favor the 
[1,2]shift and a solvating medium permits a [2,3]sigmatropic shift. (222, 223) 
 
Decompositions and rearrangements can be controlled during metalation by 
variation in reaction conditions. Such variations include a more selective base, 
such as a lithium dialkylamide instead of n-butyllithium, a lower temperature, 
another solvent, or a different substituent at the heteroatom. On the other hand 
some of these reactions occur in high yield, while the yield of others can be 
improved by use of proper conditions. Their preparative value is still to be 
exploited. 
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5. Reactions with Electrophiles 

 
A large variety of reagents have been used, but this is certainly a field where 
developments are to be expected; with new reagents new systems may be 
prepared. In this chapter we mention the common reagents only briefly and 
place more emphasis on the more exotic reagents. 
 
Alkyl iodides, bromides, and chlorides are often used. Iodides and bromides 
are preferred because the chlorides are less reactive. Sometimes elimination  
   

 

 
instead of alkylation of the carbanion is the main reaction. (224) The rate of 
alkylation with a halide seems to vary from very fast, often described as 
instantaneous, to slow, with carbanions from allyl phenyl sulfoxides. (225) The 
rate may be increased by addition of hexamethylphosphoramide to the 
tetrahydrofuran solution. (226) Several intramolecular cyclizations of 
carbanions bearing a halogen have been observed and are illustrated by Eqs. 
25-27. (190, 227, 228)  
   

 

 (25)   

 
   

 
 (26)   

 
   

 
 (27)   

 
 
 
Tertiary halides have seldom been used, probably because of the prejudice 
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that elimination would be the main reaction. But in several instances the 
reaction with a t-butyl halide proceeds with good yield. 228a,b An electrophilic 
catalysis by the lithium cation has been proposed on the basis that after 
addition of 12-crown-4 the reaction is very slow. (228a) In one case neopentyl 
iodide and tosylate did not react. (228a) 
 
Sulfonate esters are claimed to be inefficient in most cases. Toluenesulfonates 
and methanesulfonates are acidic, and proton transfer may proceed faster 
than alkylation.* Benzenesulfonates could be more useful. (229) However, 
reaction at a sulfur atom may occur, as has been found with some carbanions. 
(230) Other sulfonate esters such as trifluoromethanesulfonates or 
fluorosulfonates are scarcely mentioned in the literature. Sulfonate esters have 
recently been used as electrophiles with stabilized carbanions. 231a,b 
 
Aromatic halides are expected to be of little use, yet some reactions with 
bromobenzene are described in the literature. Most likely benzyne is produced 
by reaction of the carbanion with bromobenzene and adds to the excess 
carbanion (Eq. 28). (232, 233)  
   

  (28)   

 
A rearrangement is described that may result from a sigmatropic shift of an ylid 
carbanion. (234) Benzyne is postulated to react with the carbanion 65 to 
produce the ylid carbanion 66, which undergoes a proton shift to another ylid 
carbanion 67. Finally a sigmatropic shift of this latter ylid carbanion gives the 
anion 68.  
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With carbanion 69 reaction with activated p-nitro- and 2,4-dinitrofluorobenzene 
occurs. (235)  
   

 
 
 
 
Polychlorinated hydrocarbons, e.g., carbon tetrachloride and 
tetrachloroethylene, react with carbanions to form chlorides. (236, 237) The 
reaction of methylene chloride may be of some interest for the synthesis of the 
substituted [1.1.0]bicyclobutane system (Eq. 29). (238)  
   

 
 (29)   

 
 
 
Condensation of a halogenoboronate 70 with a carbanion gives access to alkyl 
boronate esters 71 and 72. (239)  
   

 
 
 
 
Trimethylsilyl chloride is commonly used to study carbanions. More complex 
chlorosilanes, as well as triethylbromogermane and triphenylchlorostannane, 
react with the carbanion derived from phenyldithiane. (240) These reagents 
open the area of diheterosubstituted systems. In addition, trimethylsilyl 
chloride reacts with alcoholates, and the resulting silyl ether anion can add 
electrophiles at the carbon atom. 240a,b  
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Epoxides react with carbanions in the expected way. (142, 228, 241) 
Intramolecular cyclizations at the epoxide proceed in good yield, (190, 242) 
including the synthesis of a 14-membered ring system. (237)  
   

 

 
 
 
The reaction of heterosubstituted carbanions with aldehydes and ketones is 
trivial except for several instances where other reactions follow, e.g., 
carbanions alpha to phosphonate, phosphine oxide, or isonitrile groups. In the 
case of phosphonates and phosphine oxides, the alkoxide product of the first 
reaction undergoes a further reaction leading to an olefin with a simultaneous 
elimination of the phosphonate or phosphine oxide group and the alkoxide. (38, 
243, 244) The intermediate can sometimes be isolated. (38)  
   

 
 
 
 
Carbanions alpha to an isonitrile react with carbonyl compounds, yielding 
cyclic systems that may undergo cycloelimination to an olefin and isocyanate 
anion on heating. (21, 146, 245, 246)  
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A similar cyclization was described for the reaction of a carbanion alpha to a 
thioisonitrile. (22) 
 
Another example of an elimination leading to an episulfide and an olefin is the 
reaction of the carbanion derived from a propargylic thiothiazoline with 
benzaldehyde. (247) The intermediate alkoxide attacks the thiazoline ring, and 
this results in a migration of the ring followed by intramolecular displacement 
(Eq. 30).  
   

 

 (30)   

 
 
 
A dianion next to a sulfone reacts with aldehydes and ketones to give vinylic 
sulfones (Eq. 31). (122, 123)  
   

  (31)   
 
N-Benzoylketimines react with carbanions alpha to a phosphonate (Eq. 32). 
(135)  
   

 
 (32)   

 
 
 
Conjugate addition of heterosubstituted carbanions to α , β-unsaturated 
electrophiles (ketones, esters, lactones, and nitro compounds) sometimes 
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occurs. (248-250) This addition is favored by the transformation to lithium 
cuprates. (251) The carbanions derived from allylic sulfones add to α , β 
-unsaturated esters in a 1,4 addition, which in turn is followed by a 
displacement of the sulfone by the carbanion next to the ester to yield a 
cyclopropane 73. (252)  
   

 
 
 
 
Phenyl sulfones give better yields of cyclopropanes than do methyl sulfones. In 
the latter proton transfer in the addition compound is possible, leading to a 
different cyclization, 74 ® 75. (253)  
   

 
 
 
 
Conjugate addition of a carbanion alpha to a sulfoxide or a sulfone to ethyl 
4-bromo-2-butenoate leads to a cyclopropane. (253a)  
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Acid chlorides have been scarcely used; however, on reaction with carbanions 
alpha to a phosphine oxide, ketones are produced in good yield (Eq. 33). (254)  
   

 
 (33)   

 
 
 
Amides and diethyl carbonate are convenient reagents in several cases: (152, 
255, 256)  
   

 

 
 
 
Reaction of esters with carbanions alpha to an isonitrile yields oxazoles. (256)  
   

 
 
Nitro compounds can be prepared by reaction of nitrates with carbanions 
derived from phosphine oxides. (257)  
   

 
 
 
 
The reaction of disulfides with carbanions gives thioethers. (139, 258, 258b)  
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Sulfur has been used to produce a thiol in good yield. (258c)  
   

 
 
 
 
The addition of heterocyclic systems has been little explored: it is known, 
however that the anion from phosphol-3-ene oxide adds to the ring of nicotino- 
and isonicotinonitrile. (259)  
   

 
 
 
 
Reaction of iron pentacarbonyl with the carbanion derived from benzaldehyde 
ethylene dithioacetal, followed by methyl iodide, gives 
1-phenylpropane-1,2-dione (Eq. 34). (260)  
   

 
 (34)   

 
π-Allyl palladium derivatives activated by a phosphine can act as electrophiles. 
(261)  
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Oxygen, which often gives complex reaction mixtures, seems to be efficient in 
the reaction with the carbanion derived from a substituted phosphine oxide. 
(262)  
   

 
 
 
 
There appear to be no examples of the use of a heterosubstituted carbanion to 
synthesize organometallic derivatives. 
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6. Regioselectivity 

 
Allylic ambident carbanions contain two centers, alpha and gamma, where 
reaction can occur:  
   

 
 
The regioselectivity depends on a number of factors. An attempt has been 
made to correlate regioselectivity and electron distribution. (263) It is certainly 
unwise to draw conclusions about the location of the cation from the 
regioselectivity. In some cases the possibility of equilibration, leading to 
thermodynamic control of the reaction course, is excluded. Nevertheless it is 
necessary to point out here the factors that have an influence on the 
regioselectivity, without speculating on the structure of the carbanion. With a 
knowledge of these factors one may be able to direct the reaction to the 
desired position and this is clearly of preparative value. Among the known 
factors are the nature of the heteroatom, the substituent on the heteroatom, 
the substituent on the allylic system, the nature of the conjugated system, the 
electrophile, the counterion, and the solvation. The effect of temperature has 
been little explored, essentially because the temperature range is limited by 
the stability of the carbanion and by the solvent system. 
 
In general, carbanions derived from allylic ethers and allylic amines have a 
strong tendency to react with alkyl halides at the gamma position. (19, 26, 32, 
101-103, 113, 127, 264, 265)  
   

 
 
The reason for the regioselectivity may well be the location of the cation at the 
gamma position, where it may be stabilized by chelation with the heteroatom. 
(90, 266) This agrees with the cis stereochemistry of the vinylic double bonds 
in the reaction products. A similar argument could explain the regioselectivity 
of the reaction from the dianion of allyl thiol. (43, 221, 267) The carbanions 
from allylic thioethers, sulfoxides, sulfones, and selenides tend to react with 
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alkyl halides at the alpha position. Those derived from boranes and silanes 
have not been explored sufficiently to conclude whether the regioselectivity is 
caused by the nature of the heteroatom or by other factors. 
 
The nature of the substituent on the heteroatom may be of great influence; the 
different behavior of allylic thioethers and allylic thiols has already been 
mentioned. The influence of the substituent is not easy to understand. 
Certainly steric factors have some importance but do not explain all the 
observed facts. Also intramolecular solvation of the cation by the substituent 
may play a role. An increase in the size of the substituent, as expected, 
increases the proportion of alkylation at the gamma position. (20, 32, 42, 268)  
   

 
 
The effect of the substituent on the heteroatom has been studied mostly with 
carbanions derived from allylic thioethers. The high reactivity at the alpha 
center of carbanions derived from allylic thioethers containing substituents that 
are able to chelate the lithium : 2-pyridyl, (269) imidazolyl, (46, 270) and 
dimethyl dithiocarbamate, (48) is still of questionable origin. A 4-pyridyl 
substituent yields a similar product ratio and intramolecular chelation is not 
possible. (8) The carbanion derived from allyl phenyl thioether gives at –78° an 
alpha : gamma ratio of 75:25 with methyl iodide whereas that derived from allyl 
benzyl thioether gives a ratio of 98:2. (8, 82, 221) A change in the amine group 
in allyl phosphonodiamides gives almost complete control over regioselectivity. 
The reaction with acetone changes from gamma to alpha when the substituent 
is changed from bisdimethylamino to dimethylethylenediamino. (42)  
   

 
 
 
 
The introduction of an alkyl substituent at the alpha or gamma position 
decreases the reactivity of this center toward alkyl halides. For example, in 
allyl phenyl thioether the alpha:gamma ratio is 3:1, whereas in γ , γ 
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-dimethylallyl phenyl thioether and in 3-but-1-enyl phenyl thioether the 
alpha:gamma ratios are 98:2 and 70:30, respectively. (44, 144, 225, 271) 
 
When the double bond is replaced by a triple or an allenic bond, the reaction 
tends to take place only at one center. Anions derived from propargylic ethers 
or from allenic ethers react at the gamma position with alkyl halides. (272-275) 
With the anion of propargylic thioketal,  

   
 

the reaction occurs at the alpha position. With the carbanion  
   

 
 
prepared from acetylenic compounds R2CHC ≡ CXR or from allenic 
compounds R2C = C = CHXR, the reaction occurs almost exclusively at the 
alpha center, and the nature of the reagent has no influence. (273, 275-277) 
However, for the carbanion derived from ynamines CH3C ≡ CNR2 the alpha 
center is favored with small substituents at nitrogen and the gamma center 
with more hindered ones. (20) 
 
The variation of regioselectivity can reflect not only the ambident nature of the 
carbanion, but also different mechanisms. The reaction may occur by an SE2 
mechanism through transfer of one electron followed by radical coupling or by 
cyclic addition, as may be the case for carbonyl compounds. Halides and 
ketones often exhibit opposite regioselectivity. (113, 264) The oxygenated 

carbanion reacts with the alkyl halides at the gamma center 

and with cyclohexanone at both alpha and gamma, the ratio depending on the 
nature of the group R on the oxygen. (127) Regioselectivity was most 
extensively studied in thioethers. With alkyl halides there are several examples 
where the alpha:gamma ratio (greater than 1) depends to some extent on the 
nature of the halogen and on the nature of R. (82, 130, 219, 278, 279)  
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The reaction of ketones with these carbanions occurs essentially at the 
gamma position. (130, 278, 279) 
 
The reaction with epoxides seems to occur at the same center as with halides 
for the allylic carbanion with nitrogen or sulfur, but some yields are low. (103, 
278) 
 
The alpha:gamma reactivity of the carbanions derived from allylic sulfoxides 
also depends on the nature of the halogen. (225, 271, 280) The regioselectivity 

of reactions of the dichloroallyl carbanion was explained by the 

hard and soft acid-base concept: namely, soft acids such as acetone and 
cyclohexanone react at the soft center alpha and hard acids like 
hexafluoroacetone and benzophenone at the hard center gamma. (155, 159) 
 
Leaving group dependence has been found for both silyl ether and 
dithiane-derived carbanions. The reagent with a soft leaving group reacts 
mainly at the gamma position for the silyl ether carbanion and at the alpha 
position for the dithiane carbanion. For reagents with a hard leaving group the 
alpha position is seen with the ether, while the gamma center is preferred for 
the dithiane. 231a,231b 
 
The nature of the counterion may play an important role in the regioselectivity 
of the reactions. For the carbanion from allyltriphenylsilane the reactivity of the 
alpha center is enhanced with the magnesium derivative compared to the 
lithium salt of the carbanion. (108, 255, 281) Very often the addition of some 
salts to the carbanion solution is sufficient to change the regioselectivity. The 
reaction of the carbanions from methyl allyl ether or from phenyl α-methylallyl 
thioether with carbonyl compounds occurs mostly in the alpha position after 
addition of zinc chloride, whereas in the lithium derivative the alpha and 
gamma carbons have similar reactivity. (30, 42, 127, 219, 281a, 281b) The 
addition of cuprous salts to the lithium salt of isopropylallyl thioether anion 
changes completely the regioselectivity of the reaction with allyl halides. In the 
following example reaction occurs at the gamma position of both reactants. 
(282, 283)  
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The regioselectivity depends on the nature of the ion pair present. This was 
shown for the anion derived from phenyl γ , γ -dimethylallyl sulfide, where the 
reaction with acetone occurs essentially at the γ center in tetrahydrofuran. 
However, after addition of cryptand[2.2.2], which leads at least to dissociated 
ion pairs, the reaction occurs only at the alpha center. (279) 
 
Through a reaction with boranes the regioselectivity may be essentially 
reversed. For the lithium carbanion derived from allyl isopropyl thioether the 
addition of borane leads to an “ate” complex. Reaction with carbonyls then 
occurs mainly in the alpha position but without the borane there is some 
preference for the gamma position. (284a) Reaction with γ , γ -dimethylallyl 
chloride and bromide occurs at the alpha center with inversion of an allyl unit. 
(284b)  
   

 
 
 
 
The nature of the final product in some cases may not reflect the real 
alpha–gamma regiospecificity. For instance, the reaction of the reagent 
derived from allyl phosphonate with ketones seems to occur only at the alpha 
center because only the alpha product can lead to phosphate elimination and 
double bond formation. The gamma product cannot give this elimination 
reaction but may be converted to the alpha product by a dissociation–addition 
process. (151) 
 
By suitable choice of medium, reactant, and structure of the anion and the 
cation, the regioselectivity may be partially controlled. 
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7. Stereochemistry 

 
Little attention has been paid to the stereochemistry of the reactions of these 
carbanions. 
 
The stereochemistry of the double bond in the final product of the reaction of 
an allylic carbanion with an electrophile may reflect either the absence of 
isomerization at the carbanion stage or isomerization to a single isomer. The 
carbanion 76 exists to a great extent if not exclusively in the (Z) configuration 
and gives by reaction at the gamma center essentially the (Z) enamine. (90, 
102, 103, 264, 265, 284)  

   

 

The carbanions derived from the two allylic thioethers 77 and 78 do not 
interconvert at –78°. (87)  

   

 

 
 
The dianion derived from allyl mercaptan is in the (Z) configuration and by 
reaction with electrophiles gives mainly the (Z) vinylic thioether (43) along with 
a small percentage of the (E) isomer. (221)  
   

 
 
 
 
The silyl carbanion may exist essentially with (E) stereochemistry, as inferred 
from the stereochemistry of the reaction product with acetone. (284c)  
   

 

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

���������������



 
 
 
The 1,2 migration occurring in carbanions derived from benzylic ethers 
proceeds to a large extent with retention of configuration of the migrating group. 
(200) 
 
The carbanion resulting from the metalation of (S)(+)-benzyl- α 
-D-oxytrimethylsilane undergoes a rapid intramolecular rearrangement to the 
oxyanion of (S)(–)- α-hydroxy- α -trimethylsily- α -D-toluene. Thus the 
rearrangement occurs stereospecifically with 99% inversion at the benzyl 
carbon. The rapid migration of the silicon hinders the racemization of the 
carbanionic center. (285) A disrotatory cyclization of hydrobenzamide to 
amarine was previously discussed (p. 22). The transfer of stereochemistry of 
one center to another in a [1,4]sigmatropic shift is described for the carbanion 
79. (211)  
   

 

 
 
 
Intramolecular reactions may have a very strong preference for one isomer. 
The cyclization of the carbanion derived from the allyl ether epoxide 47 to the 
alcohol 48 occurs not only with inversion as expected at the oxirane center, but 
also with strong induction at the carbanionic center as expected from steric 
hindrance. (190)  
   

 
 
 
 
When two asymmetric centers are generated during a reaction, the ratio of 
diastereoisomers may differ from unity. An example is the reaction of 
acetophenone with the carbanion derived from 
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allylpentamethylphosphoramide, where the ratio varies from 20 to 0.5 
depending on the addition of lithium bromide and the solvent. (286)  
   

 

 
 
 
The preference for equatorial attack on conformationally rigid carbanions 
derived from a 1,3-cyclodithiane is assumed to be caused by a strong 
preference for the carbanion to be equatorial, (80) presumably because of 
stereoelectronic factors (Eq. 35). (78)  
   

 

 (35)   

 
 
 
The asymmetry of the biphenyl system induces stereoselectivity in the reaction 
of carbanions derived from the N-nitrosoamine 80. (25)  

   

 
 
 
The most-studied examples of asymmetric reactions are those given by 
carbanions alpha to sulfoxides. Even in open-chain systems 1,2 induction is 
high. (51, 91, 92, 287-292) This was initially attributed to stereoselective 
factors,  
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but clearly other factors such as internal solvation of the cation are also 
important. (91, 293) The racemization of the allylic sulfoxide limits this 1, 2 
induction. 
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8. Transformations 

 
The carbanions reviewed here are of great utility, since after reaction with 
electrophiles the products can often be easily transformed into other 
compounds, the heteroatom playing the role of a potential functional group. 
We consider here the migration of the activating functions, reductive removal, 
transformations into various other functions, and, finally, some ring-opening 
and ring-closure reactions. 
 
The migration of a group in an allylic system makes possible the successive 
activation of two carbon atoms. Migration can be achieved by thermal 
rearrangement in the allyl dithiocarbamate (Eq. 36) (48) and by photochemical 
isomerization with the allylic phenyl thioether (Eq. 37). (294)  
   

 
 (36)   

 
   

 
 (37)   

 
 
 
The heteroatom very likely increases the regioselectivity compared to that of 
the allylic anion, and in most cases this group will be removed later. The 
nitrogen-activating groups nitroso and isonitrile are transformed, respectively, 
to secondary or primary amines by acid treatment. (23, 152)  
   

 
 
 
 
The elimination of the heteroatom often occurs by lithium—amine reduction 
using ammonia–ethylamine as demonstrated for some benzylamines (101) 
and for allylic phenyl thioethers. (87, 138, 242, 295-297) 
 
Raney nickel, which usually gives a complex reaction mixture with thioethers, 
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can be used for the reductive removal of the N-dimethyldithiocarbamate group. 
(298) Nickel boride seems to be useful for the removal of the phenyl thioether 
group. (298a) 
 
Lithium aluminum hydride removes the phosphonate group, apparently without 
migration of the double bond (Eq. 38). (299)  
   

  (38)   
 
 
 
Addition of cupric salts to lithium aluminum hydride is necessary to promote 
the removal of the α -thiopyridyl group, again without a double bond shift (Eq. 
39). (269, 300)  
   

 

 (39)   

 
 
 
The displacement of an allylic or propargyl thioether or sulfone by tributyltin 
hydride occurs photochemically or by free-radical initiation in good yield. The 
acidic removal of the stannyl group leads to the olefin (Eq. 40). (300a, 300b)  
   

 

 (40)   

 
 
 
The elimination of the heteroatom to give an olefin is a very useful reaction. 
The reaction product from the carbanion of an isonitrile and a carbonyl 
compound may undergo cyclization and then eliminate isocyanate to produce 
an olefin. (21, 146, 245, 246)  
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The final reaction product of carbanions from phosphine oxides or 
phosphonates with carbonyls is an olefin. (42, 262, 301-303)  
   

 

 
With lithium as cation the hydroxy phosphine oxide can be isolated and 
converted to the olefin when treated with potassium t-butoxide. (38, 304) If 
imines instead of carbonyl compounds are used, the same reaction path 
occurs but under acid catalysis (Eq. 41). (135)  
   

 
 (41)   

 
Under more vigorous conditions acetylenic compounds can be obtained from 
phosphine oxides (Eq. 42). (254)  
   

  (42)   

 
The thermal elimination of sulfenic acid from sulfoxides easily leads to olefins. 
The regioselectivity is influenced by substitution at the carbon atom from which 
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hydrogen is being eliminated. (141) A similar reaction is described for 
selenoxides prepared in situ from selenides. (58, 59) 
 
The elimination of sulfones takes place in the presence of base. (134) The 
reaction occurs easily if an activating group such as an ester is present, as 
illustrated in the synthesis of vitamin A (Eq. 43). (184, 305, 306)  
   

 

 (43)   

 
 
 
Sulfoxides and selenoxides undergo a [2,3]sigmatropic shift to sulfenates and 
selenates, respectively. By reduction or oxidation the latter can be changed 
into alcohols (Eq. 44). (144, 271, 307, 308)  
   

 

 (44)   

 
 
 
Propargyl selenoethers can be converted into α , β -unsaturated ketones (Eq. 
45). (308a)  
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 (45)   

 
 
 
Displacements of sulfur in allylic thioethers can be achieved either by 
treatment with silica gel impregnated with silver nitrate or by treatment with 
methyl iodide in dimethylformamide–water (Eq. 46). (309, 310)  
   

 

 (46)   

 
 
 
The thiophenyl group in an allyl phenyl thioether is displaced by a Grignard 
reagent in the presence of a nickel–phosphine complex (Eq. 47). (310a)  
   

  (47)   

 

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

���������������



 
 
Allylic thiothiazolines can be converted to amines by thermal rearrangement 
(Eq. 48) (311) and to allyl iodides by treatment with methyl iodide (Eq. 49). 
(270, 311)  
   

 

 (48)   

 
   

 

 (49)   

 
 
 
The hydrolysis of enamines, vinylic ethers and thioethers, cyanohydrin ethers, 
ketene ketals, and ynamines to aldehydes, ketones, acids, esters, and other 
derivatives proceeds by catalysis with acid or mercuric salts (Eqs. 50–54). (20, 
33, 105, 124, 136, 137, 264, 265, 282, 312-314)  
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The thio Claisen rearrangement with desulfurization yields a γ , δ -unsaturated 
aldehyde (Eq. 55). (129)  
   

 
 (55)   

 
Epoxides and episulfides are obtained as the reaction products of carbanions 
derived from allylic thioethers (Eq. 56) and carbonyl compounds (Eq. 57). (267, 
311)  
   

 

 (56)   

 
   

 

 (57)   

 
Solvolytic cyclization to a cyclopropane is observed with a mesylate (Eq. 58). 
(315)  
   

 

 (58)   
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The condensation products of carbanions from propargylic ethers with 
ethylene oxide and carbonyl compounds cyclize to dihydrofurans 
spontaneously (Eq. 59) or in the presence of base (Eq. 60). (30, 316)  
   

 

 (59)   

 
   

 

 (60)   

 
 
 
Epoxidation of the double bond may lead to new structural elements. The 
reaction product of allyltrimethylsilane carbanion with a ketone can be 
transformed into a substituted butyrolactone, (284c) and an allyl aryl sulfone to 
an allylic alcohol (Eq. 61). (316a)  
   

 
 (61)   

 
Thermal extrusion of sulfur dioxide from sulfolene 81 leads to the diene 82. 
(156)  
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Further transformations of the products derived from carbanions of isonitriles 
are described in a review. (317) 
 
The ability to transform boranes to various functional groups makes it attractive 
to study carbanions derived from boranes. (318) 
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9. Applications 

 
In this section we wish to illustrate the use of the heterosubstituted allylic 
carbanions in organic synthesis. We have selected only a few examples. It is 
most likely that because of the continuous developments in this field numerous 
new procedures will be added in the future. 
 
The most important developments have occurred in the field of terpene 
synthesis. Activating groups Y linked to isoprenoid units can give rise to a 
carbanion that is alkylated with an isoprenoid halogenide. The activating group 
can then be removed either by reduction or by elimination. 
 
The syntheses of squalene (Eq. 62), (87, 319) (R)-and (S)-squalene epoxide, 
(320) as well as analogs, (226, 321) and β -carotene (Eq. 63) illustrate this 
approach.  
   

 

 (62)   

 
   

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

���������������



 

 (63)   

 
The synthesis of β -carotene was achieved using the following:  
1. an isonitrile as an activating group (Y = NC) and condensing the carbanion 

with the aldehyde R = CHO (245) and 
2. a phenyl sulfone (Y = SO2C6H5) and condensing the carbanion with a 

chloride or a bromide (R = CH2Cl or CH2Br). The phenylsulfonyl group was 
eliminated by treatment with base (Eq. 63). (322) 

Ways of building the C40 carotene skeleton other than C20 coupling are 
C20 – n + C2n + C20 – n coupling using a phosphonate allylic anion (323) or a 
sulfonyl anion (Eq. 64). (324)  
   

 

 (64)   

 
Vitamin A has been prepared as illustrated in Eqs. 65 and 66, (305, 306) and 
similar schemes exist for the corresponding ester (Eqs. 67 and 68). (184, 325)  
   

 

 (65)   
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 (67)   
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This method provides several elegant solutions to the problem of terpene 
homologation exemplified by the syntheses of linalol (Eq. 69), all-trans 
geranylgeraniol (Eq. 70), ethyl geraniate (Eq. 71), and geraniol (Eq. 72). (130, 
147, 296, 326, 327)  
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 (70)   
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 (72)   

 
Several syntheses of Cecropia juvenile hormone 83 have used similar steps 
(Eq. 73). (130, 142, 143)  
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 (73)   

 
The synthesis of the sesquiterpenic aldehyde nuciferal 84 uses an allylic 
sulfoxide anion, the activating function being transformed into an allylic alcohol. 
(271)  
   

 
 
An efficient preparation of terpenes containing a large ring, as exemplified by 
nephthenol 85 and cembrene A (86), trail-marking pheromones of termites, 
employs an intramolecular cyclization of an anion with epoxide. (242)  
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In contrast, the phenyl geranyl thioether epoxide leads to four- and 
five-membered ring systems. (327a) 
 
An efficient intramolecular cyclization to a large ring has led to the synthesis of 
zearalenone. (327b) The ester group is likely shielded from inter-molecular 
reaction by the ortho methoxyl (Eq. 74).  
   

 

 (74)   
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The formation of cyclopropanes by the condensation of carbanions derived 
from sulfones with α , β -unsaturated esters has rather wide applications as in 
the synthesis of (±)-chrysanthemic ester, (145, 252) (±)-presqualene alcohol, 
(148) and (±)-prephytoene alcohol (Eq. 75). (328)  
   

 

 (75)   

 
 
 
The preparation of the sex pheromones 87 of various insects uses the allylic 
rearrangement of an activating group so as to successively react both ends of 
the allylic system. (138)  
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A synthesis of prostaglandin F2 α 88 has been described. (329)  
   

 
 
 
 
Finally, synthesis of alkaloids in the pavine, isopavine, and protoberberine 
group starts from dissymmetrical desoxybenzoins 89, which are in turn 
prepared from amino cyanohydrins. (330)  
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The synthesis of optically active epoxides from β -hydroxy sulfoxides involves 
the use of the stereoselectivity of the carbanion alpha to the sulfoxides (Eq. 76). 
(331)  
   

 

 (76)   
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10. Experimental Considerations 

 
The recommendations in this section should be followed in the procedures described 
below. 
 
All glassware must be flame dried or dried in an oven at 120–150°. Argon or nitrogen is 
dried and freed from oxygen. The solvents, tetrahydrofuran,* diethyl ether, and 
dimethoxyethane, of the best available grade, are dried first over molecular sieves and 
then distilled over lithium aluminum hydride or sodium benzophenone ketyl. It is 
preferable to avoid storage of dried solvents and to distill the solvents just before use. It is 
convenient, when using small volumes of anhydrous solvents, to have a distilling unit with 
continuous reflux where the solvent may be removed from the top through a stopcock or 
through a septum by means of a hypodermic syringe. 
 
Caution: Hexamethylphosphoramide should be handled in a hood with very good 
ventilation.  
 
n-Butyllithium in hexane as a commercial preparation may be used as such. The content 
is determined and the absence of halogen is checked by a silver nitrate reaction. 
sec-Butyllithium and t-butyllithium are also available from commercial firms and are of 
satisfactory quality for most uses. The sec-butyllithium may be prepared from sec-butyl 
bromide and lithium and purified by vacuum distillation. (126) Solutions of lithium 
compounds in hydrocarbon solvents ignite in air and should be handled with care. 
All reagents should be anhydrous and are often added as solutions in tetrahydrofuran. 
Tetramethylethylenediamine is distilled over calcium hydride: bp 121°. 
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11. Experimental Procedures 

11.1.1.1. 2-Methyl-4-thiophenyl-2-pentene 
(Metalation with n-butyllithium in the presence of 
1,4-diazabicyclo[2.2.2]octane.) (82) To a solution of prenyl phenyl sulfide 
(1.2 g, 6.73 mmol) and 1,4-diazabicylo[2.2.2]octane (0.9 g, 8 mmol) in 
tetrahydrofuran (20 mL) at –15° was added dropwise with stirring 
n-butyllithium (8 mmol) (2 M commercial preparation in hexane). The 
orange-red mixture was stirred 30 minutes at –15° before methyl iodide 
(0.5 mL) was added. The orange-red color was discharged instantaneously, 
the mixture was poured into water and extracted with ether, and the organic 
phase dried over sodium sulfate. Concentration under reduced pressure 
afforded 1.28 g (99%) of 2-methyl-4-thiophenyl-2-pentene (99% pure by glpc); 
nmr ( CDCl3) δ (ppm): 1.31 (d, 3 H, J = 6.5 Hz), 1.38 (d, 3 H, J = 1.5 Hz), 1.63 
(d, 3 H, J = 1.5 Hz), 4.00 (d of q, 1 H, J = 6.5 and 9.5 Hz), 6.00 (d, 1 H, 
J = 9.5 Hz), and 7.16–7.55 (m, 5 H); mass spectrum m/e: 192 (M+) and 109 
(base). 

11.1.1.2. 3-(1′-Vinyl-1′-cyclohexyl)-thioisopropyl-1-propene 
(Metalation with n-butyllithium and addition of cuprous iodide.) (283) To a 
solution of allyl isopropyl thioether (2.35 g, 20 mmol) in dry ether (70 mL) was 
added with stirring at –78° sec-butyllithium (20 mmol) (1.02 M solution in 
pentane). The mixture was warmed to –25° for 30 minutes, recooled to –78°, 
and treated with cuprous iodide (4.95 g, 26 mmol), after which a white 
suspension formed. The mixture was then stirred for 15 minutes at –78° and 
2-cyclohexylidene-1-bromoethane (1.90 g, 10 mmol) was added. The 
suspension, which became dark after 10 minutes, was kept for 4 hours at –78° 
and then partitioned between dilute hydrochloric acid and ether. The organic 
phase was washed with water, dried, and freed of solvent. The remaining 
pale-yellow liquid was subjected to column chromatography (silica gel, 100 g) 
with n-hexane as an eluant to yield 3-(1′vinyl-1′
-cyclohexyl)-1-thioisopropyl-1-propene (2.07 g, 97%), bp 145° (3 mm); ir (neat) 
cm–1: 1640 (CH =CHS), 1612, 1000, 945, and 913 (CH2 = CH); nmr ( CCl4) δ 
(ppm): 1.25 (d, 6 H, J = 7 Hz), 1.40 (broad s), 2.03 (d, 2 H, J = 7 Hz), 3.00 (d of 
q, 1 H, J = 7 and 7 Hz), 4.96 (d of d, 1 H, J = 2 and 17 Hz), 5.09 (d of d, 1 H, 
J = 2 and 12 Hz), 5.60 (d of t, 1 H, J = 7 and 15 Hz), 5.70 (d of d, 1 H, J = 12 
and 17 Hz), and 6.02 (d, 1 H, J = 15 Hz). 

11.1.1.3. (E)-1-N,N-Dimethyldithiocarbamate-2-pentene 
(Metalation with lithium diisopropylamine.) (138) n-Butyllithium (24 mmol) (2 M 
commercial preparation in hexane*) was added at –55° to a solution of 
S-allyl-N,N-dimethyldithiocarbamate(3.55 g, 22 mmol) and diisopropylamine 
(3 g, 29 mmol) in tetrahydrofuran (volume not given). To the resulting deep-red 
solution was added (below –55°) a solution of ethyl iodide (4.26 g, 30 mmol) in 
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tetrahydrofuran (5 mL) and the solution was stirred. After 15 minutes the red 
color had completely disappeared. The solution was washed with 20% 
aqueous ammonium chloride, acidified with dilute hydrochloric acid, and again 
washed with 20% aqueous ammonium chloride. The solvent was removed and 
the product refluxed in chloroform (40 mL) for 3 hours. Distillation under 
reduced pressure afforded (E)-(1-N,N-dimethyldithiocarbamate)-2-pentene 
(93%), bp 117–121° (3.5 mm); ir cm–1: 1500, 1258, 1150 [C(S)N(CH3)2] , and 
970 (CH = CH); nmr δ (ppm): 1.00 (t, 1 H), 3.40 (s, 3 H), 3.54 (s, 3 H), 3.94 (d, 
2 H), 5.51, and 5.73 (d of t, 2 H, J = 15.3 Hz). 

11.1.1.4. (Z)-1-Butenyl Phenyl Ether 
(Metalation by potassium t-butoxide-n-butyllithium.) (89) To a suspension of 
potassium t-butoxide (11.8 g, 105 mmol) in petroleum ether (200 mL) and allyl 
phenyl ether (13.4 g, 100 mmol) was added dropwise over 20 minutes at –30° 
n-butyllithium (105 mmol) (1.6 M in hexane solution). The mixture was kept for 
1 hour at –30° and then treated with methyl iodide (15.6 g, 110 mmol) so as to 
discharge the red color. Analysis by gas chromatography (20% SE 30, 2 m 
column, 100 or 180° within 8 minutes) showed that a mixture of (Z)-1-butenyl 
phenyl ether (44%), but-1-en-3-yl phenyl ether (16%), (Z)-1-heptenyl phenyl 
ether (13%), and hept-1-en-3-yl phenyl ether (2%) was obtained. Water was 
added, the organic layer was washed three times with 50 mL of water, dried, 
concentrated with a Widmer column, and distilled to afford 12.3 g of a liquid, bp 
93–95° (14 mm). The pure components were obtained by glpc (15% Apiezon L, 
6 m column, 166°). (Z)-1-Butenyl phenyl ether, ir (film) cm–1: 1670 (C = C) and 
1240 (C - O); nmr δ (ppm): 1.00 (t, 3 H, J = 7.5 Hz), 2.23 (d, 2 H, J = 7.5 Hz), 
4.75 (q, 1 H, J = 7 Hz), 6.26 (d, 1 H, J = 6 Hz), and 7.0 (m, 5 H); mass 
spectrum m/e: 148 (M+) and 94 (base). But-en-3-yl phenyl ether, ir (film) cm–1: 
1660 (C = C), 1240 (C - O), 990, and 925 (CH = CH2); nmr δ (ppm): 1.38 (d, 3 
H, J = 6.5 Hz), 4.72 (d, 1 H, J = 6.5 Hz), 5.22, 5.70 (2 m, 3 H), and 7.0 (m, 5 H); 
mass spectrum m/e: 148 (M+) and 94 (base). Hept-1-en-yl phenyl ether, ir (film) 
cm–1: 1670 (C = C) and 1240 (C - O); nmr δ (ppm): 0.90 (t, 3 H, J = 7 Hz), 1.4 
(m, 6 H), 2.20 (q, 2 H, J = 7 Hz), 4.75 (q, 1 H, J = 7 Hz), 6.29 (d, 1 H, J = 7 Hz), 
and 7.0 (m, 5 H); mass spectrum m/e: 190 (M+) and 94 (base). Hept-1-en-3-yl 
phenyl ether, ir (film) cm–1: 1240 (C - O), 990, and 903 (CH =CH2); nmr δ(ppm): 
0.92 (t, 3 H, J = 7 Hz), 1.5 (m, 6 H), 4.53 (q, 1 H, J = 6 Hz), 5.2, 5.7 (2 m, 3 H), 
and 7.0 (m, 5 H); mass spectrum m/e: 190 (m+) and 94 (base). 

11.1.1.5. 2,7-Dimethyl-4-Phenylsulfonyl-2,6-octadiene  
(Metalation with potassium t-butoxide.) (332) To a suspension of potassium 
t-butoxide (1.88 g, 16.8 mmol) in tetrahydrofuran (3 mL) was added at –10° 
over 2 minutes phenyl 3-methyl-2-butenyl sulfone (1.05 g, 5 mmol) in 
tetrahydrofuran (4 mL). Isoprenyl chloride (0.83 g, 8 mmol) in tetrahydrofuran 
(2 mL) was then added during 4 minutes. The mixture was stirred for 1.25 
hours at –10°, 1 hour at 0°, and 2 hours at 18°, then poured into water (25 mL) 
and extracted with diethyl ether. The ethereal extract was dried over 
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magnesium sulfate and concentrated under reduced pressure to afford 1.38 g 
of 2,7-dimethyl-4-phenylsulfonyl-2,6-octadiene (99%) as a pale-yellow oil; nmr 
( CCl4) δ (ppm): 1.21 (s, 3 H), 1.63 (s, 6 H), 1.70 (s, 3 H), 2–3.06 (m, 2 H), 3.56 
(d of t, J = 4 and 10 Hz), 4.83 (m, 1 H), 5.0 (m, 1 H), and 7.43–7.90 (m, 5 H). 

11.1.1.6. Ethyl α -Isocyanophenylacetate 
(Metallation with sodium hydride). (152) A mixture of benzyl isocyanide (2.34 g, 
20 mmol) and diethyl carbonate (2.36 g, 20 mmol) in dimethylformamide 
(10 mL) was gradually added to a suspension of sodium hydride (0.84 g, 
22 mmol, 63% in oil) in dimethylformamide (15 mL) at 15° for 15 minutes under 
stirring. After 1 hour the reaction mixture was neutralized with acetic acid while 
cooling with an ice bath and the solvent was removed under reduced pressure 
below 50°. The residue was extracted with ethyl acetate and the extract 
washed with water and dried over magnesium sulfate. The solvent was 
evaporated under reduced pressure and the product purified by column 
chromatography on silica gel (80 g, kieselgel 0.2–0.5 mm, E. Merck). The 
paraffin present in the sodium hydride was removed by elution with n-hexane, 
and ethyl α -isocyanophenylacetate (2.38 g) was eluted with benzene (63% 
yield); ir (neat) cm–1: 2130 (NC) and 1752 ( CO2C2H5); nmr ( CCl4) δ (ppm): 
1.23 (t, 3 H), 4.18 (q, 2 H), 5.22 (s, 1 H), and 7.40 (s, 5 H). 
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12. Tabular Survey 

 
The following tables contain examples where heterosubstituted allylic and 
benzylic carbanions were intermediates in an organic synthesis. The literature 
has been consulted to December 1979. The compounds are arranged 
according to their functionality, then in order of increasing carbon atoms. 
 
Abbreviations are as follows:  

[2.2.2] 1,10-diaza-4,7,13,16,21,24-hexaoxabicyclo-[8.8.8]-hexacosane, 
([2.2.2]cryptand) 

9-BBN 9-borabicyclo[3.3.1]nonane 
cat catalytic 
DABCO 1,4-diazabicyclo[2.2.2]octane 
DDB 1,4-dimethylamino-2,3-dimethoxybutane 
Diglyme bis(2-methoxyethyl) ether 
eq equivalent 
ether diethyl ether 
Hydrolysis conditions or reagents not given in the publication 
LDA lithium diisopropylamide 
LICA lithium isopropylcyclohexyl amide 
Liq liquid 
LTMP lithium 2,2,6,6-tetramethylpiperidide 
THF tetrahydrofuran 
THP 2-tetrahydropyranyl 
TMEDA N,N,N′,N′-tetramethylethylenediamine 
Ts p-toluenesulfonate  
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End 

Notes 

 
* 

The content of n-butyllithium can be determined by several 
methods. (95-98) Lithium salts are present in some commercial 
preparations. 

* Ortho metalation of methyl toluenesulfonate has been found with 
methyllithium. (231) 

* For drying tetrahydrofuran, see Org. Synth., 46, 105 (1966). 
* In most of the preparations lithium diisopropylamide is prepared 

first and the product to be metalated is then added. 
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Palladium-Catalyzed Vinylation of Organic Halides 

 
Richard F. Heck, University of Delaware, Newark, Delaware 

1. Introduction 

 
The palladium-catalyzed vinylation of organic halides provides a very 
convenient method for forming carbon－carbon bonds at unsubstituted vinylic 
positions. Generally the reaction does not require anhydrous or anaerobic 
conditions although it is advisable to limit access of oxygen when 
arylphosphines are used as a component of the catalyst. The transformation is 
valuable because it cannot be carried out in a single step by any other known 
method (except in certain Meerwein reactions). The general reaction is  
   

 
 
 
 
The organic halide employed is limited to aryl, heterocyclic, benzyl, or vinyl 
types, with bromides and iodides seen most often. Halides with an easily 
eliminated beta-hydrogen atom (i.e., alkyl derivatives) cannot be used since 
they form only olefins by elimination under the normal reaction conditions. The 
base needed may be a secondary or tertiary amine, sodium or potassium 
acetate, carbonate, or bicarbonate. 
 
When nucleophilic secondary amines are used as coreactants with most 
vinylic halides, a variation occurs that often produces tertiary allylic amines as 
major products.  
   

 
 
The catalyst is commonly palladium acetate, although palladium chloride or 
preformed triarylphosphine palladium complexes, as well as palladium on 
charcoal, have been used. A reactant, product, or solvent may serve as the 
ligand L in reactions involving organic iodides, but generally a triarylphosphine 

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

���������������



or a secondary amine is required when organic bromides are used. The 
reaction, which occurs between ca. 50° and 160°, proceeds homogeneously. 
Solvents such as acetonitrile, dimethylformamide, hexamethylphosphoramide, 
N-methylpyrrolidinone, and methanol have been used, but are often not 
necessary. The procedure is applicable to a very wide range of reactants and 
yields are generally good to excellent. 
 
Several variations of the reaction are known in which the organic halide is 
replaced by other reagents such as organometallics, diazonium salts, or 
aromatic hydrocarbons. These reactions are not discussed in detail, but are 
only briefly compared with the halide reaction. Other related reactions such as 
the palladium-catalyzed replacement of allylic substituents with carbanionic 
reagents, (1) the palladium-promoted nucleophilic substitutions at olefinic 
carbons, (2, 3) and the numerous palladium-catalyzed coupling reactions of 
halides and organometallics (4) are also beyond the scope of this review. The 
palladium-catalyzed vinylic substitution reaction has not yet received much 
attention from organic chemists, but its broad scope and simplicity 
demonstrate that it is a useful method for the synthesis of a variety of olefinic 
compounds. 
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2. Mechanism 

 
The detailed mechanism of the reaction has not been established, but a fairly 
accurate approximation can be made based on the products obtained and the 
large amount of information available from related studies with other 
organopalladium reactions. 
 
Stoichiometric reactions with organopalladium compounds indicate that they 
are involved in the vinylic substitution. (5, 6) If a palladium(II) complex or salt is 
the catalyst introduced, then it must be reduced under the reaction conditions, 
presumably by oxidizing some of the olefin present. (7) The palladium(0) 
complex or finely divided metal so formed then reacts with the organic halide to 
form the organopalladium halide intermediate. This species generally is 
solvated or coordinated with a pair of two-electron-donating ligands. The 
organopalladium complex then adds to the double bond of the olefin. The 
resulting adduct is believed to undergo elimination of a hydridopalladium 
halide if an sp3-bonded hydrogen atom is present beta to the palladium group. 
The reaction is catalyzed by palladium in the presence of a base because the 
hydridopalladium halide dissociates reversibly and the base shifts the 
equilibrium to the palladium(0) species. This latter compound rereacts with the 
organic halide and the cycle begins again. 

   

 
 
 
 
The direction of addition of the organopalladium species to unsymmetrically 
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substituted double bonds appears to be largely sterically controlled. The 
organic group behaves as the larger part of the palladium complex, and it goes 
on the less substituted carbon atom of the double bond. (6) If an 
electron-withdrawing group is attached to one carbon atom of the double bond, 
however, addition of the organic group generally takes place exclusively or, at 
least, predominantly on the other carbon atom. The presence of an 
electron-donating substituent often causes mixtures of products to be formed 
with the sterically favored isomer predominating. For example, bromo- or 
iodobenzene reacts with a variety of olefins, giving products with the 
percentages of phenyl addition to the olefinic carbons shown below. (8) With  

Orientation of Addition of Bromo- or Iodobenzene to Various Olefins 

  
 

halides other than bromo- or iodobenzene the orientations are somewhat 
different. Similar electronic effects are noted when electron-donating or 
-withdrawing substituents are present in effective positions in the organic 
halide reactants. (8) For example, p-bromodimethylaniline gives more (33%) (9) 
2-arylated product with 1-hexene than does bromobenzene (20%). (4) 
 
A series of vinylic bromides have been reacted with 1-hexene and with 
piperidine or morpholine as the base. (10) Vinyl bromide and 2-bromopropene 
add exclusively terminally, but β -substituted vinylic bromides give mixtures. 
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The ratios of terminal to internal (2-position) addition of the organic groups to 
1-hexene are as follows: (8, 10)  

 
 
 

As in the bromo- or iodobenzene reactions shown above, the ratios of products 
obtained in the vinylic halide reactions are very dependent on the substituents 
on the double-bond carbons. For instance, all vinylic bromides listed above 
add exclusively terminally to methyl acrylate (11) and acrolein dimethyl acetal, 
(12a) whereas mixtures are obtained with all of the halides in the reaction with 
allyl alcohol. (12b) 
 
A complication in the reaction may appear if there is more than one 
sp3-bonded hydrogen atom beta to the palladium group in the olefin adduct. A 
mixture of geometric isomers may result or the double bond may be moved 
from its original position. 
 
The addition of the organopalladium halide occurs in a syn manner and the 
elimination of the hydridopalladium halide also is syn. The stereospecificity of 
the reaction depends on the reaction conditions. The lower the reaction 
temperature, the higher are the stereo- and regiospecificity. (6) More important 
is the influence of triarylphosphines. Iodobenzene and cis-1-phenyl-1-propene 
with triethylamine and palladium acetate as the catalyst at 100° produce only 
13.5% cis-1,2-diphenyl-1-propene, the stereospecific product, and 57% of the 
trans isomer. The same reaction with two equivalents of triphenylphosphine 
added per palladium acetate gives 76% of the cis isomer and only 15% of the 
trans product. The presence of the phosphine does not affect the direction of 
addition of the phenylpalladium halide since about the same amount, 6 ± 1%, 
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of 1,1-diphenyl-1-propene is obtained in both reactions. The 
triphenylphosphine is believed to decrease the  
   

 
 
rate of readdition of the hydridopalladium group in an olefin π -complex 
intermediate to the double bond, relative to its rate of dissociation from the 
complex. Since the isomerization occurs by the reverse readdition to and 
reelimination of the metal hydride from the intermediate, the phosphine 
improves the selectivity of the reaction. (6) Similar effects of 
triphenylphosphine have been observed in stereospecific reactions with vinylic 
halides. (13) 
 
When allylic alcohols are used as the olefinic compound, carbonyl compounds 
are usually obtained as significant or exclusive products. (14, 15) These result 
from palladium hydride elimination to the beta-hydrogen atom on the 
hydroxyl-bearing carbon atom. Interestingly, the minor allylic 
alcohol–organopalladium halide adducts (with the metal added to the carbon 
atom gamma to the hydroxyl group) also often have given carbonyl 
compounds. In fact, homoallyllic alcohols and alcohols with hydroxyl groups  
   

 
 
farther removed also may give significant amounts of carbonyl compounds by 
way of multiple elimination–readdition reactions of the hydridopalladium halide 
group. (15) Rates of reaction of the allylic alcohols are generally higher than 
those of simple olefins, suggesting that hydroxyl coordination may be involved. 
 
Double-bond migrations are much more facile in the allylic alcohol reactions 
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than in the reactions of most other olefins. Of course, if unhindered secondary 
amines are used rather than tertiary amines as bases, aldehyde products are 
converted into enamines under the reaction conditions. Fortunately, these are 
easily hydrolyzed by dilute aqueous acid to the aldehydes. (12b) Allylic tertiary 
amines in the reaction may give enamines directly. (12b)  
   

 

 
 
 
Substitution with vinylic halides as substrates may produce another 
complication. In these cases π-allylic palladium complexes are often formed by 
palladium hydride elimination and readdition in the reverse direction. (13, 16)  
   

 
 
If the π -allylic complex undergoes palladium hydride elimination, double bond 
migration from the initial position may result. In many reactions the π -allylic 
complexes are sufficiently stable that they either do not decompose or do so 
only slowly under the usual reaction conditions with a tertiary amine as the 
base. Loss of palladium hydride from the π complexes appears to occur easily 
only when the R substituent in the above formulation is a carboxylate anion or 
ester, nitrile, or aromatic group. The π -allylic complexes, fortunately, are 
susceptible to nucleophilic attack, and the use of unhindered secondary 
amines as the base leads to smooth catalytic reactions with formation of 
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tertiary allylic amines as major products in many instances. (10) Although two 
isomers are possible from attack at the two terminal carbon  
   

 
 
atoms of the π -allylic system, the reaction is often selective. The nucleophilic 
attack appears to be very sensitive to the steric environment about the allylic 
carbon atoms. The less hindered position is normally preferred with one 
exception. When gem-dimethyl substituents are present on one of the carbon 
atoms, this carbon is preferentially attacked. The reason for this may be that 
the tertiary carbon atom in a π-allylic system is relatively weakly bonded to the 
palladium and the tertiary center is more reactive to the nucleophile in an 
SN2′-type reaction. (10) The N-tertiary alkyl-N,N-dialkylamines so formed are 
very hindered amines that do not form if groups larger than gem-dimethyl are 
present.  
   

 
 
 
 
When π -allylic complexes are formed, the stereochemistry about the double 
bond of the vinylic halide is lost because there is a facile equilibration of the 
syn and anti forms of the π-allylic complexes. The preferred isomers are those 
having the largest allylic substituents away from the metal. Products (dienes) 
that are produced by elimination and loss of palladium hydride before 
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formation of the π -allylic complex retain the initial double-bond 
stereochemistry provided that the halide is not thermally isomerized under the 
reaction conditions. (10) 
 
π -Allylic palladium complexes may also be intermediates in the reactions of 
conjugated dienes with organic halides. In these reactions the π -allylic 
structure is formed directly without the need of the palladium hydride 
elimination and readdition. (17)  
   

 

 
These complexes also react with nucleophilic secondary amines in the same 
manner as the π -allylic complexes formed indirectly.  
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3. Scope and Limitations 

3.1. The Organic Halide  
The major limitation in the organic halide is that sp3-bonded hydrogen atoms 
beta to the halide group cannot be present. The palladium alkyls formed from 
these halides undergo palladium hydride elimination more rapidly than addition 
to olefins, and only elimination products are produced. Aryl, many heterocyclic, 
benzyl, and vinylic halides react normally. Other halides without beta 
sp3-bonded hydrogen atoms exist, but for various reasons they do not react 
normally. Methyl halides, haloacetate esters, phenacyl bromide, and neopentyl 
bromide do not yield the expected products under the usual conditions. 
1-Bromo-2-phenylacetylene does react normally, but a large amount of 
diphenylbutadiyne is also produced. (18) 
 
A second limitation concerns the halogen atom to be used. Iodides and 
bromides undergo reaction comparably in most instances, with the iodides 
usually being a little more reactive. For example, both bromo- and 
iodobenzene have been made to react with cis-1-phenyl-1-propene at 100° in 
the presence of a palladium acetate–triphenylphosphine catalyst. The reaction 
product mixtures were essentially the same, but the iodide reacted a little more 
than twice as rapidly as the bromide. (6)  
   

 
 
Chlorides generally do not undergo reaction. Exceptions occur when palladium 
on carbon is used as a catalyst with sodium carbonate as base, although 
yields in general are low by this method. (19) Another exception is benzyl 
chloride, which undergoes reaction even without a triarylphosphine. (7) 
Organic fluorides apparently have not been tried. 
 
A very wide range of substituents may be present in the organic halides. (20) 
The only substituent known to stop the reaction in an aromatic compound is an 
ortho-carboxyl group, although the ortho-methyl ester reacts normally. (21) 
Low yields of products may be obtained when aromatic bromides containing 
strongly electron-donating substituents are used. The reason for the low yields 
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is generally that the phosphine in the catalyst is quaternized in a 
palladium-catalyzed reaction and/or the halide is reduced to hydrocarbon.  
   

 
 
The reduction also occurs (more seriously) with similarly substituted aryl 
iodides. The first problem is solved by using hindered phosphines. 
Tri-o-tolylphosphine is the most generally useful one for this purpose. The 
success of reactions with strongly electron-donating substituents also depends 
on the reactivity of the olefin employed. Lower yields are obtained with the less 
reactive (more substituted) olefins. (20) 
 
It should be kept in mind that triarylphosphines are not totally inert under the 
usual conditions for vinylation even if phosphonium salt formation does not 
occur. Reports of the palladium-catalyzed transfer of aryl groups from 
triarylphosphines to vinylic positions under the normal vinylation conditions (22) 
indicate that these arylated olefins may be minor side products. If this occurs, 
the triarylphosphine concentration is also reduced. 
 
Quite hindered organic halides may be employed in the reaction, but reaction 
rates are usually low. Reaction of 2,5-diisopropylbromobenzene and methyl 
acrylate occurs in 79% yield at 125° in 20 hours, for example. (21) 
 
Some limitations occur with heterocyclic halides as well. Successful  
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reactions occurred with methyl 5-bromofuranoate, 2- and 3-bromothiophene, 
2-, 3-, and 4-bromopyridine, 2,6-dimethyl-4-bromopyridine, 
3-bromoisoquinoline, 4-bromoisoquinoline, 5-bromoindole, and 
N-acetyl-3-bromoindole. The 2- and 4-bromopyridines react slowly and give 
low yields, however. Unsuccessful results were found with 3-bromoindole, 
2-iodoquinoline, 2-bromothiazole, 5-bromouracil, and 
4-bromo-5-phenylimidazole. (23) 
 
A potential problem with the reactions of benzyl chloride or bromide is 
quaternization of both the amine base and the phosphine, if one is used. Best 
results are obtained with hindered amines (diisopropylethylamine) and 
phosphines. Vinylic halides that are activated for base-catalyzed elimination, 
such as methyl 2-bromoacrylate, also do not undergo the vinylic substitution 
reaction, presumably because elimination is favored over the substitution. 
Another problem appears to be the formation of vinylic tertiary amines 
(enamines) as minor side products in the vinylic halide–olefin–secondary 
amine reactions. These are apparently formed by a palladium-catalyzed 
alkylation of the amine with the vinylic halide. (24) 

3.2. The Olefin  
The primary factor in determining the reactivity of the olefin is the size and 
number of the substituents on the double-bond carbon atoms. Rates of 
reaction and yields of product generally decrease with increasing size and 
number of substituents around the double bond. Ethylene is the most reactive 
olefin. (25) Most monosubstituted ethylenes react well also. Even disubstituted 
ethylenes often react in reasonable yields but at lower rates. Poor yields are 
often obtained with trisubstituted ethylenes, but details have been published 
for only one example. (14)  
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Dimerization of the halides is frequently observed as a side reaction when the 
olefinic compounds are unreactive. Mixtures of products sometimes are 
produced from unsymmetrically substituted ethylene derivatives, as seen in 
the above example. The presence of electron-with-drawing substituents on a 
double-bond carbon atom generally directs the incoming organic group 
selectively to the other double-bond carbon atom. However, electron-donating 
substituents generally cause addition to both carbon atoms. The amount of 
addition to each carbon atom in these reactions is strongly influenced by steric 
effects in both the halide and olefin. The organic group of the organopalladium 
complex preferentially attacks the less substituted carbon atom of the double 
bond. Additions of organic groups to conjugated dienes often occur exclusively 
at the terminal carbon atom of the less substituted double bond of the diene 
system. (13, 26) An example is shown in the following equation. (25)  
   

 

 
In general, conjugated dienes and α , β -unsaturated carbonyl compounds are 
more reactive than sterically similar monoenes. Preliminary results with some 
functionalized olefins show that acrylate esters react significantly faster with 
various vinylic halides than does acrylonitrile, with acrylonitrile in turn being 
more reactive than acrolein acetals. (27) Nevertheless acrolein dimethyl acetal 
and other α , β -unsaturated acetals or ketals are useful for producing 
2,4-dienals from vinylic halides by way of the allylic amines and a 
hydrolysis–amine elimination reaction. For example, 2,4-nonadienal was 
obtained in an overall yield of 76% based upon 1-bromo-1-hexene as shown in 
the following equations:  
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Double-bond isomers often are formed when the possibility exists for 
elimination of different beta-hydrogen atoms. If cis or trans products are 
possible, the thermodynamically more stable olefin is favored. The situation is 
more complex when positional isomers are possible. The direction of 
elimination is believed to be controlled by the relative stabilities of the transition 
states on the way to the hydridopalladium halide–olefin π complexes. The 
various factors involved here in stabilizing the transition states are not well 
understood. However, it appears that the π complexes of the less substituted 
double-bond isomers are the more stable, and varying degrees of equilibration 
may occur during the reactions. (6) Equilibration is more rapid in the absence 
of a triarylphosphine than in its presence (if the reaction proceeds in its 
absence, see p. 360). Some isomerization may occur even in reactions when 
there is only one eliminatable beta hydrogen because of reverse hydride 
readdition and elimination of a hydrogen atom from a different carbon atom. 
This type of isomerization is suppressed by inclusion of a phosphine and is 
generally not serious. (13) 
 
Some specific olefins that do not react well in the vinylic substitution are vinyl 
acetate, acrolein, and 3-buten-2-one. Vinyl acetate tends to produce mixtures 
of products, largely with loss of the acetate group. Both acrolein and 
3-buten-2-one are often polymerized relatively rapidly under the reaction 
conditions. Their acetals or ketals, however, react normally. Mixtures may be 
obtained from acrolein acetals, however, as a result of elimination of palladium 
hydride in both possible directions. Allylic halides also fail in the reaction as 
either olefins or halides. 
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4. Comparison with Related Reactions 

 
The Meerwein arylation reaction sometimes produces arylated olefins as 
products and/or the usual chloroarylated olefins. This reaction, which has been 
reviewed in Volumes 11 and 24 of this series, (28) is mainly limited to 
aryldiazonium salt reactions with activated olefins, so it does not overlap in 
utility to a significant extent with the vinylic substitution reaction. 
 
More important, perhaps, are variations of the vinylic substitution with 
reactants other than organic halides. A reaction analogous to the Meerwein 
arylation occurs between aryldiazonium salts and olefins with palladium(0) 
catalysts. (29, 30) Vinylic substitution is the major reaction, but yields in 
general are lower than with the aryl halides. Yet, since many aryl halides are 
made from the diazonium salt, there are instances in which a one-step reaction 
is preferable. 
 
Metathesis reactions between palladium(II) salts and various organometallic 
reagents have been widely used to produce organopalladium complexes for 
vinylic substitution. Organomercurials have been most extensively used. The 
reaction occurs under very mild conditions (0–25°) in various solvents such as 
acetonitrile or methanol, and yields of vinylic substitution products are 
generally good. (5) Advantages of this method over that employing organic 
halides are (a) stereospecificity is higher because of the lower reaction 
temperatures, (b) methyl, (5) carboalkoxy, (5) neopentyl, (31) and neophyl (31) 
groups can be added, and (c) allyl chloride can be used as the olefin. Also, 
thermally unstable materials such as substituted pyrimidin-5-yl-carbohydrates 
(32) and nucleosides (33) can be made by the method. In the allyl chloride 
reaction elimination of palladium chloride occurs in preference to the hydride 
so that allyl derivatives are formed catalytically. (34) The turnover  
   

 

 
number of the palladium is only about 5 or 10, however, because some 
reduction of the palladium occurs in the reaction. 
 
Disadvantages of the mercury reaction include the necessity for a 
stoichiometric amount of the organometallic reactant, the difficulty of obtaining 
many desirable mercurials, and the need for stoichiometric amounts of 
palladium salt for best reaction. The conversions can be made catalytic with 
cupric chloride as reoxidant for the palladium, but yields usually are lower and 
the reaction mixtures are difficult to handle because of the slurry of salts 
present. (5) 
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Other organometallics that have been used in the metathesis method include 
organotin, (5) organolead, (5) arylboronic acids, (13) methylcobalt complexes, 
(35) silanes, (36-39) Reformatsky reagents, (40) thallium alkyls, (41) and 
Grignard reagents. (42) 
 
Vinylic substitution with organopalladium compounds produced by direct 
metalation of aromatics has been studied quite extensively. (43) Activated 
aromatics, including some heterocycles, metalate in an electrophilic fashion at 
elevated temperatures. The organopalladium compounds formed add to 
olefins if they are present to form vinylic substitution products. In general, 
yields are lower by this procedure than with organic halides. There are several 
serious limitations as well. The reaction is normally stoichiometric in palladium 
acetate. It can be made catalytic under significant oxygen pressure, but this is 
neither convenient nor safe. (44) The metalation may give mixtures of isomeric 
arylpalladium species and subsequently mixtures of vinylic substitution 
products. Aromatics with electron-withdrawing substituents react either poorly 
or not at all with palladium acetate. Many olefins are oxidized rapidly by 
palladium acetate relative to palladation, resulting in low yields. Thus this 
reaction is useful only in selected instances. 
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5. Experimental Conditions 

 
Most vinylic substitutions have been carried out at 100° in capped bottles. The 
base has most often been triethylamine used in small to large molar excess 
over the organic halide. To achieve exclusive monosubstitution of the olefin, 
the olefin is generally used in small molar excess relative to the organic halide. 
The rates of the second substitution reaction are usually very much lower than 
the first, and a large excess of olefin is not necessary. The catalyst used 
depends on the organic halide. Generally organic iodides need only palladium 
acetate; bromides require palladium acetate with two or more equivalents of a 
triarylphosphine or an unhindered secondary amine; and chlorides only react 
with palladium on charcoal (except for benzyl chloride, which needs only 
palladium acetate). About one mole percent of palladium is normally used, 
based on the organic halide, to obtain convenient reaction rates at 100°. Lower 
amounts are often sufficient at higher reaction temperatures. Temperatures up 
to ca. 160° can be used before the reactions become heterogeneous, and 
metal is precipitated. (21) 
 
Palladium acetate has usually been the preferred catalyst because of its 
relatively high solubility in organic compounds. However, other salts such as 
the chloride also may be used provided that the solutions are stirred to prevent 
the insoluble catalyst from decomposing to the metal before it dissolves and 
forms the “active catalyst.” 
 
Solvents may be used but often are not necessary. Excess amine is usually 
seen, as well as acetonitrile, methanol, dimethylformamide, 
N-methylpyrrolidinone, and hexamethylphosphoramide. Acetonitrile is used 
frequently when a triarylphosphine is not present, as in reactions of organic 
iodides. The finely divided palladium metal catalyst in these solutions is 
precipitated by the amine salt if it is allowed to crystallize from the solution. If 
acetonitrile is used (or probably the other solvents listed as well except 
triethylamine), the salt is soluble. When bases other than amines are used, 
certain solvents may be necessary to dissolve the bases. Sodium carbonate 
and bicarbonate have been used in dimethylformamide (15) and sodium 
acetate in methanol, (45) for example. 
 
Reactions may be carried out in open flasks as well as capped tubes or bottles 
if the reactants are sufficiently high boiling or if a high-boiling solvent is used. 
 
When triarylphosphines are present, it is preferable to carry out the reactions 
under nitrogen or argon to prevent oxidation of the phosphine. 
 
It appears that the vinylic substitution is quite insensitive to impurities in the 
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reactants, so highly purified reagents are not necessary. Small amounts of 
water also do not interfere. 

5.1. General Reaction Conditions  
Standard conditions for vinylation may be in the following proportions: 10 mmol 
of an organic halide, 12.5 mmol of an olefin, 12.5 mmol of an amine [more 
amine is necessary if a free carboxyl group is present (2.5 mmol) or if 
secondary amines are used and allylic amines are possible products 
(30 mmol)], 0.10 mmol of palladium acetate, and 0.20 mmol of 
tri-o-tolylphosphine (or triphenylphosphine). The reactants are combined in a 
heavy-walled Pyrex tube, and the tube is capped with a self-sealing, 
rubber-lined cap. The mixture is then warmed in a steam bath slowly with 
shaking until the palladium acetate completely dissolves and a clear 
yellow-brown solution is obtained. The tube is then heated in the steam bath 
until analysis by gas chromatography of a small sample of the reaction mixture 
(removed by a syringe by puncturing the rubber liner of the cap via a small hole 
previously cut in the metal cap) shows the absence of organic halide. If 
triethylamine is used as the base, crystals of triethylamine hydrobromide or 
hydroiodide normally separate as the reaction proceeds. The products are 
usually recovered by adding water and filtering insoluble solid products, or by 
adding ether and water and extracting the product. The product extracts or 
solid may be washed with aqueous acid to remove excess amine, but this is 
usually not necessary if the product is to be recrystallized or distilled. The small 
amounts of palladium metal that may be present are normally easily removed 
by filtration in the recrystallization or before distillation. Reactants that are not 
soluble in the usual warm reaction mixture may be dissolved by adding a small 
amount of either acetonitrile or dimethylformamide. In this case the amine salts 
usually remain in solution. A nonaqueous work-up may also be used if the 
products are ether soluble. The cooled reaction mixture is diluted with excess 
ether, and the insoluble amine salt is removed by filtration and washed with 
fresh ether. The filtrates can be concentrated, and the crude products 
remaining can either be recrystallized or distilled directly. If the reactions are 
very slow at 100°, higher temperatures may be used (up to ca. 160°) or more 
catalyst may be added. If palladium precipitation occurs before an organic 
bromide completely reacts, adding additional triarylphosphine (initially), 
especially tri-o-tolylphosphine, up to ca. 6 equivalents per palladium, may keep 
it in solution. When allylic amines are products, it is advisable to treat the 
reaction mixtures with aqueous base and extract the products, since it is not 
always obvious whether the possible amines are present in the free or salt 
form. 
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6. Experimental Procedures 

6.1.1.1. 4-Acetamidostyrene from Ethylene (25)  
A mixture of 4.28 g (20 mmol) of 4-bromoacetanilide, 0.045 g (0.2 mmol) of 
palladium acetate, 0.122 g (0.4 mmol) of tri-o-tolylphosphine, 5 mL of 
triethylamine, and 10 mL of dimethylformamide was prepared in a 70 mL 
T-316 stainless-steel Parr bomb. A magnetic stirring bar was added, and the 
bomb was sealed and flushed with nitrogen and then with ethylene. The bomb 
was finally pressured to 200 psi with ethylene with stirring and then placed in a 
125° oil bath. The mixture was stirred magnetically at 125° for 23 hours. After 
cooling and venting, the bomb was opened and the contents diluted with 
100 mL of water. The solid formed was filtered and crystallized from methanol. 
The first fraction was (E)-1,2-bis(4-acetamidophenyl)ethene, 0.33 g (11%), 
mp > 300°. Concentration of the methanol gave on cooling 1.88 g (58%) of 
4-acetamidostyrene, mp 133–136°, which was raised to 137–138° on 
sublimation. 
 
In this example dimethylformamide has been used as solvent to dissolve the 
4-bromoacetanilide. Only the stilbene derivative is obtained if the bromide is 
not in solution. A somewhat higher ethylene pressure would probably improve 
the yield of the styrene derivative in this case. The reaction may be inhibited by 
high pressure (1000 psi), however. (25) 

6.1.1.2. 2-Bromocinnamic Acid from Acrylic Acid (46)  
A solution of 2.8 g (10 mmol) of 2-bromoiodobenzene, 0.9 mL (12.5 mmol) of 
acrylic acid, 0.022 g (0.1 mmol) of palladium acetate, 3.5 mL (25 mmol) of 
triethylamine, and 4 mL of acetonitrile was heated in a capped bottle at 100° in 
a steam bath for 1 hour. After the reaction mixture had been cooled, it was 
diluted with 250 mL of 10% aqueous hydrochloric acid. The solid formed was 
collected by filtration and recrystallized twice from ethanol (charcoal treatment) 
to give 1.86 g (82%) of 2-bromocinnamic acid, mp 215–216.5°. 

6.1.1.3. 2-Carbomethoxymethyl-5-(3′-keto-1′-butyl)thiophene from 
3-Buten-2-ol (47)  
A mixture of 9.4 g (40 mmol) of 2-carbomethoxymethyl-5-bromothiophene, 
30 mL of dimethylformamide, 4.3 g (60 mmol) of 3-buten-2-ol, 0.09 g 
(0.4 mmol) of palladium acetate, 3.3 g (24 mmol) of potassium carbonate and 
0.31 g (1.2 mmol) of triphenylphosphine was heated at 100° for 5 hours. The 
cooled reaction mixture was diluted with water, and the products were 
separated by ether extraction. After drying and distillation, bp 155° (2 mm), 
there was obtained 68% of a mixture consisting of 97% 
2-carbomethoxymethyl-5-(3′-keto-1′-butyl)thiophene and 3% of 
2-carbomethoxymethyl-5-(2′-keto-3′-butyl)thiophene. Chromatography of 
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the mixture on silica gel with benzene–hexane gave 61% of a pure sample of 
the major product. 

6.1.1.4. (E,E)-Dimethyl 2-Methyl-2,4-hexadienedioate from Methyl Acrylate 
(13)  
A solution of 35.8 g (200 mmol) of (E)-methyl 3-bromo-2-methylpropenoate, 
21.4 g (250 mmol) of methyl acrylate, 25.2 g (250 mmol) of triethylamine, 
0.448 g (2.0 mmol) of palladium acetate, and 1.04 g (4.0 mmol) of 
triphenylphosphine was placed in a 250-mL three-necked flask equipped with 
a mechanical stirrer and a reflux condenser. The flask was flushed with argon 
and maintained under an argon atmosphere while the mixture was stirred on 
the steam bath for 8 hours. The cooled reaction mixture was then diluted with 
300 mL of ether and filtered. The solid amine salt was washed thoroughly with 
another 500 mL of ether. The combined filtrates were concentrated and 
distilled under reduced pressure. The product, bp 89° (0.65 mm), solidified on 
cooling and was recrystallized from hexane. There was obtained 22 g (60%) of 
colorless crystals of (E,E)-dimethyl 2-methyl-2,4-hexadienedioate, mp 
54.5–55.5°. 

6.1.1.5. (E)-Methyl 3-(9′-Phenanthryl)acrylate from Methyl Acrylate (21)  
A mixture of 2.57 g (10 mmol) of 9-bromophenanthrene, 1.1 mL (12.5 mmol) of 
methyl acrylate, 5 mL of triethylamine, 0.022 g (0.1 mmol) of palladium acetate, 
and 0.122 g (0.4 mmol) of tri-o-tolylphosphine was prepared in a 22-mL Pyrex 
tube. The tube was flushed with nitrogen, capped, and heated at 100° for 3.5 
hours. After the reaction mixture had been cooled, it was diluted with 200 mL 
of 10% aqueous hydrochloric acid. The insoluble solid formed was collected by 
filtration and recrystallized from ethanol with hot filtration through Celite to 
remove palladium metal. There was obtained 1.89 g (72%) of colorless 
crystals of product, mp 98–100°. Another recrystallization from ethanol raised 
the melting point to 100–101°. 

6.1.1.6. (E)-4-Cyanostilbene from Styrene (19)  
A mixture of 20 mL of dioxane, 4.12 g (30 mmol) of p-chlorobenzonitrile, 3.12 g 
(30 mmol) of styrene, 3.18 g (30 mmol) of sodium carbonate, and 0.5 
milliequivalent of palladium as 5% on carbon was heated at 120° for 40 hours 
at atmospheric pressure. Details of the product isolation were not given, but 
presumably dilution with water and filtration gave the crude product. A 28% 
yield was reported. 

6.1.1.7. 2-Methyl-6-morpholino-1,4-heptadiene from (E)-1,3-Pentadiene (26)  
In a 200-mL Pyrex bottle was placed 6.05 g (50 mmol) of 2-bromopropene, 
4.25 g (62.5 mmol) of (E)-1,3-pentadiene, 13.1 mL (150 mmol) of morpholine, 
0.112 g (0.50 mmol) of palladium acetate, and 0.30 g (1.0 mmol) of 
tri-o-tolylphosphine. This bottle was flushed with nitrogen, capped, and heated 
in a steam bath for 30 hours. After the reaction mixture had been cooled and 
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diluted with excess dilute aqueous sodium hydroxide, the product was 
extracted with several portions of ether. The dried extracts were concentrated 
and distilled. There was obtained 5.68 g of product, bp 63–76° (0.5 mm), 
which contained 89% (55% yield) of 2-methyl-6-morpholino-1,4-heptadiene. 
Two impurities were present, 4% of 2-methyl-4-morpholino-1,5-heptadiene 
(probably) and 3% of a morpholine–pentadiene adduct. A pure sample of the 
major product was obtained by preparative glc. 

6.1.1.8. 2,4-Nonadienal from Acrolein Dimethyl Acetal (12a)  
A solution of 16.3 g (0.100 mol) of 1-bromo-1-hexene [this product was mainly 
the (Z) isomer], (48) 12.5 g (0.125 mol) of acrolein dimethyl acetal, 30 mL 
(0.300 mol) of piperidine, 0.224 g (0.001 mol) of palladium acetate, and 
0.610 g (0.002 mol) of tri-o-tolylphosphine was heated in a nitrogen-flushed, 
capped bottle in a steam bath for 16 hours. On cooling, the partly solid reaction 
mixture was rinsed into a dropping funnel with the aid of 200 mL of 5% oxalic 
acid in water. The bottle was rinsed with a little ether, and the rinsings were 
added to the dropping funnel. The contents of the funnel were then added 
dropwise to a boiling solution of 3 g of oxalic acid dihydrate in 100 mL of water 
in a 500-mL, three-necked flask, and the mixture was allowed to distill through 
a condenser attached to one neck. More water was added as necessary until 
400 mL had distilled, after which the product was extracted with ether. The 
extracts were dried and distilled under reduced pressure to obtain 10.5 g (76%) 
of 2,4-nonadienal, bp 106–107° (13 mm). The nmr spectrum of the product 
showed that it contained ca. 90% of one isomer, presumably (E,E), and 10% of 
another (E,Z?) judging by the areas of the aldehyde proton doublets. 
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7. Tabular Survey 

 
The following table includes all significant published examples of the 
palladium-catalyzed vinylic substitution reaction and some unpublished 
examples through December 1979. When numerous examples of the same 
basic reaction were reported, only the best one is given. Side products 
obtained in less than 5% yield are generally not shown. 
 
Reactions are listed by increasing number of carbon atoms in the olefin. These 
in turn are subdivided according to the increasing number of carbons in the 
organic halide with iodides followed by bromides and then chlorides. Yields are 
based on either isolated products or gas-chromatographic data. The notesa 
andb at the top of each table page are explained on page 388.  
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