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ABSTRACT 

Reactions of alkyl trifluoromethanesulfonates (triflates) and other 

alkylating agents with various nuc1eophiles were studied in a search for new 

synthetic methods. 

Alkyl triflates alkylated the potassium enolates of cyc1ohexanone and 

2,6-dimethylcyc1ohexanone in high yields (86 and 96%, respectively) without 

significant proton scrambling and concomitant exchange products which 

often occur with alkyl halides. 

Further evidence was obtained for the existence of a,a'-dianions from 

ketones. 1°,1°, 1 °,20 and 1°,3° a,a'-Dianions were dialkylated for the first time 

in a new one-pot ketone synthesis, but the generation of 2°,3° and 30,3° a,a'

dianions did not proceed in synthetically useful yields. Excess alkyl triflate 

gave a,a'-dialkylated ketones in 49-78% yield. Alkylation with methyl iodide 

followed by an alkyl triflate gave a,a'-dialkylation with different alkyl groups 

in 24-58% yield. Intramolecular dialkylation of acetone dianion gave 

cyc1ohexanone in low yield. 

C,O-Dialkylation of acetic acid dianion was not obtained in synthetically 

useful yields under a variety of conditions, but instead gave C- or O-alkylation 

products. Carboxylates were esterified by alkyl triflates, but yields were not as 

good as for other methods of esterification. Benzyl anions and phenoxides 

reacted smoothly with alkyl triflates, but these electrophiles offered no 

particular advantage over alkyl halides and dialkyl sulfates to justify the extra 

expense and precautions necessary for alkyl triflates. 
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1,2-Ethaneditriflate showed promise as a bis-alkylating agent by 

reacting with the dianion from o-xylene to give a better yield of tetralin than 

was obtained with other bis-electrophiles. Other alkylations using a,ro-bis

triflates went in lower yields than those using a,ro-dihaloalkanes. Ethylene 

sulfite reacted as a monoalkylating agent with benzylic anions and phenoxide, 

whereas ethylene sulfate gave monoalkylation with phenoxide and mono- and 

bis-alkylated products with benzylic anions. Methylene sulfate did not give 

identified mono- or bis-alkylated products with benzylic anions or phenoxide. 
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INTRODUCTION 

Many different kinds of alkylating agents have been used in 

substitution reactions with nuc1eophiles. Among the most common 

electrophiles for this purpose are alkyl halides, dialkyl sulfates, and alkyl 

sulfonates. Alkyl sulfonates that are particularly reactive are the 

fluoroalkanesulfonates ! (Fig. 1). Of particular emphasis in this study are the 

alkyl trifluoromethanesulfonates (triflates, 1 1,). 

o 
II 

CF3-S-0R 
II 
o 

1, 

Figure 1. Fluoroalkanesulfonates. 

This report compares alkyl triflates l. with more traditional 

electrophiles in the alkylations of several types of commonly-alkylated 

resonance-stabilized nuc1eophiles (Fig. 2): ketone enolates 1, carboxylates $ 

benzyl anions ~, phenoxides ,2, and dianions Z-!! derived from combinations 

of these mono anions. The nuc1eophiles are shown in the canonical form that 

shows their point of alkylation under the reaction conditions. 

O' n-
o 

o 
- A-o 0 

-n-
z 2 

Figure 2. Types of anions used in this study. 
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Reactions in this study probably proceed by the SN2 mechanism (Fig. 3) 

in which the nucleophile is 1-11 and R-Y is the electrophile. 

- -
Nu: + R-Y ---il"'~ Nu-R + y: 

Figure 3. SN2 reaction. 

Results of some cyc1ization reactions between dianions of the type II 

and a,ro-bis-electrophiles II (Fig. 4) are also reported. 

Y -

eN:' + ) Nu: 
Y 

11. II 

Figure 4. Cyc1izations using dianions and a,ro-bis-electrophiles. 

In this introduction, reactions of alkyl triflates I and some related 

sulfonates ! will be discussed and compared with other alkylating agents. 

Some aspects of our SN2 reactions will be reviewed. Alkylations of l-.!! by 

previous methods will be surveyed. A brief survey of alternative methods to 

some of these alkylations will be given. 

Alkyl Triflates 

Triflyl (CF3S0Z-) activation is useful to achieve a variety of synthetic 

transformations. 2 Alkyl perfluoroalkanesulfonic esters L triflates I, and 

fluorosulfonates ! (RF = F, also called fluorosulfates) are among the most 

powerful alkylating agents known, capable of alkylating carbon, oxygen, 
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nitrogen, sulfur, and phosphorus.3,4 Methylating agents methyl 

fluoride/antimony pentafluoride and dimethy1chloronium and 

dimethylbromonium ions are more powerful than methyl triflate 1. (R = CH3) 

and methyl fluorosulfonate! (RF = F, R = CH3, magic methyl, also called methyl 

fluorosulfate),3,5 but they must be prepared immediately before use. 

Meerwein salts are good alkylating agents6-8 and are about ten times more 

reactive than methyl triflate. 8 The solubility and stability of these 

trialkyloxonium ions depends upon the alkyl groups.6 Trialkyloxonium salts 

also give significant amounts of O-alkylation of ketone enolates and other 

ambident nuc1eophiles. 6 Methyl triflate was shown to be slightly more 

reactive (but is more expensive) than magic methyl in solvolyses. 8, 9 

Alkyl perfluoroalkanesulfonic esters 1. triflates Z. and fluorosulfonates 

! (RF = F) have been useful in alkylations and other transformations. Some 

applications of simple alkyl and other functionalized triflates 1.. and 

perfluoroalkanesulfonates ! are outlined below. Some reactions of magic 

methyl are also given for comparison to those of methyl triflate. 

Alkyl triflates 1. have been used in a variety of C-, 0-, and N-alkylations. 

Alkyl triflates are known to react with ethers3, 4,10 and amines.1 0-15 A 

lithiated pyridine was C-3 alkylated using methyl triflate. 1 6 

Aminosulfilimines were N-alkylated using methyl triflate to give 

diazasulfonium salts. 1 7 Alkyl peroxides and hydroperoxides gave mixed dialkyl 

peroxides with mono- and bis-alkyl triflates.1 8 Carbohydrates were 0-

alkylated using methyl triflate19,20 and benzyl triflate.1 1,20 Methyl triflate,19 

benzyl triflate,20 and other triflates21 , 22 N-alkylated pyridines. 
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Alkoxides,10,22,23 alcoholsl0,21 (and alcohols of low nucleophilicity),24,25 

azide,21 phenoxides,7,23 mercaptides,23 thiocyanates,23 and diethyl 

phosphite23 were alkylated using alkyl triflates. Intramolecular substitution 

of triflate by hydroxyl gave an oxetane.21 A sterically-hindered alkyl triflate 

was substituted with acetate, azide, and dime done enolate which gave the vinyl 

ether from D-alkylation.26 Enamines gave a-triflyl ketones with some triflates 

by attack at sulfur.27 

Reactions of a-keto triflates have given a variety of useful 

transformations. These triflates gave a-hydroxy ketones with hydroxide.28,29 

Reduction of the a-triflyl group (using IDA) gave ketones while oxidation 

(using LiTMP) gave dimeric ketones. 29 Other nucleophiles (e.g. 

thiophenoxide, thiocyanate, iodide, and azide)29 reacted with a-keto triflates to 

give a-substituted ketones, while cyanide29 gave cyano-substituted epoxides, 

and methoxide28 gave a-hydroxy ketals. Organolithiums and Grignard 

reagents reacted with a-keto triflates to give a-substituted ketones 0 r 

epoxides.29 Triflates from a-hydroxy ketones, esters, and nitriles alkylated 

DMSO, phosphines, MeCN, and DMF,30 as well as thioethers and amines.30,31 

Carbohydrate, nucleoside, and penicillin syntheses have utilized triflate 

intermediates in substitution reactions. Furanosyl triflate salts alkylated 

nucleotides to give nucleosides. 32 Similarly, pyranosyl triflate salts were 

efficient in glycosylation reactions.3 3 Halides, azide, acetate, and thioacetate 

displaced triflate to give 2 '-substituted-2'-deoxynucleosides.34 Similarly, 

halides displaced triflate to give halo-deoxy sugars,35 and azide reacted with 

tnflate to give amino sugars after hydrogenation.36 Thiophenoxide was also 
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used in a substitution reaction with an o-triflyl carbohydrate.37 Carbohydrate 

triflates gave pyridinium salts38,39 which underwent substitution by iodide,38 

and fluoride. 40 0-Triflyl and o-nonaflyl penicillins reacted with halides, azide, 

thiocyanate, and a variety of sulfur nucleophiles.41 

Other substitution reactions of triflates further demonstrated their 

usefulness. Thiocyanate, halide, azide, thiophenoxide, and alkoxide were 

alkylated by p-tosylmethyl triflate, which demonstrated the excellent leaving 

ability of triflate to facilitate alkylation at the usually unreactive a-sulfonyl 

carbon.42 Thioacetate was alkylated by choline triflate.43 

Alkyl triflates and magic methyl often have similar reactivity in N- and 

S-alkylations. Amines were alkylated by alkyl triflates 1 0-15 and magic 

methyl. 5 Carboxylic amides were N-alkylated using alkyl triflates44 and 0- or 

N-alkylated5,15 with magic methyl. Thioamideswere S-alkylated with magic 

methyl.45 Nitriles and thioethers were alkylated by methyl triflate30 and 

magic methyl.5 Aromatic azo compounds were quaternized,46 N, N'

dimethylsulfamates were N-alkylated,47 and sulfonium salts were formed by S

alkylation of p-tosylsulfonate thioesters48 and carboxylic acid thioesters49 

using magic methyl or methyl triflate. 

Even poor nuc1eophiles such as diethyl ether10,22 have been alkylated 

using alkyl triflates. Benzene,10,22,50,51 toluene,50,51 and other aromatic 

compounds5 1,52 have also been alkylated using alkyl triflates. However, 

effective alkylation of these aromatic compounds by alkyl triflates required 

catalytic triflic acid or other Lewis acids.51 Methyl and ethyl iodides have 

been alkylated using alkyl triflates and magic methyl. 4,5 
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Several reactions above suggest that magic methyl and alkyl triflates 

react similarly. Thus, the follOwing alkylations using magic methyl might also 

be expected for alkyl triflates. Sulfoxides were S-alkylated and enamines were 

mostly N-alkylated by magic methyl.S Some esters, lactones, ketones, 

aldehydes, and phosphines are alkylated and sulfonamides and 2-pyridoneS 2 

were both N-alkylated by magic methyl.S 1,3-Dithiol-2-thiones, once referred 

to as "impossible" to S-alkylate, reacted readily with magic methyl.S 3 

Thioacetals5,54 and carbamates5 were alkylated using magic methyl. However, 

in contrast to the acid-catalyzed alkylation of aromatic compounds by alkyl 

triflates, magic methyl sulfonates anisole and phenol (which is also 0-

methylated).5,52 

Several of these methods using alkyl sulfonates 1. and triflates l 

demonstrate better alkylation than with other commonly-used alkylating 

agents, such as tosylates and halides.3 ,4 literature searches have not, 

however, revealed procedures using alkyl triflates 2 to C-alkylate enolates 1. 

(Dimedone enolate was O-alkylated using a sterically-hindered triflate.26 ) 

Only a few of the alkylations mentioned above used resonance-stabilized 

nucleophiles. 

The successful application of alkyl triflates as alkylating agents is 

suggested from their relative rates of solvolysis compared to those of other 

alkylating agents. Triflate is a better leaving group than mesylate by about 

four powers of ten (1.4 X 108 vs. 3.0 X 104)1,55 and much better than iodide (9.1 

X 10) and chloride (1.0).1,3,4,7,36,55-57 Triflate was also found to be four to five 

powers of ten more reactive than tosylate in solvolyses.7,36,57,58 
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Methyl, ethyl, and other primary triflates were used in this study due to 

their ready availability and high relative SN2 rates1,15 (average relative SN2 

rates: methyl 30, ethyl 1, propyl 0.4.)14,59 These alkyl triflates undergo 

predominantly SN2 reactions with little ionization.1,60 Reactions between 

alkyl triflates and alcohols of low nucleophilicity form ethers via an SN2 

pathway, but can also form ethers in reactions in which some carbonium ion 

character is involved.24 

Since the leaving group becomes more negatively charged in the 

transition state of a nucleophilic substitution reaction, a good leaving group 

must easily acquire negative charge. Good leaving groups are generally very 

weak bases whose conjugate acids. are very strong. Therefore, another 

indication of the excellent leaving-group ability of triflate is the high acidity 

of triflic acid; triflic acid is one of the strongest Br0nsted acids,1 stronger than 

hydrochloric acid and capable of protonating sulfuric acid. 4 In addition, 

comparison of Hammett (ap) and Taft (ad substituent constants for triflate 

(+0.47, +0.84), mesylate (+0.33, +0.61), and tosylate (+0.28, +0.54)9 indicates that 

triflate is inductively very electron-withdrawing. Thus triflate is an 

exceptionally weak base and an excellent leaving group. It has also been 

suggested that low Grunwald-Winstein solvent m values for triflates (typical m 

values: 0.28-0.60) are due to their low requirement for solvent-assisted 

ionization, indicating decreased solvation requirements of this superior 

leaving group (typical m values: triflate = 0.60, tosylate = 0.91, bromide = 

1.03).1,61 
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The enhanced reactivity of alkyl triflates Z severely limits the choice of 

solvents used in their reactions. Alkyl triflates may be used in alkanes, 

dichloromethane, nitromethane, sulfur dioxide, sulfolane, trim ethyl phosphite 

or dimethyl sulfate (only if methyl triflate is used, since methyl group 

exchange is invisible, similar to ester interchange between dimethyl sulfate 

or carboxylic esters and magic methyl or alkyl triflates3,s). Alkyl triflates Z 

are known to react with Lewis basic solvents such as ethers3 ,4,10 and 

amines.10-1s 

Reduced alkylating abilities of alkyl triflates, magic methyl, and 

Meerwein salts are observed in hexamethylphosphoric triamide (or 

hexamethylphosphoramide),62 dimethylformamide,s,62 and dimethyl 

sulfoxides ,62 by methyl cation transfer to solvent,63 which conjugates may be 

the actual alkylating agents. However, many procedures have used such 

nucleophilic Lewis basic aprotic solvents.3,4 Interestingly, methyl transfer is 

used to advantage in the reaction between dimethyl sulfate and DMF which 

gives an O-alklylation complex which has been used in formylations.6 4 

Similarly, alkylation using dimethyl sulfate in DMSO was found to involve 

(CH3 )2SO+CH3.63 

A more severe problem is alkylation by alkyl triflates of ether solvents 

such as tetrahydrofuran and diethyl ether. Catalytic alkyl triflate6s-67 serves 

to initiate THF polymerization (also catalyzed by triflic acid67 or anhydride3,4) 

to form polytetramethylene oxide. THF reacts with stoichiometric triflic 

anhydride to give 1,4-butaneditriflate, which is synthetically usefu1.24 

Oxepane68 and oxetane4 were polymerized using alkyl triflates, triflic acid, 
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and triflic anhydride. 1,3,5-Trioxane and 1,3-dioxane were copolymerized69 

using ethyl triflate and triflic anhydride. Oxirane was dimerized to l,4-dioxane 

by alkyl triflates, triflic acid, and triflic anhydride.70 These polymerizations 

are similar to those catalyzed by magic methyl.5 The effectiveness with which 

alkyl triflates react with ethers is further shown by the use of anisole as a 

scavenger for alkyl triflates produced as byproducts in peptide deprotection 

reactions using triflic acid.4 , 71, 72 

A noteworthy limitation in the choice of solvent is the exchange 

reaction between diethyl ether and an alkyl triflate (Fig. 5). Exchange 

between diethyl ether and ethyl triflate is an invisible side-reaction when 

doing reactions with ethyl triflate in diethyl ether. 

Figure 5. Exchange between an alkyl triflate and diethyl ether. 

Nucleophilic attack by ether on alkyl triflates is similar to oxonium ion 

formation with p-dioxane and 2-octyl brosylate or 2-octyl mesylate 73 and 

neighboring-group participation via oxonium ion formation in the acetolysis 

of brosylates MeO(CH2)nOBs (n = 4, 5).74,75 However, it has been established 

that alkyl triflates are produced from reaction with diethyl ether, 10 and not 

Meerwein salts (trialkyloxonium salts). However, the exchange reaction of 

alkyl triflates with ethers is analogous to the exchange reaction of oxonium 

ions with ethers. 6,14 

Another possible problem in reactions with alkyl triflates l. and 

sulfonates ! is the s-o bond cleavage that has occurred with alkoxides,23 a 
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borohydride,76 lAH,3 n-Bull,3 a Grignard reagent,77 enamines,27 and other 

nuc1eophiles with aryl triflates and aryl nonaflates 1. (RF = n-C4F9) in 

solvolyses.78 However, other attempted solvolyses of aryl triflates gave 

evidence for c-o and not S-O bond cleavage.58 

Because triflate is such a good leaving group, elimination may be 

suspected as an alternative reaction pathway with nucleophiles that are also 

good bases. It is noteworthy that when acidic a-keto triflates were treated with 

a variety of nucleophiles and bases, substitution, addition, and reduction 

occurred, but a-elimination of triflic acid to form carbene was never 

observed.28,29 That these triflates were not deprotonated may have general 

implications for other similar reactions with nucleophiles that are also strong 

bases (such as carbanions) because functionalized triflates that are potentially 

acidic may be used in substitutions with basic nucleophiles. By analogy for 

instance, 1,1-bis-triflates (specifically 1,1-methaneditriflate) may also avoid 

deprotonation, which problem was not avoided in alkylations of carbanions 

using 1, 1-dihalomethanes as these were shown to be acidic enough to give 

products from their deprotonation.79,80 However, 1,1-methaneditriflate is 

difficult to prepare.81 

Another problem that may be solved by the use of alkyl triflates is the 

oxidation that may occur in alkylations of readily oxidizable carbanions using 

alkyl halides (especially BrCH2CH2Br).80,82 Other bis-alkylating agents have 

been suggested or tried. 80 

A limitation in the alkylations of some C-,O-dianions, such as .B. from 

carboxylic acids, is the large difference in reactivity between the oxy- and 
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carbanion sites. Procedures for one-pot O-,C-dialkylations were not found in 

the literature. We hoped that we could extend the usefulness of O-,C-dianions 

by alkylating at carbon and oxygen using alkyl triflates. (Of course, it is 

sometimes desirous to have selective 0- v. C-alkylation, such as obtained with 

dianions 11 from cresols.80) 

Other Electrophiles 

In addition to alkyl triflates, other alkylating agents (Fig. 6) were 

investigated in a search for new methods in reactions with nudeophiles J,-ll 

and to compare their alkylating abilities. Methyl iodide, benzyl chloride, 

primary alkyl halides (induding some a,ro-dihaloalkanes 14, n = 0-2, 5, 6), and 

dimethyl and diethyl sulfates were used. Lesser-used electrophiles such as 

a,ro-alkaneditriflates II (n = 0-2, 6) were tried due to their potential as 

superior bis-alkylating agents. Ethylene sulfate !§., ethylene sulfite li, and 

methylene sulfate II were also tried for their potential as bis-alkylating 

agents. 80 

R-X 

o 
C ...... s=o 

0" 
17 

Figure 6. Other alkylating agents used in this study. 

The uses of alkyl halides in alkylations is well-established, among 

which the use of methyl iodide is considered a standard due to its availability, 
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convenience, and effectiveness. However, in addition to alkylation, methyl 

iodide and other alkyl halides oxidize benzylic and other anions.80,82,83 Also, 

rather large excesses of methyl iodide have sometimes been used to obtain good 

yields of methylation, which may partly be due to its volatility. 

a,ro-Dihalides have been useful in a variety of N_84 and C

alkylations,79,8S-87 including cyclizations.79,80,83,88-94 l,l-Dihalomethanes 

have given substitution reactions,79,92 including cyclopropane derivatives 

(using CH212),79 and some oxidation products with carbanions.83 Five

membered heterocycles have been made with 1,2-dihalides.9S-97 Since 1,2-

Dibromoethane is a good oxidizing agent for benzylic and other 

carbanions,80,83,92,98 and other l,2-dihalides did not give high yields of bis

alkylation, l,2-ethaneditriflate II (n = 0) was tried to avoid oxidation and to 

raise yields. Alkyl halides can be used in a greater variety of solvents than 

alkyl triflates. However, aq DMF reacts with alkyl halides99 and 

tosylateslOO,l01 to form alkyl formates. 

Dialkyl sulfates102,l03 are also effective alkylating agents (and avoided 

oxidation of benzylic and other carbanions80 ,83), acting primarily as 

monoelectrophiles, though vigorous conditions can use both alkyl groups in 

alkylations.! 04 Dimethyl sulfate is commonly used to methylate phenols and 

alcohols.10S,106 Trimethyl phosphate is similar to dimethyl sulfate in that 

only one methyl group is usually used.! 07 

Cyclic sulfates l08 are especially reactive. Five-membered cyclic 

sulfates (e.g. ethylene sulfate !§) have been reported to be more reactive than 

dimethyl sulfate in solvolyses (twice as fast as dimethyl sulfate from pH 2 to 9 
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and 20 times faster at pH > 9).1 03,109-112 Ethylene sulfate is less stable than 

dimethyl sulfate by 5-6 kcal/mo1.111,112 However, these cyclic sulfates can be 

attacked at sulfurl13-115 giving 14% s-o bond scission in strongly alkaline 

solution. For ethylene sulfate the rate of S- v. 0- attack was estimated to be 300 

times greater than that of dimethyl sulfate.1 1 0-112, 116 s-o cleavage of 

dimethyl sulfate was estimated to be < 1%. It was shown that chiral cyclic 

sulfates hydrolyzed predominantly by attack at carbon (which occurred to a 

greater extent in acid than in base), based on the configurational change at 

carbon, in contrast to the usual mechanism for hydrolysis of a carboxylic ester 

by attack at the carbonyl carbon. 11 7 The consequence is clear: cyclic sulfates 

react like epoxides. 118 

Cyclic sulfates have been used in monosubstitution reactions.! 03 For 

example, five-membered cyclic sulfates from steroids and carbohydrates and 

other simple five- and six-membered cyclic sulfates have been used in 

substitution reactions with phenoxide,114 fluorlde,114,119,120 azide,118,121,122 

benzoate 118,122 hydride 118 nitrate 118 thiocyanate 118 benzyl anion 118 , " , , 

dimethyl malonate anion,118 and amines (leading to amino alcohols and 

aziridines).1 23 Dithiane anions reacted with a seven-membered cyclic sulfate 

carbohydrate. 121 Some of these substitutions used a-activated sulfates (e.g. a-

ester ethylene sulfates) to achieve regioselective alkylation at the a

carbon, 118 a significant advantage in some cases over epoxides. DMF was the 

best solvent for alkylations involving unactivated cyclic sulfates122 (which 

solvent we could not use in our reactions with carbanions). 
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Ethylene sulfate 16 monoalkylates amines, phenoxides, thiophenoxides, 

amine oxides, dimethyl malonate anion, and other carbanions, and to a lesser 

extent benzoate, in refluxing methylene chloride or ether/benzene,124 

Ethylene sulfate has been used to hydroxy-ethylate polymers. 12 5 

As indicated above, dialkyl sulfates are usually monoelectrophiles. The 

second sulfate group is not as good a leaving group as the first, but an 

exceptional reaction and an excellent precedence for our desired bis

alkylations is shown in Fig. 7.118 Though the reaction was especially favored 

by ring size, we were hopeful to extend the generality of the use of ethylene 

sulfate 16 in other bis-alkylations of our nucleophiles. 

;:
0, ~o NaH, CH2(C~Meh C~Me 

c;:~ ~»< 
0'" ~o DME fl C~Me n-CSH17 ,re ux n-CSH17 

Figure 7. Intramolecular cyclization using a cyclic sulfate. 

General use of ethylene sulfate 16 as a bis-alkylating agent was not 

found in the literature; however, an intramolecular cyclization was reported 

with the ethylene sulfate adduct II (Fig. 8).1 24 Another report97 (Fig. 8) 

gave additional precedence for the use of ethylene sulfate as a bis-alkylating 

agent to obtain lQ. which might also be applied to other similar cyclizations. 

(No yield of the cyclic product 1Q. was given, but no mono- or 

dibydroxyphenyl ethers were reported.) 
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Figure 8. Ethylene sulfate as a bis-alkylating agent. 

Ethylene sulfite 17 has been used to N_126 and O-hydroxyethylate127 

(Fig. 9) in high yields under vigorous conditions. These reactions are 

analogous to those with ethylene carbonate in which the same alcohols are 

produced 126,127 

o 
C 's=o 0 ..... 

• 
KOH 

24 h, 180°C 

NaOH 

toluene 
90-100 oC 
1.5 h 

o 
C4F9-~-N-""""'OH + S02 

o~ 
(82%) 

Figure 9. Alkylations using ethylene sulfite. 

Attack on sulfur is even more likely in reactions with cyclic sulfites11 5 

(than with sulfates) as shown by solvolyses which usually give S-O bond 

cleavage. 1 03,109 Contrary to cyclic sulfates and similar to carboxylic esters, 
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chiral cyclic sulfites hydrolyzed in acid or base by attack at sulfur, since no 

racemization occurred. 11 7 Contrary to comparable hydrolyses of cyclic and 

acyclic sulfates, ethylene sulfite !l reacted less rapidly than dimethyl sulfite 

at low pH,llS but it did react 100 times faster than dimethyl sulfite in 

base. 11 1 ,112 This fact makes the reactions in Fig. 9 even more interesting, 

given the vigorous alkaline conditions used. 

Five-membered cyclic sulfites from carbohydrates were not attacked by 

fluoride, but gave products due to attack at sulfur by water.1 20 However, 

ethylene sulfite 17 reacted with fluoride ion. 128 No methods were found that 

used ethylene sulfite as a bis-alkylating agent. However, we were still hopeful 

that the presumed monoalkylsulfite intermediate would be long-lived enough 

to undergo further substitition before losing S02. We suspected that milder 

conditions and "hotter" nucleophiles (e.g. carbanions) than those used in the 

reactions in Fig. 9 could yield bis-alkylated products. 

It was important for us to obtain a good one-carbon bis-alkylating 

agent. As mentioned above, there are a few problems with 1,1-

dihalomethanes, such as acidicity and oxidation,79,80,129 and 1,1-

methaneditriflate is difficult to prepare. 8 1 Therefore, methylene sulfate 18 

was a very attractive alternative. Methylene sulfate alkylated pyridine, 

quinoline, and N,N-dimethylaniline. 97,129 Especially important was the 

precedence of intramolecular bis-alkylation using methylene sulfate; 0-

catechol was dialkylated using methylene sulfate to give the cyclized product, 

o-catechol methylene ether (21, Fig. 10).129 Similarly, methylene sulfate was 

bis-alkylated to give methylene ethers of various phenols. 1 29 The 
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electrophilcity of methylene sulfate was further demonstrated by its reactions 

with diols which gave methylene ethers (acetals of formaldehyde) by 

exchange. 12 9 

Figure 10. Methylene sulfate as a bis-alkylating agent. 

Nucleophiles 

The resonance-stabilized oxygen and carbon nuc1eophiles in this study 

were used in high concentration in ether or alkane solvents. lithium, sodium, 

and potassium were counterions. Because these nuc1eophiles are stabilized by 

resonance, bonding is probably more ionic than polar covalent. 

Alkyl- and alkoxylithiums are known to be generally less ionic and 

more soluble than the corresponding sodium and potassium compounds. That 

alkyllithiums are not highly ionic was shown by comparing the 13C chemical 

shifts and 13C-lH coupling constants for their alpha carbon atoms with those 

for the corresponding hydrocarbons.1 30 The alpha carbon atoms are mainly 

sp3 hybridized, and carry only a fractional negative charge. MO calculations 

have confirmed that oligomeric structures should be much more stable ~han 

isolated monomers and that there should be a considerable overlap population 

between carbon and lithium, giving largely covalent linkages, with only 
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fractional negative charge on carbon.130 However, the situation might be 

different where resonance stabilization of the carbanion is possible. MO 

calculations and NMR provide evidence for some ionic structures.130 

Reactivity of nucleophiles and electrophiles, described by Pearson in 

terms of their symbiotic hardness or softness,57,131 depends upon the leaving 

group, ionic character (polarizability) of both reactants, cation, and state of 

aggregation (determined by structures and media).63,130 For example, 

reactivity of alkali metal enolates is very sensitive to their state of 

aggregation, which in turn is influenced by the reaction medium and 

tem pera ture. 63, 132,133 For example, it has been suggested that terminal 

enolates are more highly aggregated and less reactive than internal 

enolates.134 Also, lithium enolates have more covalent character and so are 

less nucleophilic, but they are also less basic and therefore less prone to 

exchange than enolates with larger cations (e.g. sodium and 

potassium).63,135,136 Specific lithium ketone enolates generally give more 

regioselectively alkylated ketones. Thus the cation affects regioselective 

alkylation and over-alkylation of enolates, as well as C- v. O-alkylation.63 

An aggregation state having a high degree of ion-pairing has been 

suggested to suppress proton transfer. C-Alkylation is most efficient using 

smaller cations, "hard" alkylating agents, and weakly polar solvents which 

can solvate cations (e.g. THF).63 It has also been suggested that nucleophilic 

aggregates may be very influential in product formation.63 ,133 However, it is 

not easy to prove participation of aggregates in product-forming steps. 
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Solvents 

The type of SN2 reactions reported here (Fig. 11) involve a charged 

nuc1eophile and an uncharged electrophile. Transition states for SN2 

reactions result in dispersal of the initial charge. 

- 6- 6-
Nu: + R-Y ----~~~ Nu----R----Y 

Figure 11. Transition state in an SN2 reaction. 

Better alkylation of resonance-stabilized carbanions was often obtained 

in THF than in ether or hexane. This difference was not attributed to 

stabilization of the charge-dispersed transition state by solvation since 

differences in polarity between these non-polar solvents are small (dielectric 

constants,S7,137 £: THF, 7.58; diethyl ether, 4.34; hexane, 1.88). Instead, Lewis 

basicity of the solvent was the major contributor to differences in reactivity. 

THF is a better Lewis base than ether and thus solvates cations much better. 

The exact structures of carbanions and oxyanions in solvents are not 

known in very many cases.63 ,133 In various solvents, these nuc1eophiles 

often exist in different states of aggregation which modify their reactivity. 

Aggregation may be caused by simple attraction of charges. The cations of 

these aggregated species are solvated by Lewis basic solvents. These 

aggregated states (hexamers, tetramers, or dimers) are generally broken down 

to the more reactive simpler structures in strong electron donor solvents such 

as THF,130 For example, benzene is almost inert to uncomplexed n-BuLi, 

whereas it is readily metalated by the n-BuLi/DABCO complex or with n-
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BuLi/TMEDA.130 Thus, solvation of cations by Lewis basic solvents helps 

determine reactivity.63 

Generally, nucleophiles with larger cations (better able to disperse 

charge) are better nudeophiles because they are more free 

(ionic). 5 7 , 6 3,136,138 Thus, lithium nucleophiles are expected to be less 

reactive since the lithium cation-anion pair is tighter (less nucleophilic) due 

to more covalent bond character than the potassium cation-anion pair. 5 7 

Large cations generally favor O-alkylation of ambident nucleophiles.63 

Large cations are better solvated by polar aprotic solvents such as 

dimethylformamide, dimethyl sulfoxide, 1,2-dimethoxyethane, and 

hexamethylphosphoramide (or hexamethylphosphoric triamide) .13 9,140 

Solvation of the cation gives a freer enolate ion which is more nucleophilic 

due to the formation of a more separated ion pair.1 39 Because these solvents do 

not solvate anions such as enolates, polar aprotic solvents increase the extent 

of O-alkylation compared to other solvents.63 ,134,140 Zaugg141,142 suggested 

that increased reactivity of anions in polar aprotic solvents was due to 

breakdown of aggregates (in nonpolar solvents with low £) by solvation of the 

cation by polar aprotic solvents (high E). 

Carbanions in polar aprotic solvents usually exist as solvent-separated 

ion pairs,139,141,142 but tight ion pairing results in nonpolar solvents with 

low dielectric constants,57,137 £ (DMF £ = 36.71, HMPA £ = 30, THF £ = 7.58, 

diethyl ether £ = 4.34, hexane £ = 1.88). Doubly lithiated carboxylic acids in THF 

have high degrees of aggregation and give "colloidal n solutions.143 
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Cyclizations 

Favorable cyclization reactions by intramolecular SN2 mechanisms must 

meet the geometric requirement of backside attack of the nucleophile at the 

electrophilic center. The nucleophile and electrophile must attain at least 

near linearity in the transition state. The alkylation of methyl a-tosyl-o

toluenesulfonate ion (Fig. 12) is not intramolecular, but intermolecular 

because near linearity cannot be achieved.1 44 Analogously, intramolecular 

SN2 cyclizations are sensitive to conformations, geometric constraints, steric 

effects, and sufficient dilution.63 ,93,134,14S-148 Molecular models suggest that 

the required six-membered transition state for the reaction in Fig. 12 and 

others 146 leads to severe bond angle distortions. 

Figure 12 Disallowed intramolecular SN2 reaction. 

Formation of certain ring sizes is favorable because of favorable 

entropy. 93,149 Even if the entropy is favorable, some rings have sufficient 

angle strain to make the enthalpy unfavorable, often overwhelming favorable 

entropy. 93,149 Polymerization can be avoided by taking advantage of 

favorable entropy. Examples of favorable cyclization (usual favored ring 

sizes: 3, 5) are the reactions of 4-chloro-1-aminobutane to give pyrrolidine and 

of ethylene chlorohydrin to give ethylene oxide.14 

We desired to make cyclic ketones and lactones by intramolecular 

cyclization by SN 2 reaction between a terminal carbanion or oxyanion and a 
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suitable (I)-substituted electrophilic carbon. Rules for ring closure63,134,147 to 

give cyclic ketones by this strategy gave us a good precedence for our 

proposed syntheses, which will be discussed later. 

Alkylation of Ketone Enolates 

Alkylations of ketone enolates ~ are among the most useful carbon

carbon bond-forming reactions.1 4,132,135,136,150,151 Because the pKa for 

simple ketones is 21 or less,57,152 ketones with a-carbons bearing hydrogens 

may be deprotonated easily to give enolates ~ which are ambident 

nucleopbiles that can be C- or O-alkylated.57,63,135,136,151 Alkylations in this 

study gave predominantly C-alkylation to the extent that usually only traces 

(if any) of O-alkylated products were observed. For this reason, the 

carbanionic form J. of enolates is depicted. 

It is important to ensure rapid and complete formation of the ketone 

enolate J. with base. If enolate J. forms too slowly, aldol products can form. If 

enolate formation is not complete, then acidic hydrogens may exchange. The 

most common methods used to generate ketone enolates employ metal amides 

or hydrides in ethers.1 3 2,133,136,1 53 lithium amides are soluble in 

hydrocarbons and easily prepared. However, sometimes ketonesl33,154 and 

alkyl triflates29 are reduced by lithium diisopropylamide (LDA) by single 

electron transfer (SET). The conjugate acid of LDA133 is a proton source for 

exchange and may be N-alkylated by some electrophiles. LDA is a strong 

enough base to cleave ethers and HMPA above ° oC.134 Reactions of 
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diisopropylamine-free lithium enolate solutions with electrophiles give better 

results.132,133 

Aldol condensation can be a problem with the use of sodium hydride or 

sodamide, due to insolubility of the reagents and slow formation of the enolate 

in the heterogeneous reaction.132,155 Potassium hydride is a much better base 

for rapid and irreversible enolate formation, even though it is insoluble. 155 

The method used here involved KH156 suspended in diethyl ether. This 

procedure easily meets two general requirements for complete enolate 

formation: 1) Both the solvent and the conjugate acid of the base (hydrogen 

gas) are much weaker acids than the starting ketone; 2) In the presence of 

base, the solvent is not a stronger acid than the conjugate acid of the base (to 

prevent lowering the concentration of the base). Hydrogen gas is inert under 

these conditions. 

Because ketone enolates J. are generated and alkylated under basic 

conditions and ketones very often have more than one type of acidic 

hydrogen, isomeric mixtures of C-alkylated and over-alkylated products are 

often obtained (Fig. 13). This is due to two problems. The first is an 

equilibrium that exists to give a mixture of enolates II and II which are 

alkylated to give a mixture of ketones ~ and ll. The second is that proton 

exchange occurs between ketones ~ and II and enolates (or excess base) to 

give over-alkylated ketones. Proton exchange is usually fast, so using less 

than one equivalent of alkylating agent R'-Y reduces the yield but not the 

problems. Isolation of the desired ketone from regioisomers produced in the 

alkylation can be difficult,135 
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over-alkylated ketones 

Figure 13. Exchange problem using ketone enolates. 

There are generally three strategies for directly alkylating 

ketones.1 4 ,135,136,150,153 The first involves ways to generate the specific 

enolate. The second strategy involves introduction of an a-activating group. 

The third method involves blocking so that regioalkylation occurs by default. 

Indirect ways to obtain alkylated ketones and other complementary syntheses 

of ketones which may be difficult to obtain by direct alkylation14,150 will also 

be briefly surveyed. Each strategy will be discussed in order. 

Some unsymmetrical ketones give specific enolates under 

thermodynamiC or kinetic conditions. Thermodynamic enolate 23 may be 

obtained if the base is slowly added to the ketone in a protic solvent or if excess 

ketone is present after addition of base is complete and sufficient time is 

allowed for equilibrium to be achieved. Kinetic enolate II may be obtained if 
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the ketone is slowly added to excess strong base in an aprotic solvent and is 

often facilitated by brief metalation times and/or low temperatures to limit 

equilibration to the thermodynamic enolate. 134-136,153 

However, while procedures for generating the thermodynamic or 

kinetic enolate often give mixtures favoring one specific enolate, its exclusive 

formation is rarely achieved. Polar aprotic solvents such as HMPA promote 

enolate equilibration by solvating the cation, thereby decreasing aggregation 

and making the enolate more basic.157,158 

Regioselective alkylation of ketone enolates generally depends upon the 

structure of the ketone, the cation, the solvent, the base, the procedure for 

generating the enolate (kinetic vs. thermodynamic), and the manner of 

addition of electrophile and nuc1eophile.1 35,136 For example, over-alkylation 

caused by exchange has been reduced to some extent by inverse addition; a 

solution of enolate can be added to a large excess of the electrophile. This 

attempts to prevent exchange with the alkylated ketone by consuming enolate 

rapidly.1 32 

Specific enolates may be formed from a,fl-unsaturated ketones (Fig. 14), 

or a-halo, a-hydroxy, or a-phenylthio ketones159 by dissolving lithium metal 

reduction,63,135,136 or by magnesium reduction of a-halo ketones.153 

Regiospecific a-alkylation yields a saturated ketone. This method may give 

greater regio-control than may be obtained by alkylation of the more 

predominant thermodynamic or kinetic enolate from the corresponding 

saturated ketone (Fig. 13). Specific enolates from a,fl-unsaturated ketones 
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may also be obtained with strong bases,136 but mixtures of products usually 

result in reactions designed to give monoalkylated ketones. 

,.., 

o 
R~_ 

~ T 1 
,.., 

o 
R'-Y R~R' 

~ T T 

Figure 14. Specific enolates by dissolving metal reduction. 

Specific lithium enolates may also be obtained by conjugate addition of 

lithium dialkyl cuprates or Grignard reagents to a,~-unsaturated k~tones, or by 

reaction of lithium dialkyl cuprates with a,a'-dibromo ketones.1 53 

Specific enoxyborates 1.2 (Fig. 15) are formed from potassium enolates 

(1. KH, 2. BEt3, room temperature gives the thermodynamic enolate; 1. 

KN(SiMe3)2, 2. BEt3, -78°C gives the kinetic enolate) and alkylated 

regioselectively in 72-86% yield.1 50,160 

OM 

~ ,.., ,., 

Figure 15. Enol ethers and boranes used to generate specific enolates. 

Enols 27161,162 and ~136,163 may be used to generate specific enolates 

by reaction with an organometallic 153, 161 or with fluoride ion (using sHyl 

enol ethers ll153,164,165). Silyl enol ethers II and enol acetates Ia give the 

specific lithium enolate with methyllithium which may be alkylated1 SO or 

treated with the Simmons-Smith reagent (CHZI2, Zn-Cu)150,163 to facilitate 

alkylation by an alkyl halide. Silyl enol ethers II may also be used to generate 

lesser-used alane, stannane, phosphorus, and zinc enols.1 50,153 Alternatively, 
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alane, stannane, phosphorus, and zinc enols may be generated directly or 

from a-bromo ketones,153 Specific enol boranes 29 can be generated, then 

reacted with lithium dimethylaminoethoxide (MelNCHlCHlOLi, probably 

giving a borate) which is then alkylated.166 Regiospecific alkylation requires 

that the specific enols be made, which can be difficult.153 

Alkylation of specific silyl enol ethers II (primarily TMS, R = Me) from 

ketones is often preferred to alkylating specific ketone 

enolates.136,150,153,161,162,164,165 Enol acetates 28 have the disadvantage of 

producing t-butoxide which may cause exchange. Specific sHyl enol ethers II 

have been made by well-developed procedures,167-169 Conditions for forming 

the kinetic170 and thermodynamic 171 trlmethylsilyl enol ethers have been 

developed. Aryl silyl ethers may be converted to ketones via specific enolates 

formed under dissolving metal reduction conditions.1 72 

a-Activating groups promote regioselectivity of enolate alkylation. 

Preferential metalation can be obtained due to chelation of the alkali metal 

with a suitably placed substituent, such as phenyl, 157 vinyl,136 oxygen,173 or 

sulfur159,174(CIPE, Complex Induced Proximity Effect). However, this is 

usually only synthetically practical in cases where the substituent is already 

present and does not need to be removed. A related method generates specific 

enolates from tertiary a-amino ketones175 by taking advantage of additional 

enolate stabilization by nitrogen. p-Hydroxy ketone dianions provide "distal" 

or "proximal" enolates.176 

However, other a-activating groups may be introduced and removed to 

effect regioselective alkylation of ketones, free of over-alkylation. Examples 



47 

of such a-activating groups include esters, cyano, keto, halo, and 

alkylthio.1 3S,136,IS3,IS9,161,162,164,16S,174 Alkylation of the specific enolate 

from the ~-keto ester from cyclohexanone, followed by hydrolysis and 

decarboxylation, is said to be the best to obtain 2-methylcyclohexanone.132,177 

However, it requires two additional steps: adding the ester group and then 

removing it. Saponification of the activating ester group is a side-reaction if 

hydroxide is used to generate the enolate. Metalated a-phenylthioketones,91 ~ 

keto sulfoxides, 91,178 and ~-keto sulfones 91,178 are regioselectively alkylated 

at the carbon bearing sulfur. After cleavage of the phenylthio group, the a

monoalkylated ketone is obtained. 

Dianions from 1,3-diketones,179, 180 ~-keto esters,179-182 a-phenyl 

ketones, 183 fJ-keto sulfoxides,1 78, 184 ~-keto sulfones,1 78 and ~-keto 

aldehydes 180 are regioselectively monoalkylated at the less activated (more 

reactive) y-carbon with one equivalent of electrophile.8S Alternatively, 

regioselective alkylation was obtained from the dianions from ~-(alkylamino)

a,~-unsaturated ketones. 18S 

Hubbard and Harris 186 monoalkylated a,a'-dianion I from ketones 

(acetone, 3-pentanone, and cyclohexanone) with alkylating agents (e.g. alkyl 

halides) under conditions that largely avoided exchange products from 

scrambling of exchangeable protons. Thus, these dian ions reacted very 

quickly and effectively as highly activated monoenolates under mild 

conditions. Much of our research has been directed to extending this initial 

work to a,a'-dialkylation of ketones. 
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Blocking strategies at a-carbons where alkylation is not desired have 

also been employed thereby generating a specific ketone enolate by default. 

a-Formylketone is converted to base-stable groups such as enamines, enol 

ethers, and enol thioethers in the a-position which allows formation of the 

desired enolate.13 2,136 a-Formylcyclohexanone was also alkylated and 

deformylated in one pot. 1B7 

Terminal methyl ketone enolates may be obtained by reaction of acid 

chlorides with titanium methylene complexes. 1BB These terminal titanium 

enolates do not isomerize to the internal enolates. 

Though these strategies are often effective, they can be limited by the 

availability of the required starting ketones to obtain the specific enolates and 

may require additional steps to obtain these. 

Alternatives to Alkylating Ketone Enolates 

Some of the common methods for indirectly a-monoalkylating 

ketones14,135,136,150 will be briefly surveyed here for comparison with the 

methods of this study. Indirect a-monoalkylation is defined here as alkylation 

of ketone derivatives other than ketone enolates J.. These alkylated 

intermediates are then converted back into ketones, the overall result being 

a-monoalkylation of the original ketone. It is clear that indirect methods of 

alkylating ketones involve at least two extra steps (often more) as opposed to 

methods for alkylating ketone enolates directly. However, problems of 

exchange and separation of alkylation products may be reduced in some of 

these indirect methods. 
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The Stork enamine reaction150,189 gives no aldol condensation and is 

regioselective. However, yields are usually poor unless more reactive halides 

(e.g. benzyl, allyl, propargyl, and a-halocarbonyls) are used because 

otherwise N-alkylation can be the main reaction. a,a'-Dialkylated ketones 

often form in reactions with these reactive halides, in contrast to enolates 

where a,a-dialkylation predominates. 

Good yields of mono- and dialkylation are obtained in reactions between 

a-anions from ketimines (metalloenamines)190,191 and aldimines191 ,192 and 

primary or secondary alkyl halides though another metalation-alkylation 

sequence is needed to give dialkylated ketimines,150 Enantioselective methods 

of monoalkylating ketones have been developed using thermodynamic chiral 

metalloenamines. 191 ,193 Similarly, dian; ons from a-nitroketimines, having 

an N-chiral auxiliary, gives stereoselective monoalkylation. 85,194 

Alkylation of metalated N,N-dialkylhydrazones does not produce 

dialkylation because exchange is slow150,195,196 giving alkylation at the less

substituted a-carbon. A method to enantioselectively alkylate ketones involves 

a-lithiated chiral dimethylhydrazones,150,196 Similarly, dianions from mono 

dimethylhydrazones of cyclic 1,3-diketones were regioselectively alkylated at 

C-4.197 

Ketone oxime dianions may be regioalkylated 198 and monometalated 

ketone oxime ethers199 may be stereoselectively alkylated due to metalation at 

carbon which is syn to the oxime oxygen (internal chelation), then 

hydrolyzed to obtain ketones. 
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Other Ketone Syntheses 

Methods that introduce an unfunctionalized alkyl group will be briefly 

surveyed here for comparison to our method. Several indirect methods take 

advantage of umpolung by alkylation and conversion to ketones.200,201 

2-Substituted-l,3-dithianes (Fig. 16),202,203 may be obtained by 

alkylating 1,3-dithiane (or ketalization of RCHO with 1,3-propanedithiol) 

which is then converted to ketones,z04,20S Other bis(alkylthio)acetals,200 

cyclic thioacetals,2 0 0 bisselenoketals (RSe-CHR-SeR),2 0 6 cyan 0 

dithiocarbamate (NC-CHZ-SCSNMez),207 a-alkoxysulfone (PhSOZ-CHZ

OCHMeOEt),208 a-aminonitriles (RZN-CHZ-CN, RZN-CHR-CN),209-211 ~-ester 

imine (PhCH=N-CHZ-COOEt), 212 a-trimethylsilyloxy phospho nates (TMSO-CHR

PO(OEt)z),213 methyl methylthiomethyl sulfoxide (MeS-CHz-SOMe),214 and a

sHyl sulfones (PhSOZ-CHR-SiMe3)21S may be alkylated and converted to 

ketones. Reaction of boranes with lithiated 2-alkyl-l,3-benzodithioles216 

followed by hydrolysis gives ketones (Fig. 16). 

rl 1) base (l H2O 0 
SyS ~ S S ... 

RAR' R 2) R'-Y RXR' acid cat 

O:S)<~ O:S-R 
0 

~ ~ I ~R' ~ 
RAR' ~ S BR'2R" 

S BR'R" 

Figure 16. Umpolung routes to acyclic ketones. 

Dianions from a-thioacetic acids (RS-CHZ-COOH) may be sequentially 

a,a-dialkylated, then decarboxylated to give ketones.91 ,217,218 Dianions from 

carboxylic acids (R'R"CHCOOH) react with oxygen by copper catalysis to 
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decarboxylate and give ketones.219 Dianions from nitroalkanes (R-CH2-N02) 

are monoalkylated and converted to ketones by the Nef reaction)4,220,221 

Monoanions from aryl sulfones (R-CH2-S02Ar) can be alkylated followed 

by removal of the sulfone group2 2 2,223 to give ketones. Protected 

cyanohydrins (R'O-CHR-CN) may be metalated, alkylated, and hydrolyzed to 

give ketones.210,211 a-Bromotosylhydrazones (TsNH-N=CR-CH2Br) react with 

lithium dialkyl cuprates (R'CU2li) to give alkylated hydrazones (TsNH-N=CR

CH2R,)224 which are hydrolyzed to ketones (R-CO-CH2R,).225 This method can 

also give a,a'-dialkylation in 50-88% yield.224 Dialkylation of 2-oxazolin-5-

ones (derived from hippuric acid, PhCONHCH2C02H) followed by hydrolysis and 

oxidation gives symmetrical ketones (RzCO).226 

Organolithiums (RU) add to isocyanides (isonitriles, CN-R') to give vinyl 

anions (R-C(li)=N-R') which give ketones via aldimines.227 Alkylating the 

vinyl anions from bromovinylsilanes (R2C=CBr-SiR'3) followed by oxidative 

cleavage of the silyl group gives regioselectively alkylated ketones (R2CH-CO

R,,).200,228 Vinyl anions via C-Se cleavage from vinyldiselenides 

(R2C=C(SeR')2) can be similarly used. 229 Vinyl anions from vinyl ethers 

(CH2=CH-OR') can be alkyiated203 or reacted with trialkylboranes231 to obtain 

methyl ketones (CH3-CO-R). Bromotrimethylsilyloxyalkenes (Br-CRl=CR2-

OTMS) react with Grignards (RMgX) to give ketones (RRICH-CO-R2).200,232 

Vinyl anions from amidrazones (R'CH2C(NR2")=NNHS02Ar) are alkylated to 

give ketones (R'CH2-CO-R).233 

Organolithiums (RU) and Grignards (RMgX) add to a-haloketones (RICO

CR2R3_X) at the carbonyl carbon followed by rearrangement to give a-
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alkylketones (RICO-CRRZR3).234 Organolithiums (RU) add to nitroalkenes 

(CHZ=C(NOZ)-CHZ-G, leaving group G) to give nitroalkenes (RCHZ

C(N02)=CH2)235 which are converted to methyl ketones (RCH2-CO-CH3).236 

Organolithiums (RIl) add to vinyl ketals (Ph-CH=CH-CR'(OEt)2) to give ketones 

(Ph-CH2-CHR-COR') after hydrolysis.237 

Dialkylboranes monohydroborate 1-halo-1-alkynes to give 1Q (Fig. 17) 

after which an alkyl group migrates to give ketones after oxidation.238,239 

Carbonylation in water under pressure239,240 or cyanidation239,241,242 using 

dialkylthexylborane followed by oxidation gives ketones (Fig. 17). 

Carbenoidation243 using DCME anion (UCCI20Me) with chiral boronic esters 

(R'B(OR)Z) and borinic esters (R'R"BOR) gives chiral ketones. 

Chlorothexylborane-dimethylsulfide hydroboration242 ,244 of unhindered 

ole fins followed by hydride (KIPBH) reduction239 or alkylation of the 

chloroborane (by organolithium or Grlgnard)242 leads to ketones.242,244 

NaOMe R H 
)=< 

H20z, OH
~ ... 

)---tBRR' 

1) H20 
Z) CO, 70 bar, 50°C 

3) H20z 

1) CN-

2) TFAA or acid chloride 

3) [0] 

o 
~R' 

Figure 17. Hydroboration routes to acyclic ketones. 
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a-Bromoketones react with trialkyl or arylboranes in the presence of 

base to give the corresponding a-alkyl or a-aryl ketones in which the 

bromine is removed as a result of alkyl or aryl migration.245 a-Diazoketones 

react in a similar way with organoboranes to give a-alkyl ketones after 

alkaline hydrolysis.246 Terminal alkynes may be deprotonated and reacted 

with trialkylboranes to give borates which may be p-alkylated. Basic oxidation 

of the resultant dialkylvinylborane gives a-alkylated ketones.247 

a,p-Epoxysilanes obtained from oxidation of vinylsilanes248 or from 

addition of a-chlorosilane anion (TMS-CR'(U)-Cl) to ketones248 are easily 

hydrolyzed to alkylated ketones. An indirect several-step method gave 

monoalkylation of a masked acetone a,a '-dianion, 2-( N,N

diethylcarbamoyloxy)allylsilane.249 Transition metal carbonyls such as 

Na2Fe(CO)4 catalyze the reaction of carbon monoxide with benzyl halides to 

give benzyl ketones,250 and alkyl halides and tosylates in the presence of 

ethylene to give ethyl ketones.251 

Trimethylsilyl enol ethers II (R = Me) may also be used in the acid

catalyzed alkylation of ketones.252-254 Many alkylations of ketones have been 

found to proceed better with these acid-catalyzed conditions using 

trimethylsilyl enol ethers than with the basic conditions requir~d for 

enolates. A good example is t-alkylation; it proceeds well with silyl enol ethers 

under acid-catalyzed conditions,252-254 but t-alkylation gives mostly 

elimination under basic conditions with enolates. Alternatively, a-chloroalkyl 

phenyl sulfides (PhS-CHR-Cl) react with sHyl enol ethers by acid catalysis to 
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give a-methyl,255 a-methylene,256 and a-alkyl and a-alkylene257 ketones 

after reductive removal of the phenylthio moiety. 

Esterifications 

Esterifications may be done by a variety of procedures.1 4,150,258 Acid

catalyzed esterification, trans esterification, and diazomethane reaction259 are 

the most well-known, but have some limitations.258 Baeyer-Villiger oxidation 

of unsymmetrical ketones is useful for regioselective oxygen insertion. 14,150 

The efficiency and usefulness of alkylations of carboxylates under a variety of 

conditions have been evaluated in the literature. 14,258,260 A brief summary 

follows of some of the best conditions for esterifications of carboxylates. The 

solvent, metal cation, alkylating agent, temperature, and carboxylate structure 

have large effects on the effectiveness of esterification of 

carboxylates.258,261,262 

Esterifications in different polar aprotic solvents show large 

differences in effectiveness. Alkylations of carboxylates in HMPA were better 

than other methods of esterification in many cases.258 HMPA was found to be 

a much better solvent than DMF, DMSO, or N-methylpyrrolidone.258 Alkyl 

iodides esterified cesium salts,258 and sodium and mercury carboxylates (in 

HMPA) rapidly.261 Sodium and potassium carboxylates in aq HMPA at 25 oc 

have been esterified in high yields by alkyl iodides and bromides.263 

Other polar aprotic solvents have also been used. Sodium carboxylates 

were esterified by alkyl bromides and iodides in dimethyl acetamide264 and 
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DMF.265 Calcium carboxylates were esterified by alkyl halides in DMSO but 

often required long reaction times and/or high temperatures.266 Q)Jaternary 

ammonium carboxylates were esterified by alkyl halides in DMF.260 Other 

hetereogeneous esterifications of potassium acetate in polar aprotic solvents 

have been studied.262 

Other solvents have also been used to esterify carboxylates. Copper (I) 

carboxylates were esterified with primary, secondary, and tertiary halides and 

tosylates 267 in refluxing pyridine· (under conditions where lithium and 

ammonium carboxylates did not react) and with vinyl bromide in various 

solvents.26B Carboxylates were esterified by alkyl halides in refluxing DBU 

(l,B-diazobicyclo[5.4.0]-undec-7-ene) and benzene. 269 However, no 

esterification of mercuric acetate by n-BuI occurred in THF at room 

temperature, but 30% ester was obtained in refluxing THF.261 

The effects of different cations were also studied. Alkylations of cesium 

carboxylates and alkyl iodides were most rapid.25B Mercury carboxyiates gave 

higher yields than silver carboxylates.261 Mercury carboxylates (in diglyme, 

or THF and cat. B(OAc)3), sodium carboxylates (in HMPA), and silver 

carboxylates (in THF with or without cat. B(OAc)3) were esterified by alkyl 

halides including tertiary halides.261 

The type of alkylating agent has been found to dictate the success of 

some esterifications. For instance, esterification of carboxylates worked well 

with very reactive alkylating agents, such as p-nitrobenzyl chloride270 (in aq 

polar solvents under vigorous conditions) and phenacyl halides271 (under 
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milder conditions, which is a useful protecting scheme for acids and 

phenols272). 

Other conditions have also been used to effect esterification of 

carboxylates. Phase transfer catalysis is useful to esterify carboxylates using 

alkyl halides,260,262,273 in some cases without solvent (phase-transfer 

catalyzed alkylations of potassium acetate by alkyl bromides).274 

Among the trends noted above, esterification of carboxylates has other 

advantages. In addition to convenience, simplicity, and mild conditions in 

many cases, sterically hindered carboxylates may be methylated using 

dimethyl sulfate in dry acetone using K2C03 as base105 or trimethyl phosphate 

in aq NaOH.1 07 

However, esterifications of carboxylate salts have some limitations. 

Eliminations complicated the alkylations of carboxylates using 20 alkyl 

halides.258,261 Some esterifications of carboxylates by alkyl halides have used 

large excesses of halide where the goal was not efficient conversion of the 

electrophile,261 but conditions have been worked out to address this.258 

Some less-common alkylating agents have also been used. 

Dinosylsulfonimides (RN(S02Ns)2) esterified lithium 3,5-dinitrobenzoate in 

DMF or DMS0.101 Ditosylamines (RNTS2) reacted similarly to esterify potassium 

acetate in HMPA.275 Pyrylium salts276 gave acetates and benzoates without 

solvent (175-220 oc). Methyl quaternary ammonium acetates (methacetates) 

gave methyl acetate by cleavage in various refluxing solvents.2 7 7 0-

Methylbenzyl acetate was made by esterifying sodium acetate using a 
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quaternary ammonium salt.278 Oxonium ions6,279,280 reacted with carboxylic 

acids in the presence of an amine to give esters. 

Particularly interesting is the bis-esterification of benzoic acid by 

dibromomethane in aq HMPA to give (PhCOO)2CH2 in 86% yield.263 Methylene 

chloride has also bis-esterified ammoniun carboxylates.260 These reactions 

are noteworthy because methylene dihalides gave moderate yields 0 f 

disubstitution, with some oxidation, in reactions with carbanions.79,80,83,92 

Polar solvents (often aq) used to esterify are usually nucleophilic or 

hydrolytic towards alkyl triflates. Therefore, as discussed above, the choice of 

solvents for alkyl triflates to O-alkylate carboxylates is limited to non

nucleophilic non-polar solvents. A solution to incompatibility with solvent 

was shown by the esterification without solvent of a sterically hindered 

primary alkyl triflate in 25% yield (Fig. 18) under vigorous conditions.26 

0 0 
0 0 

OTf ~O- O~ 
100°C, 1 h 

~ 

25% 

Figure 18. Esterification of acetate with an alkyl triflate. 
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Benzylic and Phenolic Alkylatlons 

Benzylic anions ~ are readily prepared due to the hydrocarbon acidity 

of the benzylic position (toluene pKa = 41.2, benzene pKa = 43, cyclohexane pKa 

= 52, same method)57,130,152 Benzylic carbons have been alkylated using 

dialkyl sulfates, alkyl halides, and other electrophiles. Benzylic mono anions 

have been intermediates in alkylations of toluenes,83,281,282 methyl 

naphthalenes,281,282 alkyl tOluates,283 and N,N-dialkyltoluamides.284 

Similarly, benzylic dianions were alkylated to give derivatives of xylenes,83 

and cresol dianions285 gave various C- and O-alkylated products. Dianions 

from 2,6-dimethyl anisoles98,106,286 and dimethylbiphenyls92,287 were also 

useful in giving products difficult to obtain by other methods.80 Dianions 

from toluic acids288 gave C-alkylated derivatives. Anions from heterocyclic 

aromatics such as mono anions from picolines289 and methylpyrazines,290 and 

dianions from lutidines,83 2-methylindole,291 amonoquinoline,292 and 

carboxylic acid derivatives of thiazoles and oxazoles,293 give resonance

stabilized "benzyl-type" carbanions which can be alkylated. 

Phenoxide ions .2 are ambident nucleophiles,294,295 but may be 0-

alkylated in good yields.7 Dialkyl sulfates are most often used to alkylate 

phenoxides, but oxonium ions, 6, 7 alkyl tosylates,7 quaternary ammonium 

salts,296 alkyl iodides,7,63,263,297 alkyl bromides,63,294,295 allylic and 

benzylic halides,294,295 ethylene sulfite ll,127 and methyl triflate7 can also 

be used. 

The rate of ph en oxide alkylation is very sensitive to solvent effects; 

better results were obtained using glyme-type solvents than THF.63 Good 
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alkylation of phenoxide was obtained using methyl iodide in DMF/THF.297 

Sodium phenoxides were quantitatively O-alklylated by alkyl halides in HMPA 

at room temperature and less effective in THF.263 C-Alkylation of phenoxide 

occurs when strong H-bonding solvents are used,294,295 which solvate anions. 

C-Alkylation occurred in hetereogeneous reactions; O-alkylation was the sole 

product for homgeneous redactions.294,295 

a,a'-Dialkylation of Ketones 

Current strategies to a,a'-dialkylate ketones often involve mUltiple 

steps: 1) regiospecific alkylation of the specific ketone enol ate or other 

derivative, 2) isolation of the monoalkylated ketone from a mixture of 

regioisomers, and 3) another regiospecific alkylation of the monoalkylated 

ketone. Some of the methods discussed above for obtaining ketones provide 

alternatives to this strategy. 

Avoiding multiple-step schemes, we wanted to examine the usefulness of 

dianions 7 (Fig. 19) in one-pot syntheses of ketones ~ and ll. Hubbard and 

Harris186 used a,a'-dianions 7 as synthons for highly activated ketone 

monoenolates, because they obtained monoalkylated ketones with minimal 

exchange problems. They did not dialkylate dianions Z. This study involved 

attempts to use a second alkylating agent (R'-Y) to react with specific enolates 

II to learn whether dianions 1 could be dialkylated in one pot without 

significant exchange to give good yields of ketones 24 and ll. 
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0 0 0 0 0 n n- ~-n- R-Y R
n

- R'-Y RyyR' 
~ ~ ~ .... .... .... .... 

J Z 22 ~ (R~ R') 

II (R = R') 

Figure 19. Ketone syntheses using ketone dianions. 

Alkylation of specific enol ate 22 with an alkyl triflate as R'-Y was 

expected to be faster than competing proton exchanges since alkyl triflates 

are among the best alkylating agents known.3,4 A weaker electrophile such as 

an alkyl halide as R-Y reacts with dianion I much faster than with enolate 22. 

Thus, advantage may be gained by the difference in reactivities between the 

alkylating agents R-Y and R'-Y and the nuc1eophiles 7 and 22. 

The potential usefulness of ketone dianions Z has not been fully 

investigated. Since their initial use in 1980,186 only two other reports from 

one lab were found describing their use. Bringmann298 found that alkali 

metal acetone enolates did not react with 33 (Fig. 20) and used 2 eq acetone 

dianion II as a highly activated monoenolate to give 19% acetogenin ~. 

2 

o 
A 

o 01\0 0 
+ Meo~:.JloMe HO"""-°W ~ I 0 

HO 0 
34 

Figure 20. Acetogenin synthesis using acetone dianion. 
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Cyclic Ketones 

Though alkylations of ~-dicarbonyl dian ions using a,ro-dihaloalkanes 

were not reported to give cycloalkanones in several cases,85 we were hopeful 

to obtain cyclic ketones by intramolecular 1,3-bis-alkylation of ketone 

dianions 7 with a,ro-bis-electrophiles. This cyclization represents the last of 

the four reactions in our one-pot synthesis (Fig. 19) and the examples that 

follow provided good precedences for extension to the synthesis of cyclic 

ketones from ketone dianions Z. 

As background, cyclization of various terminal ro-bromoketone enolates 

(Fig. 21) gave cyclohexanones (n = 1, 60-80%) and a cycloheptanone (n = 2, 

36%), in spite of some strain in the transition state leading to 

cyclohexanones. 134 TIlls strain resulted in low yields of some cyclohexanones 

by this method. Best results were obtained using systems that rigidly enforced 

cyclization by appropriate 3,4-alkyl subsituents (and by similar application of 

the gem-dimethyl effect93 in some cases). 

o o R¢: 
R' 

R" n Br 
---..... :.~ 

R"~ Rill Rill 

Figure 21. Cyclization of terminal ro-bromoketone enolates. 

ro-Bromoester enolates89,299 and ro-bromo ~-keto ester enoiates90 were 

similarly cyclized. A noteworthy example is the intramolecular 1,3-bis

alkylation of a ~-keto ester enolate to give the cyclohexanone derivative II 

(Fig. 22) as part of the syntheses of bridged phenols.90 
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o NaH Hydrolysis 
COOEt ~ ~ ~ 

Bl --- Br 
3S 

Figure 22. A cyclohexanone via cyc1ization of a ~-keto ester enolate. 

Cyclohexanone itself was not made by these methods. Syntheses of four

and five-membered cycloalkanones were not successful by this or related 

methods, 134 giving instead cyclic enol ethers. Similarly, other ro-bromo and 

ro-tosyl ketone enolates were cyclized to ketones or vinyl ethers.63 

There are several routes to cyclic ketones involving connection of an 

alkyl chain to a one-carbon synthon. For example, application of umpolung 

methodology gives routes to cyclic ketones.200 Cyclic ketones have been made 

by intramolecular dialkylation of 1,3-.dithianes (Fig. 23),200,300 methyl 

methylthiomethyl sulfoxide (MeS-CHz-SOMe)214 and its sulfone (MeS-CHz

SOzMe),301 cyano dithiocarbamate (NC-CHz-SCSNMez),207 and a-alkoxysulfone 

(PhSOz-CHz-OCHMeOEt).208 Similarly, O-protected metalated cyanohydrins may 

be cyclized and hydrolyzed to give macrocyclic or small ring ketones.302 

1) base ('J 

'-X 
hydrolysis 0 

~O 
(CH2)n 

n=3-7 

Figure 23. Umpolung route to cyclic ketones. 

Z) Br(
CH

2)n
CI ~ . ___ .J 

(CH2)n 
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Reaction of phosphorus ylides with a,ro-dihalides followed by oxidation 

gives cyclic ketones.303 Transition metal catalyzed (Fe(CO)42-) reaction of 

carbon monoxide with alkenes having an ro-substituted electrophilic carbon 

(bromo or tosylate) also can give cyclic ketones.304 

Selective hydroboration of chlorothexylborane-dimethylsulfide gives 

36 (Fig. 24), followed by reduction, intramolecular hydroboration, and 

cyanidation gives a strategy for unsymmetrical ketones to be applied to cyclic 

ketones.30S 

H lei KIPBH cyanidation 
B - ~ ~ 
~ 

~ 

Figure 24. Hydroboration route to cyclic ketones. 

C-,O-Alkylations of Carboxylic Acids 

The pKal for typical carboxylic acids is about 5, while the pKa2 of acids 

bearing a-hydrogens is about 24, similar to that for the a-hydrogen of an 

ester.136,143 Carboxylic acid dianions 8 may be C-alkylated306,307 in a 

widely-used alternative to the malonic ester synthesis. Among many 

examples, the dianion from acetic acid has been C-alkylated by alkyl 

bromides307,308 and reacted with an epoxide309 as part of a total synthesis. 

Acetic acid dis odium salt has been alkylated31 0,311 and carboxylated311 

and the dilithium 141 salts have been prepared and used in reactions. Dianions 
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with one or two alkyl groups on the a-carbon gave 29-80% C-alkylation with 

n -butyl bromide in THF/hexane and 9-93% C-alkylation in 

THF/hexane/HMPA.312 No C- and O-alkylation occurred in these reactions. 

(This was a disappointing precedence because our projected syntheses 

required C- and O-alkylations in one pot, see Fig. 25). A similar precedence is 

exclusive C-alkylation of dianions from toluic acids; no esterifications 

occurred. 288 Dianions from the acetic acid derivatives phenylthioacetic 

acid313 and 2-phenylselenopropanoic acid, 314 and ~-phosphoryl carboxylic 

acid dianions85 are also useful synthons. 

Dianions li from carboxylic acids may be useful in one-pot syntheses of 

esters (Fig. 25). 

o 
-~o-

.... 

R-Y R'-Y 

Figure 25. Proposed ester syntheses from carboxylic acid dianions. 

Alternatives to direct alkylation of metalated carboxylic acids have also 

been used. Chiral oxazolines are used to make a-alkylcarboxylic acids 

enantioselectively.315 Asymmetry induced by the auxiliary chiral reagents 

prolinol316 and 2-oxazolidones317 affords high diastereoselectivity to form a

alky1carboxylic acids. Metalated dihydro-1,3-oxazines and 2-alkyl-4,4-

dimethyl-2-oxazolines may be alkylated with alkyl halides and hydrolyzed to 

give a-monoalkyl carboxylic acids.318 'a,a-Dialkylated acetic acids can be 

made by repeating the reaction using a different alkyl halide. 
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Lactoniza tions 

Many procedures for preparing lactones are reported.1 4,150 Cyclization 

of hydroxy acids is the most direct method for lactone formation and in some 

cases is spontaneous. Baeyer-Villiger oxidations of cyclic ketones and 

oxidations of cyclic ethers also give lactones. Cyclization of c.o

bromocarboxylates93 ,319,320 by internal SN2 has given lactones of ring sizes 

3-16, 18, and 23. An c.o-bromocarboxylic acid in DMF containing lithium 

chloride was lactonized.321 

Efficient synthesis of 5-bromo-2-ethylvalerate87 involving 

monoalkylation of a-lithio t-butyl valerate with 1,3-dibromopropane gave 

precedence for the first alkylation in our proposed syntheses of lactones from 

carboxylic acid dianions ~ (Fig. 26). Alkylation of ~ by a,c.o-bis-electrophiles 

should give lac tones via intramolecular cyclization of carboxylates. 

y~y 

o 
~~o-
~y 

o 

----I~~ ''Q 
Figure 26. Lactones from carboxylic acid dianions. 

Macrolactones have been made from carboxylates having c.o-substituted 

electrophilic carbons. For example, macrolactones have been prepared from 

potassium c.o-bromocarboxylates in DMSO at 100 oC,322 cesium c.o-iodo- and 

bromocarboxylates in DMF for 24 h at 40 oC,323,324 and potassium c.o-mesylate 

carboxylates in a triphasic catalytic method.325 A wide variety of solvents and 

alkali metal cations were tried, as well as c.o-mesylate carboxylates.3 2 4 

Macrolactones (ring sizes: 7, 9, 13, 16, 17)326 have been prepared by solid-
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liquid phase-transfer catalytic lactonization of potassium 00-

bromocarboxylates. 

Other lac tones have been prepared by similar methods from potassium 

oo-bromo- and iodocarboxylates.327 Sodiumoo-bromocarboxylates in 

DMSO/water (99:1) at 50 °C give lactones.328 o-Valerolactone329 has been 

prepared from potassium 5-bromovalerate. A f3-methylene-y-spirolactone has 

beeIl prepared by intramolecular silver ion promoted cyclization of an allylic 

bromocarboxylic acid.330 

AIkylations of Carbonate Ion 

Carbonate ion 2. (Fig. 27) is traditionally used as a base. Since 

carbonate ion has low nucleophilicity, its SN2 reactions with alkylatingagents 

are generally not efficient to form carbonates II and H. 

o 
- A-o 0 

.2 

Figure 27. Carbonates from carbonate ion. 

An example of this is the use of potassium carbonate in the reaction of 

alkyl triflates with alcohols of low nuc1eophilicity to produce ethers, without 

competitive reaction between carbonate ion .2. and alkyl triflate.24,25 Also 

noteworthy is the use of carbonate as base in reactions of highly reactive 

benzyl triflate in which no dibenzyl carbonate was reported.20 However, an 
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example of favorable cyclic carbonate formation was shown by the reaction of 

a hydroxy tosylate (Fig. 28) with sodium bicarbonate to give a tricyclic 

carbonate.26 

OH 

~OTs NaHC~ 

DMSO 

Figure 28. Cyclic carbonate via SN2. 

A variety of methods have been used to synthesize dialkyl carbonates. 

Dialkyl carbonates are obtained from the reaction of phosgene and 

a1cohols.1 4,150 Ethylene carbonate is obtained from glycol and phosgene or 

ethyl chlorocarbonate, ethylene chlorohydrin with NaHC03, ester interchange 

between glycol and diethyl carbonate, or ethylene oxide with coz.127 

Dialkylation of carbonate ion.2 has also been used to obtain dialkyl and 

cyclic carbonates. Potassium carbonate in HMPT was converted to dibenzyl 

carbonate II (R = CHZPh) by benzyl chloride in 67% yield.331 Phase-transfer 

catalysis was also used to alkylate potassium carbonate with alkyl halides to 

give dialkyl carbonates J.6..332 

Potassium carbonate .2 has been converted to dialkyl carbonates 37 (11-

89%) and cyclic carbonates H (66-80%) using organostannyl catalysts in a 

hetereogeneous reaction with alkyl bromides333 and in DMF.334 For example, 

reaction between potassium carbonate and 1,2-dibromoethane in DMF without 

catalyst produced only 3% ethylene carbonate II (n = 0), due to the low 
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solubility and nUcleophilicity of carbonate.333 The solubility of carbonate was 

promoted by the organnostannyl compounds which acted as phase-transfer 

catalysts. Tributylstannyl catalysts (e.g. (Bu3Sn)20 ) worked best and gave 

yields as high as 89% of diethyl carbonate II (R = Et) from ethyl bromide.333 

With 18-crown-6 ether and (Bu3Sn) 2S in acetonitrile, 93% yield of ethylene 

carbonate 38 (n = 0) was obtained from 1,2-dibromoethane.333 

RESULTS AND DISCUSSION 

Exchange Between Ether and Methyl Triflate 

Alkyl triflates react by exchange with ethers (see Fig. 5), a side 

reaction we wished to avoid. The extent of reaction between diethyl ether and 

methyl triflate was monitored by 1 H NMR in CDCl3 at various time intervals 

(Table 1). The % composition of each component is given for the times 

indicated after initial mixing of diethyl ether and methyl triflate. 

Table 1. Exchange between diethyl ether and methyl triflate. 

Time /'O~ MeOTI .... JIll' /'OTf /'OMe MeOMe 

1h 38% 47% 7% 5% 3% 

14h 21% 33% 26% 15% 5% 

63h 10% 16% 44% 18% 12% 

5d 9% 12% 48% 20% 11% 

Assuming that equilibrium is achieved in 5 d, equilibrium formation of 

ethyl triflate has a half-life of about 14 h. The data indicate that ethyl triflate 

formed within 1 h and would give mixtures of methylated and ethylated 



69 

products, especially in sluggish alkylations. Hydrolysis or decomposition of 

methyl and ethyl triflates is probably negligible in the tightly sealed NMR 

tube since no triflic acid was observed in spectra nor was any discoloration 

observed in the NMR sample. 

Alkylations of Ketone Enolates 

The reaction of an alkali metal (Li+ or K+) ketone enolate with an 

alkylating agent represents the last of four steps in our projected one-pot 

ketone syntheses using dianions Z (Fig. 19), so it was important for us to 

develop good conditions for ketone enolate alkylations. Thus, potassium 

enolates from acetone, cyc1ohexanone, and 2,6-dimethylcyc1ohexanones were 

alkylated with alkyl triflates and other alkylating agents in studies which will 

be detailed below. 

As desired, alkyl triflates C-alkylated cyc1ohexanone and 2,6-

dimethylcyclohexanone enolates in high yield without significant exchange 

products from proton scrambling. D-Alkylation was never more than a few 

percent. Alkylation with acetone enolate was not as successful; yields were 

lower and exchange was not avoided. 

The manner of electrophile addition (direct vs. inverse) may have had 

some effect on these reactions. Slightly higher yields were obtained by 

inverse addition. The reason is not known, but slow inverse addition may 

facilitate consumption of enolate rapidly (since electrophile is initially 

present in high concentration) so that exchange is lessened while obtaining 
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high yields of alkylation.132 Inverse addition gave slightly higher yields in 

alkylations that were not fast enough to prevent proton exchange from 

competing and was done to improve some yields obtained by direct addition; 

inverse addition did not improve reactions that went in low yield with direct 

addition. 

Alkylatlons of Acetone Enolate 

Potassium acetone enolate .a2. was generated and alkylated in ether with 

electrophiles (Table 2). Reactions using ethyl triflate gave up to 62% a

monoalkylation (reaction 7), compared to a maximum of only 26% with alkyl 

halides (reaction 4), but exchange was not avoided in any case (in contrast to 

alkylations of cyclohexanone enolate below). Q-Alkylation was not observed 

in any case. 

Table 2. Alkylations of acetone enolate. 

Reaction # R-Y 

1 Br(CHZ)3Br 
2 n-BuI 
3 Et01f 
4 EtBr 
5 EtOTti 
6 Et01f 
7 EtOTti 

o 
A-
12. 

R-Y 

Solvent 

EtzO 
EtzO 
EtzO 
EtzO 
EtzO 
EtzO 
EtzO 

a Molar ratios of products from NMR. 
i Inverse addition. 

o 
~R 

Temp(oC) 

0...25 
0...25 
-70 
0...25 
0...25 
0...25 

0 

Time(h) 

16 
18 
0.5 

16 
1 
0.5 
0.25 

Yield(%)a 

0 
10 
16 
26 
31 
49 
62 
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Reaction 2 (using 1.0 eq KH, 1.0 eq n-BuI, and direct addition) gave 10% 

2-heptanone ~ (Fig. 29) as the only alkylated ketone observed. Reaction 4 

(using 1.2 eq KH, 2.0 eq ethyl bromide, and direct addition) gave 26% of the 

desired 2-pentanone 41, but also 4% 4-heptanone ~ and 15% 3-ethyl-2-

pentanone ~ from exchange, and 55% recovered acetone, as determined from 

their 2,4-DNP hydrazones (synthesized in >95% yield, based on gravimetric 

analysis of control reactions with standards). The products represented 64% 

total alkylation based on ethyl groups. 

Figure 29. Ketones from alkylation of acetone enolate with alkyl halides and 
ethyl triflate. 

In reaction 4, exchange was competitive with alkylation (Fig. 30), with 

the product 43 from the thermodynamic enolate predominating over ~ from 

the kinetic enolate. Exchange in reaction 4 was probably facilitated by excess 

KH. The 55% acetone recovered indicated that alkylation was not complete 

with ethyl bromide, even after 16 h. 

0 0 0 
)VEt _)VEt 

~ ... 
)VEt .. 

~ ! EtBr ! EtBr 

0 0 
EtVVEt ~Et 

Et 
~ ~ 

Figure 30. Exchange products from 2-pentanone enolates with ethyl 
bromide. 
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Reaction 3 (using 1.0 eq KH, 1.0 eq EtOTf, and direct addition) gave 16% 

of the desired 2-pentanone.1!. Alkylations at -70 °C for short times with EtOTf 

do not proceed well with this enolate. No exchange products such as £ or 43 

were observed. Alkylations with EtOTf at -70 °C for 12 h and at -30 °C for 6 h 

showed no major improvements in yields. Reaction with Mel was not as good; 

potassium enolate from 2-hexanone generated under kinetic conditions (-60 

oC, 30 min) did not react with 1.5 eq Mel at -60 °C in ether. Only starting ketone 

was recovered. 

Reaction 5 (using 1.0 eq KH, 1.0 eq EtOTf, and inverse addition) gave 31% 

of the desired 2-pentanone~, 18% 4-heptanone~, 16% 3-ethyl-2-pentanone 

43, and 35% recovered acetone. More 2-pentanone than in reaction 3 was 

obtained at. higher temperature and with longer time, but exchange products 

were now significant. 

Reaction 6 (using 1.0 eq KH, 1.0 eq EtOTf, and direct addition) gave 49% 

of the desired 2-pentanone ~, 12% 4-heptanone 42, 13% 3-ethyl-2-pentanone 

43, and 26% acetone. The reaction was shorter than reaction 5, but gave 

slightly more 2-pentanone, less recovered acetone, and slightly less exchange. 

Reaction 7 (using 1.0 eq KH, 1.0 eq EtOTf, and inverse addition) for a 

shorter time gave 62% of the desired 2-pentanone ~ . .L 18% 3-ethyl-2-

pentanone 43. and 20% recovered acetone. Less exchange occurred since 4-

heptanone ~ was not observed. If exchange had not produced 4-heptanone in 

reaction 6, the yield of the desired 2-pentanone would have been similar to 

62% as in reaction 7. 
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Obtaining good yields of the desired 2-pentanone ~ while avoiding 

exchange was thus not accomplished in reactions with acetone enolate. Proton 

exchange to the thermodynamic enolate was faster than alkylation of the 

kinetic enol ate since 3-ethyl-2-pentanone 43 was usually the predominant 

product from exchange. Terminal a-protons are known to exchange faster 

than internal a-protons (1.8-1.6 times faster for 2-butanone and 3.4-2.5 times 

faster for 2-pentanone).136 

Reaction 1 with I,3-dibromopropane was a proposed short route to 

intermediate ro -bromoketones (similar to routes used for ro

bromoesters87,89,299), usually obtained by multiple steps.1 34 This reaction 

was a model for determining the effectiveness of 1,3-dibromopropane in a 

one-pot synthesis of cyclohexanone using acetone dianion H. Enolate 39 

(using 3.7 eq KH, 30 min, ether) with 1.0 eq 1,3-dibromopropane (direct 

addition at OOC, 1 h at OOC, then overnight at 25 OC) gave good yields of 

alkylated products based on recovered I,3-dibromopropane (4%), but these 

underwent elimination of HBr (Fig. 31). No 6-bromo-2-hexanone 44 (the 

desired product), allyl bromide, or other products having -CHlBr groups were 

detected. The reaction instead gave 5-hexen-2-one 45, 3-propenyl allyl 

acetone 46. and I-propenyl allylacetone 47 by IH and BC NMR but these were 

not separated. Enough KH was present to generate enolates which can cause 

elimination, though it was shown that 20 and 30 halides give more elimination 

than 10 halides.335 The eliminations observed here were likely facilitated by a 

favorable six-membered transition state. The large amounts of elimination 

observed here are at variance with cyclization of 6-bromo-2-hexanones to 

cyclohexanones in polar aprotic solvents (HMPAIethers), which gave only 5% 
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elimination. 134 It is likely that the 3- and 4-alkyl substituents on these 6-

bromo-2-hexanones had a large effect on cyc1ization v. elimination. 134 

0 fast 0 
0 C- Br ~H-A- Br ............... Br 

slow exchange 

"" 
,. 

~ 44 Br 

! 
0 0 0 

-6 II1II--.. c- exchange ~ 
OIl 

! ! 
I 

alkylation, ~ 
exchange, 
elimination 

0 0 

~ ~ 
~ ~ 

Figure 31. Reaction of acetone enolate with 1,3-dibromopropane. 

Using a slight deficit of KH to generate enolate and 1.0 eq 1,3-

dibromopropane (direct addition) gave 38% elimination products (consisting 

mostly of 45. and traces of ~ and 47). Though the yield was lower than for 

reaction 1, elimination was still predominant. No characteristic 1 H NMR 

absorptions for -CH2Br groups were observed. 
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Alkylatlons of Cyclohexanone Enolate 

Methyl and ethyl triflates reacted with potassium cyc1ohexanone 

enolate ~ in high yield (81-86%) in ether or hexane, largely avoiding 

products from exchange (Table 3). These results are significantly better than 

of alkylations with alkyl halides and sulfates (and alkylations of acetone 

enolate, Table 2). If the reactions using alkyl triflates were allowed to warm 

to 2S °C then 3-7% exchange occurred (reactions 9, 10, 12) with alkyl triflates. 

Some O-alkylation (6%) was observed with alkylation by dimethyl sulfate and 

in reactions for extended times. 

Cyc1ohexanone enolate 48 was generated in ether. Alkylations were 

done in ether or hexane. Since exchange between ether and alkyl triflates3 ,4 

(Table 1) was not competitive with alkylation of cyc1ohexanone enolates by 

alkyl triflates, it was not necessary to replace ether with hexane to avoid this 

side-reaction. This was shown by not obtaining 2-ethylcyc1ohexanone from 

any of the methyl triflate reactions in ether. 
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Table 3. Alkylations of cydohexanone enolate. 

0 R-Y 0 

6- ... a R 

~ 

Reaction # R-Y Solvent Temp(oC) Time(h) Yield(%)a 

1 n-BuBr EtZO 2S 
2 n-Bul EtZO 0-+25 
3 PhCHZCI Etz° 0-+25 
4 Mel Etz° 0-+25 
5 MeZS04i EtzO 2S 
6 MeOTfC EtZO -50-+25 
7 Mel Hexane -10-+25 
8 Meli EtZO 0-+25 
9 Et01I EtzO 0+25 

10 MeaTf EtzO/Hexe 25-35 
11 Et01I Hexane -30~25f 
12 MeaTf Hexane -30-+25 
13 MeaTf EtzO -30 

a Molar ratios by preparative and analytical GC and NMR. 
b Products not volatile, molar ratios by NMR. 

18 
18 
18 
0.3 
6 

18 
1 
4 

18 
0.3 
1 
1.25 
1 

c Large excesses of KH and MeOTf to observe exchange products. 
d 7% exchange. 

42 
44 
41b 
ffi 
ffi 
67c 
70 
75 
81d 

84e 

85f 
86g 
86h 

e 3% exchange. Reaction heat boiled off most of the ether, hexane added. 
f No exchange. 15 min at -30 0c, 45 min after cold bath removed (25 0C?). 
g 5% exchange. 
h 1 % exchange. 
i Inverse addition. 

Undesired exchange products were lessened by the use of alkyl triflates 

since they are better alkylating agents than alkyl halides and dialkyl sulfates, 

thereby consuming enolate before the time required for any significant 

proton exchange to occur. However, exchange was fast enough under some of 

the conditions employed so that exchange products were not avoided at 0 °C. 

Lower temperatures and/or shorter reaction times reduced exchange products. 
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To examine the distribution of exchange products, cyc1ohexanone 

enolate was alkylated with methyl triflate under conditions which favor 

exchange. Reaction 6 (using 2.4 eq KH, 2.5 eq methyl triflate, and direct 

addition at -50 0C then overnight at 25 OC) gave 67% 2-methylcyclohexanone 

~ (Fig. 32), 7% cis-2,6-dimethy1cyc1ohexanone .ill, 2% trans-2,6-

dimethylcyc1ohexanone g, 7% 2,2-dimethylcyc1ohexanone g, 7% 2,2,6-

trimethylcyc1ohexanone 53, 5% of what is likely methyl vinyl ethers, and 5% 

cyc1ohexanone. Exchange products thus amounted to 23%. This distribution of 

products gave a rough standard for comparison with other reactions. That 5% 

cyc1ohexanone was recovered suggested that a high yield of monoalkylated 

cYclohexanone in other reactions would be 95%. 

Figure 32. Products from methylation of cyc1ohexanone enolate. 

Primary and benzyl halides (reaction 1-3) gave incomplete alkylation 

(2-56% recovered cyc1ohexanone), moderate monoalkylation (41-44%), and 

considerable exchange (2-32%) in reactions with cyclohexanone enol ate ~. 

Reaction 1 (using 1.1 eq KH, 1 h ether) with 1.1 eq n-butyl bromide (direct 

addition at 25 oC, then overnight at 25 oc) gave 42% of the desired 2-n

butylcyc1ohexanone 54 (Fig. 33), 2% 2,2-di-n-butylcyc1ohexanone 55, and 

56% cyc1ohexanone. 



o a n-c. H, 

54 

Figure 33. Ketones from alkylation of cyclohexanone enolate with alkyl 
halides. 
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Reaction 2 (using 1.2 eq KH, 2 h ether) with 1.5 eq n-butyl iodide (direct 

addition at 0 oC, then overnight at 25 oc) gave 44% of the desired 2-n

butylcyc1ohexanone ~,4% 2,2-di-n-butylcyclohexanone ll, 4% 2,6-di-n

buty1cyclohexanones 56, and 48% cyclohexanone. 

Reaction 3 (using 1.1 eq KH, 1.75 h ether) with 1.0 eq benzyl chloride 

(direct addition at 0 oC, 1 h at 0 oC, then overnight at 25 OC) gave 41 % of the 

desired 2-benzylcyclohexanone E 28% 2,2-dibenzy1cyclohexanone ~, 4% 

2,6-dibenzy1cyclohexanones ~ 2% benzyl chloride, and 2% cyclohexanone. 

Other aromatics (23%) were not identified. Among dialkylation products, much 

more ~ from thermodynamic enolate (28%) was found than ~ from kinetic 

enol ate (4%). 

Alkylations with methyl iodide (reactions 4, 7, and 8) in hexane or ether 

went in good yield (60-75%) but large excesses of methyl iodide were required 

and the reactions were still not complete (5-27% cyclohexanone) and gave 

significant amounts of products from exchange (8-25%). Reaction 8 (using 1.1 

eq KH, 1.5 h ether) with 5.0 eq methyl iodide (inverse addition at 0 oC, 2 hat 0 

oC, then 2 h at 25 OC) gave 75% 2-methylcyclohexanone 49, 2% cis-2,6-
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dimethy1cyclohexanone ~ 2% trans-2,6-dimethy1cyclohexanone 51, 4% 2,2-

dimethy1cyclohexanone g, and 17% cyclohexanone. 

In reaction 7, more KH was used in an effort to decrease recovered 

cyclohexanone. Reaction time and temperature were decreased to offset 

exchange expected with the excess KH. Changing the solvent to hexane was 

also expected to decrease exchange. Using 1.2 eq KH and 5.9 eq methyl iodide 

(direct addition at -10 oC, then 20 min from -10 to 10 oC, then 40 min from 10 to 

25 OC), reaction 7 in hexane gave 70% 2-methylcyclohexanone ~ 15% 2,2-

dimethy1cyclohexanone 52, 10% 2,6-dimethylcyclohexanones 50 and 51, and 

5% cyclohexanone. The yield was thus about the same as in reaction 8, but the 

amount of exchange products unexpectedly increased. 

In reaction 4 the reaction time was lessened to reduce exchange as well 

as the amounts of KH and methyl iodide. Using 1.1 eq KH and 2.2 eq methyl 

iodide (direct addition at 0 oC, then 20 min at 25 OC), reaction 4 gave 60% 2-

methy1cyclohexanone 49, 13% 2,2-dimethylcyclohexanone 52, <1% 2,6-

dimethy1cyclohexanones ~ and 51, and 27% cyclohexanone. The yield was 

lower than in reactions 7 and 8 and exchange products were still formed. 

Low temperature (-60 oc) alkylations with methyl iodide to reduce 

exchange did not proceed in synthetically useful yields; the cost of reducing 

exchange products was poor yield of product. Hubbard and Harris also found 

that potassium enolates do not react well at low temperature with methyl iodide 

and other electrophiles.186 
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Incomplete and moderate alkylation with dimethyl sulfate (reaction 5) 

also gave exchange. Inverse addition was used based on the best result with 

methyl iodide (reaction 8). Reaction 5 (using 1.5 eq KH, 2.25 h ether) with 1.0 

eq dimethyl sulfate (neat, inverse addition at 25 0C over 1 h, then 6 h at 25 OC) 

gave 60% 2-methylcyclohexanone ~ 6% 2,2-dimethylcyclohexanone 52. 6% 

methyl vinyl ethers, and 1% 2,6-dimethylcyclohexanones ~ and li, and 27% 

cyclohexanone. 

More dimethyl sulfate was tried to increase the yield of monoalkylation 

and the reaction time was shortened and less KH was used to reduce exchange, 

but exchange products were still observed and the yield decreased compared to 

reaction 5. Using 1.5 eq dimethyl sulfate (inverse addition at 0 oC, then 2 hat 

25 0 C) and 1.1 eq KH, 40% 2-methylcyclohexanone ~ 3% 2,2-

dimethylcyclohexanone 52, <1% 2,6-dimethylcyc1ohexanones SO and 51, and 

57% cyc1ohexanone were obtained. 

Equivalent amounts of all reagents were used in a shorter reaction of 

enolate with dimethyl sulfate (inverse addition at 0 oC, 15 min at 0 oC, then 30 

min at 25 OC) to give 60% 2-methylcyc1ohexanone ~,3% 2,2-

dimethylcyclohexanone 52, <1% 2,6-dimethylcyc1ohexanones ~ and 51, and 

37% cyc1ohexanone. Slightly less exchange and no o-alkylation were observed 

compared to reaction 5 with the same yield of C-monoalkylation. 

Alkyl triflates reacted well (reaction 9-13, 81-86%) in ether or hexane. 

Reaction 9 (using 1.0 eq KH, 1.0 eq ethyl triflate, and direct addition at 0 0C 1 h, 

then overnight at 25 oc) gave 81% 2-ethylcyc1ohexanone .§Q (Fig. 34), 5% 2,2-
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diethylcyclohexanone 61.2% 2,6-diethylcyclohexanones g and 63, and 12% 

cyclohexanone. 

Figure 34. Ketones from ethylation of cyc1ohexanone enolate. 

Reaction 10 (using 1.1 eq KH, 1.2 eq methyl triflate, and direct addition 

at 25 oC was exothermic causing ether loss, replaced with 40 mL hexane, total 

time: 20 min) gave 84% 2-methy1cyc1ohexanone ~ 3% 2,2-

dimethylcyclohexanone 52, and 13% cyclohexanone. 

Reaction 11 in hexane (using 1.2 eq KH, 1.5 h ether) with 1.3 eq ethyl 

triflate (direct addition at -30 °c, 15 min at -30 oC, then 45 min without the cold 

bath) gave 85% 2-ethylcyclohexanone .§Q, and 15% cyclohexanone. Reaction 

11 was the cleanest possibly because the temperature was low enough to avoid 

exchange products (the final temperature was not known with certainty). 

Alternatively, enolate and base may have been consumed before removal of 

the cold bath. 

Reaction 12 (using 1.2 eq KH, 1.2 eq methyl triflate, and direct addition 

at -30, then 15 min at -10 oc, 30 min from -10 to 10 °C, 30 min from 10 to 25 oC, 

total time: 1.25 h) in hexane gave 86% 2-methylcyclohexanone ~, 5% 2,2-

dimethylcyclohexanone g, and 9% cyc1ohexanone. 
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Reaction 13 (using 1.1 eq KH, 4.25 h ether) with 1.0 eq methyl triflate 

(direct addition at -30 oC, then 1 hat -30 OC) gave 86% 2-methylcyc1ohexanone 

£!, 1% 2,2-dimethy1cyc1ohexanone g, and 13% cyc1ohexanone. 

Alkylations of 2,6-Dimethylcyclohexanone Enolate 

Exchange products (29-55%) were observed in reactions with methyl 

iodide; alkylations of the original enolate 64 were not rapid and gave poor to 

moderate yields of the desired monoalkylated product, 2,2,6-

trimethylcyc1ohexanone II (6-63%, Table 4). Less exchange (1%) and higher 

yields (87-96%) were obtained with methyl triflate in ether or hexane. More 

O-alkylation (0-6%) was observed with reactions of 2,6-

dimethy1cyc1ohexanone enolate than with the other ketone enolates. 

Table 4. Methylations of 2,6-dimethy1cyc1ohexanone enolate. 

0 R-Y 0 

D ... L)<Me 
64 II 

Reaction # R-Y Solvent Temp(oC) 

1 Mel EtzO 25 
2 Mel EtzO -30-+25 
3 Mearr Hexane -30~25 

4 Mearr Et20 -30-.25 

a Molar ratios by preparative and analytical GC and NMR. 
b 1 % exchange. 

Time(h) Yield(%)a 

18 6 
1 63 
1 87b 
1 96b 
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Significant exchange in reaction 1 decreased the yield of monoalkylated 

ketone 53 (Fig. 35). Reaction 1 (using 1.2 eq KH) with 10.6 eq methyl iodide 

(direct addition at 25 oC, then overnight at 25 oc) gave 6% of the desired 2,2,6-

trimethylcyc1ohexanone 53, 55% 2,2,6,6-tetramethylcyc1ohexanone~, 5% 2,6-

dimethylcyclohexanones 50 and ~!" and 3% of what is likely methyl vinyl 

ethers~. The remaining material was not identified. That so much 2,2,6,6-

tetramethycyc1ohexanone ~ was produced indicated that exchange involving 

the desired product II was much faster than the desired alkylation. 

0 Mel 0 

'& ~ '6< 53 slow 

~ 

Cast 1 exchange 

0 0 

>6< ~ ~ 
~ 

Figure 35. Methylation and exchange of 2,6-dimethylcyclohexanone enolate. 

Alkylations of enolates were usually clean, giving readily identifiable 

products. In this case (reaction 1), the earliest GC fraction gave a significant 

amount of unidentified material which did not have typical NMR absorptions 

for protons alpha to a ketone, but seemed to be derived from 2,6-

dimethylcyclohexanones. Methyl vinyl ethers (3%) were also in this fraction. 

Reaction 2, done under much milder conditions (using 1.2 eq KH, 4 h 

ether) with 2.4 eq methyl iodide (direct addition at -30 oC, 15 min at -30 °C, then 
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45 min after removal of the cold bath) gave 63% of the desired 2,2,6-

trimethylcyclohexanone ll, 29% 2,2,6,6-tetramethylcyclohexanone ~, and 8% 

2,6-dimethylcyclohexanones ~ and ll. The reaction did not give the same 

unidentified material seen in reaction 1. These mild conditions also favor c

over O-alkylation since no methyl vinyl ethers were observed. However, 

exchange product (29%) was still not avoided and the yield of the desired 53 

was moderate (63%). 

Reaction 3 in hexane (using 1.2 eq KH, 5 h ether) with 1.2 eq methyl 

triflate, and direct addition at -30 oc, 15 min at -30 oc, then 45 min after 

removal of the cold bath) gave 87% of the desired 2,2,6-

trimethylcyclohexanone 53, 6% of what is likely methyl vinyl ethers, 6% 2,6-

dimethylcyclohexanones ~ and a and 1% 2,2,6,6-tetramethylcyclohexanone 

~. 

Similarly, reaction 4 in ether with enolate ~ and methyl triflate gave 

96% 2,2,6-trimethy1cyclohexanone ~, 2% methyl vinyl ethers, 1% 2,2,6,6-

tetramethy1cyclohexanone ~ and 1% 2,6-dimethylcyclohexanones ~ and ll. 

Effective alkylation by methyl triflate thus occurs in hexane or ether. 

Esterifications of Carboxylates 

We wished to explore the use of alkyl triflates in esterifying 

carboxylates and encountered solubility problems. Some esterifications with 

alkyl halides that are not effective in non-polar solvents work very well in 

polar aprotic solvents.258,261,262 For example, n-butyl iodide does not esterify 
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sodium acetate in THF, but 99% n-butyl acetate is obtained in HMPA.261 

However, alkyl triflates react with polar aprotic solvents such as 

DMF.30,31,44,62 

Before trying alkyl triflates, we esterified sodium acetate with alkyl 

halides in good yield in hot DMF (Table 5) as models for the last step (0-

alkylation) in a one-pot synthesis of esters (Fig. 25) and lac tones (Fig. 26) 

from carboxylic acid dianions. We found that refluxing THF did not give 

esterification (reactions 1-3), but that DMF at higher temperatures (reactions 5 

and 6) gave high yields. 

Table 5. Esterifications of acetate with alkyl halides. 

Reaction # R - Y 

1 b CICH2CH2CI 
2 n-BuBrc 
3 PhCH2CI 
4 n-BuBr 
5 PhCH2Cld 
6 n-BuBre 

a Molar ratios by NMR. 
b Silver acetate. 

Solvent 

TIIF 
TIIF 
TIIF 
DMF 
DMF 
DMF 

R-Y o 
)J..OR 

reflux 
reflux 
reflux 

2S 
reflux 

f 

Time(h) 

64 
17 
19 
48 
20 
24 

o 
o 

23 
100 
100 

c Phase-transfer cat (0.02 eq tetra-n-butylammonium bromide).260,273 
d 0.70eq. 
e 0.74 eq. 
f Gentle heating < 100 °C. 

Since aq DMF reacts with alkylating agents99-101 to give formates, it is 

important to use dry DMF in these reactions. DMF is also known to be unstable 

to acids and bases) 0 1 Silver acetate was expected to be very nucleophilic 
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(reaction 1), yet acetate was not esterified even in refluxing THF (reactions 1-

3) with phase-transfer catalysis (reaction 2) and with reactive benzyl chloride 

(reaction 3). 

Sodium acetate reacted quantitatively (reaction 5) with benzyl chloride 

in dry refluxing DMF to give benzyl acetate n!i,. No benzyl chloride was 

recovered. That heating is required for effective esterification of sodium 

acetate is shown by comparing reactions 4 and 6. Reaction 4 with n-butyl 

bromide at 25 0C gave 23% n-butyl acetate g whereas reaction 6 with gentle 

heating gave quantitative esterification, since n-butyl bromide was not 

recovered. 

Esterification of lithium carboxylates (Fig. 36) with 1 eq n-pentyl 

iodide in 5:1 HMPAIethanol was reported to give 43% diester, 41% monoester, 

and 16% starting diacid. 258 This dilithium salt was not completely soluble, but 

the monoalkylated salt was more soluble and gave diester before all the 

dilithium salt reacted. Ethanol was used to increase the solubility of the dibasic 

salt. 

LiDy°9 
~OLi 

m = 7, n = 8 or n = 7, m = 8 

Figure 36. Dilithium salts of 9- and 10-carboxystearic acids. 

This esterification may be compared to our esterifications of potassium 

and lithium pimelates ~ by methyl and ethyl triflates (Table 6), which gave 

moderate yields of esters 22 in non-polar solvents. 



Table 6. Esterifications of pimelate with alkyl triflates. 

o 0 

MO~OM 
~ 

ROTf 

Reaction # Rarf Solvent 
1b MeOTf EllO 
2c Mearf Hexane 
3c Et01f Hexane 
4b Mearf EtZO 

a Molar ratios by NMR. 
b Dipotassio. 
C Dilithio. 
d And 60% ethyl ester. 

o 0 

RO~OR 
~ 

Temp(oC) Time(h) 

-60 1 
0-+25 72 

25 48 
0-+25 72 
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Yield(%)a 

5 
24 
40 
4Qd 

Potassium pimelate 68 (using KH) in diethyl ether reacted with methyl 

triflate (reaction 4) to give a mixture of esters comprising 60% ethyl ester and 

40% methyl ester. Exchange of methyl triflate with diethyl ether is a 

significant problem here. However, complete esterification of pimelate was 

observed. 

Attempts to avoid exchange were not successful in synthetically useful 

yields. Reaction 1 attempted to avoid exchange with ether under milder 

conditions. Potassium pimelate 68 (using 2.0 eq KH) with 4.0 eq methyl triflate 

in ether gave only 5% dimethyl ester 2.2., and no ethyl ester. In hexane, 

reaction 2 with lithium pimelate ~ (using 2.1 eq n-BuU) with 2.1 eq methyl 

triflate gave 24% methylation. 

The crude product from reaction 2, like pimelic acid, was not soluble in 

CDCI3, an indication of low yield of ester which should be soluble. The 

dilithium salt would be expected to be less reactive than the more ionic 
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dipotassium salt. The dilithium salt was more soluble than the dipotassium salt 

as with other dibasic acids.258 Similarly, reaction 3 of lithium pimelate il 

with ethyl triflate in hexane for 2 d also avoided exchange, giving 40% ethyl 

esters .!!2 and 60% pimelic acid. 

Therefore, esterifications of carboxylates by alkyl triflates give good 

yields in diethyl ether, but a mixture of esters result from exchange. In 

hexane, the yields are not competitive with other methods of esterification. 

Thus this esterification is limited to cases where exchange can be made 

invisible by using an ether solvent which exchanges to give the same alkyl 

triflate as originally added. 

In reaction 4, it is possible that esterification with methyl triflate in 

diethyl ether formed the desired diester in good yield. Methyl triflate was 

present in excess (20 mol %) and the reaction time was long (3 d), conditions 

favorable for equilibrium formation of ethyl triflate by exchange, which 

could react to give ethyl esters by transesterification. 

A more likely possibility is that exchange between diethyl ether and 

methyl triflate is competitive with esterification of carboxylates, forming 

mixed esters from esterification of carboxylates by the eqUilibrium mixture of 

ethyl and methyl triflates. 
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Lactonizations of Carboxvlates 

We wanted a method to cyc1ize the intermediate ro-halo or ro-triflate 

carboxylates to lactones under our one-pot conditions using carboxylic acid 

dianions (Fig. 26). Lactonization of ro-bromocarboxylates by phase-transfer 

catalysis326 was the most adaptable to our conditions. S-Bromovalerate 70 

(Fig. 37) was generated using 10 ml aq methanolic base. In the process of 

removing residual solvents to purify the carboxylate by heating a few h in 

vacuo at 90-100 oC, a liquid condensed inside the flask. This liquid (by NMR) 

was o-valerolactone 11 (thermally unstable) and polymer/oligomer 72 from 0-

valerolactone. We verified that S-bromovaleric acid lactonized when heated in 

the presence of bases without any solvent, in agreement with a synthesis of 0-

valerolactone329 in 98% yield from S-bromovaleric acid with K2C03 at 40 0C for 

2 h, conditions similar to those of Regen (2 h in vacuo at 90-100 oC).326 

o 
~o- aqMeOH~ 
l...,;:: base Br 

70 

Figure 37. Lactonization of S-bromovalerate. 

It is interesting that Regen326 did not give results regarding phase

transfer catalytic lactonization of 5-bromovaleric acid (commercially 

available) to form o-valerolactone 11 because their conditions for preparing 

macrolactones via ro-bromocarboxylates by removing residual solvent (2 h in 

vacuo at 90 oc) would have given o-valerolactone and polymer/oligomer II 

without subsequent phase-transfer catalytic lactonization (used for other 

lactones). This fact was verified here using their conditions.326 
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Potassium 5-bromovalerate ZQ prepared above (heated 3 h) with 10 mL 

methanolic aq KOH was stirred in toluene with 4 mol % tetra-n

butylammonium iodide 23 h at 90 oC326 (phase-transfer catalysis) and gave 

40% b-valerolactone 71. 30% polymer/oligomer 72. 18% methyl 5-

bromovalerate 74. and 12% 5-bromovaleric acid. Conversion of 5-

bromovaleric acid was good. Methyl 5-bromovalerate was formed (HO- cat.) 

from the methanol solvent used to generate the carboxylate. 

Similarly, heating lithium 5-bromovalerate 70 (from LiOH) for 12.5 h 

followed by phase-transfer catalytic lactonization gave 2% b-valerolactone 71, 

85% polymer/oligomer 72. 11% methyl 5-bromovalerate 74. and 2% 5-

bromovaleric acid. Again, conversion of 5-bromovaleric acid was good. In 

both cases, b-valerolactone probably formed in good yield and then 

polymerized, though it is possible for polymer to form directly. Lithium 5-

bromovalerate was heated several h giving more ring-opening, while the 

potassium 5-bromovalerate was heated 3 h and gave more b-valerolactone. 

Similarly, heating potassium 5-bromovalerate 12 (from KOH) overnight 

followed by phase-transfer catalytic lactonization gave polymer/oligomer 1.1:. 

and no b-valerolactone 71. Potassium 5-bromovalerate from KZC03 (heated 12.5 

h) gave the twelve-membered cyclic dimer 73 and polymer/oligomer 72 but 

no b-valerolactone. It was clear that prolonged heating lowers the yield of 6-

valerolactone (3 h vs. overnight) either by ring-opening and/or volatility (b

valerolactone bp 218-20 oC, 113-4 0C/14 torr, 58-60 0C/0.5 torr). Loss in workup 

was avoided by thorough ether extraction of the salted-out aq layer since b

valerolactone is also water-soluble. 
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Applying the o-valerolactone synthesis to e-caprolactone329 gave 30% 

yield, whereas phase-transfer catalysis3 2 6 gave 92% e-caprolactone. In 

addition, 27% o-valerolactone was reported329 using the phase-transfer 

catalysis procedure,326 compared to our 40% using the same procedure,326 

which is good for ring sizes 7, 9, 13, 16, and 17. It is reasonable that the high 

yield (98%)329 of o-valerolactone is a unique case for the reported 

procedure.329 Our application of the phase-transfer catalysis procedure326 

to o-valerolactone suggested that significant amounts of o-valerolactone were 

formed while heating with base before phase-transfer catalytic reaction.326 

In addition, the latter reaction (90 oe, several h) could have destroyed 0-

valerolactone. 

Another method of lactonizing lithium 5-bromovalerate 70 (4.97 mmol, 

0.90 g) using 0.9 eq n-BuU (hexane) in 100 mL THF for 16.5 hat 25 oe gave only 

10% o-valerolactone 71, 24% polymer/oligomer 72, 64% 5-bromovaleric acid, 

and 2% 4-pentenoic acid ll. 

Alkylatlons of Benzyl Anion 

Alkylations of benzyl anion 1.2. (Table 7) were tried with bis- and 

monoalkylating agents. Yields of 1,4-diphenylbutane 12 from bis

electrophiles are given. Alkyl halides gave good monoalkylation (reaction 6) 

and disubstitution (reaction 7) in contrast to fair mono- and disubstitution by 

ethylene sulfate II (reactions 4, 5). 1,2-Ethaneditriflate gave only trace 

amounts of disubstitution (reaction 3) and ethylene sulfite 1 7 gave 
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monoalkylation (reaction 1). 1,2-Dibromoethane is an oxidizing agent 

(reaction 2). 

Table 7. Mono- and bis-alkylations of benzyl anion. 

0-- R-Y ~R .. 

0-- Y-..../'Y 

Ch-rO ,. 
76 1Z 

Reaction # R-Y or YCH2CH2Y Solvent Temp(oC) Time(h) Yield(%)a 

1 ethylene sulfite THF/Hex 25 18 0 
2 BrCH2CH2Br THF 25 18 Ob 
3 TfOCH2CHlOIf THF/Hex 25 18 1 
4 ethylene sulfate THF/Hex reflux 48 fairc 

5 ethylene sulfate THF 25 18 fairc 
6 CHl=CHCHlBr THF/Hex 25 0.5 67 
7 CICHlCHlCI THF 25 18 72 

a Molar ratios by NMR. 
b 83% 1,2-diphenylethane, corresponding to an estimate for yield of anion. 
c Estimated < 50% 

The objective of using ethylene sulfite !Z (Fig. 38) was to learn if S032-

is a good enough leaving group to allow a second SN2 displacement. Reaction 1 

with benzyl anion 76 (generated 1.5 h using 2.0 eq KOtBu and 2.0 eq n-BuU) in 

75 mL hexane and 0.5 eq ethylene sulfite in 125 mL THF (direct addition at 25 

OC) gave 0.47 g (33% by weight) of organic soluble aromatics, 25% of which 

was 3-phenyl-l-propanol l2. (23%) and 1,2-diphenylethane 80 (2%). Other 

organic soluble aromatics (75%) were not identified. Prep scale TLC using 6:1 

CHCl3/hexane gave good separation of these aromatics, but NMR spectra were 

not conclusive. A significant amount of material was both organic- and water-



93 

insoluble, suggesting polymer. The aq layer gave 63% ethylene glycol and 

37% benzylsulfinic acid 1U from attack at sulfur. 

o 
( 's=o 

0"" 

0-- 17 

Z2 
~OS02 

78 
~OH 

12 

Figure 38. Alkylation of benzyl anion by ethylene sulfite. 

A similar reaction confirmed that no disubstitution occurred with 

ethylene sulfite 17 and that monoalkylation was not complete (20% toluene 

recovered). Benzyl anion 1.§. with ethylene sulfite gave 20% 3-phenyl-1-

propanol .z2., 3% 1,2-diphenylethane 80, and 20% toluene. Reaction with 

ethylene sulfite gave a broad distribution of products making identification of 

other aromatics (S7%) very difficult. 

Other products may arise from competing attack at sulfur.11S It was 

clear that reaction at carbon occurred only once (see also Fig. 9) which ruled 

out ethylene sulfite 11. as a good bis-electrophile under these conditions. 

Ethylene glycol was also observed, indicating decomposition of ethylene 

sulfite under these conditions. Nucleophilic attack on sulfur is a likely 

mechanism by which this may occur. liS 

Reaction 4 (Fig. 39) with benzyl anion Z2 (using 2.0 eq KOtBu, 2.0 eq n

Bull, 2.S h) in 100 mL hexane and 0.3 eq (6.4 mmol, 0.80 g) ethylene sulfate!!i 
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in 125 mL THF (inverse addition at 25 oC, overnight at 25 oC, mild reflux 2 d) 

gave 0.38 g (14% by weight) of organic soluble aromatics, 71% of which was 

identified as the desired 1,4-diphenylbutane Tl. (43%), trans-1-phenyl-1-

propene M (21%), 1,2-diphenylethane 1m (6%), and 3-phenyl-1-propene 84 

(1 %). Other organic soluble aromatics (29%) were not identified. The aq layer 

gave 3-phenyl-n-propyl sulfate II as the only water-soluble organic material. 

0--
Z2 

Co, ~o 
...... s~ 

° ° 16 
-~ ~OS03 

g 
~OH 

Z2. 

Figure 39. Alkylation of benzyl anion by ethylene sulfate. 

Reaction 5 with benzyl anion 12 in THF and 1.1 eq ethylene sulfate li 

(direct addition at 25 oC, then overnight) gave 27% 1,4-diphenylbutane 12, 8% 

3-phenyl-1-propene 84, and 5% 1,2-diphenylethane!ill. Other organic soluble 

aromatics (60%) were not identified. The aq layer gave 53% 3-phenyl-n

propyl sulfate 82. 24% 1,3-butadienyl-1-sulfate 85. and 23% vinyl sulfate .§.2. 

This compares with the reaction of an a-activated ethylene cyclic sulfate with 

a benzyl Grignard reagent which gave 73% monosubstituted product.1 18 

The main difference between the reactions of ethylene sulfite !Z (Fig. 

38) and ethylene sulfate lii (Fig. 39) is that the presumed intermediate 

monoalkyl sulfite II was not isolated, whereas monoalkyl sulfate II was 
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isolated. 3-Phenyl-n-propyl sulfate II (5 mmol) in 75 mL ether was 

hydrolyzed in 75 mL 20% aq HZS04 at 25 °C for 19 h. 118, 122 The alcohol 12 was 

obtained from the dried organic layer after washing with brine, confirming 

the identity of sulfate 82. Ethylene sulfate thus reacted moderately as a bis-

electrophile, but ethylene sulfite did not give any of the desired 1,4-

diphenylbutane 77. 

The results with ethylene sulfate .lli are not surprising since dialkyl 

sulfates such as dimethyl and diethyl sulfates react under mild conditions 

primarily as monoelectrophiles. This means that usually only one equivalent 

of alkyl group is provided per equivalent of dialkyl sulfate. Vigorous 

conditions are required to effect the second alkylation 1 04 since S04Z- is not as 

good a leaving group as ROSOZO-. For example, phenoxide was alkylated by 

monoalkyl sulfate to give anisole by refluxing several h in water'! 04 It was 

with this expectation that we tried to use ethylene sulfate as a bis-electrophile. 

Reaction 3 with benzyl anion Z§ (2.0 eq KOtBu, 2.0 eq n-BuLi, 1 h) in 150 

mL THF and 0.5 eq (13.5 mmol, 4.42 g) 1,2-ethaneditriflate TfOCHZCHZOTf (in 50 

mL hexane, slow direct addition at 25 oC, then overnight at 25 oc) in 50 mL 

hexane (insoluble) gave a complicated mixture which consisted of 4% 1,2-

diphenylethane 80, 1% l,4-diphenylbutane 77, and 20% toluene. Bis-triflate 

was not consumed by THF polymerization since THF polymer was not observed 

in this case. 

Other reactions of benzyl anion li with 1,2-ethaneditriflate 

(TfOCHlCHzOTf) gave a wide distribution of unidentified products and only 1% 

of the desired l,4-diphenylbutane 72. s-o bond cleavage has been observed 
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with some alkyl triflates. If a high degree of monoalkylation did occur, it is 

inexplicable why the second alkylation did not occur. Therefore, it is 

reasonable that benzyl anion reacted in ways other than attack at carbon, 

such as at sulfur or by elimination. Vinylic proton resonances were observed 

by NMR. If elimination of 1,2-ethaneditriflate by benzyl anion did occur, then 

the bis-triflate was effectively an acid and therefore not useful in strongly 

basic media or with strong nuc1eophiles. By analogy with reduction of 1,2-

dimesylates to alkenes by strong electron donors, 3 3 6 reduction of the bis

triflate may also have occurred, although only 4% of the usual oxidation 

product (1 ,2-diphenylethane 80) was observed. However, other unidentified 

oxidation products may have been produced. 

Reaction 6 of benzyl anion 12 in THF/hexane with 2.4 eq allyl bromide 

(direct addition) gave 67% 4-phenyl-l-butene .8.1. (Fig. 40) and 33% 1,2-

diphenylethane lill by single electron transfer. Reaction 7 in THF with 1.4 eq 

1,2-dichloroethane (direct addition) gave 72% 1,4-diphenylbutane 12, 12% 3-

phenyl-l-chloropropane M, and 16% toluene. Reaction 2 in THF with 1.1 eq 

1,2-dibromoethane (direct addition) gave 83% 1,2-diphenylethane lill by single 

electron transfer, < 1% of alkylated products and elimination, and 17% toluene. 

1,2-Dibromoethane is a good oxidizing agent for anions that are not very 

stable.79,80,82 
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Figure 40. Reactions of benzyl anion with alkyl halides. 

O-Alkylations of Phenoxide 
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Reaction of 0.9 eq ethyl triflate with 2.0 g potassium phenoxide114 in 

150 mL THF (direct addition at 0 oC, then 2 d at 25 oc) gave 68% phenetole li2. 

(Fig. 41) and 32% phenol. A Significant amount of THF polymer 90 was 

observed by 1 H NMR and visually as a thick residue which formed at the 

reaction surface. A slight excess (7.5 mole %) of phenoxide was present which 

demonstrated that THF polymerization (catalyzed by ethyl triflate) was 

competitive with O-alkylation under these conditions. 

~OEt 

o 
li2. 

Figure 41. Alkylations of phenoxide. 

THF polymerization was not unexpected, based on previous results, but 

O-alkylation was expected to be faster and consume ethyl triflate more quickly 

than ethyl triflate reacted with THF. A kinetic study of alkyl triflate-catalyzed 

THF polymerization used phenoxyl end capping,65 which implied the very fast 

reaction of phenoxide with alkyl triflate (under their conditions). However, 

these results agree with a report that alkylations of phenoxides by methyl 
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iodide are less effective in THF at 80 oC, and that some alkylations proceeded 

effectively at 23 0C when DMF was added.297 

It is interesting that anisole (PhOMe) is a scavenger for alkyl 

triflates. 4, 71,72 It is probable that the yield of phenetole 89 was lowered by its 

reaction with ethyl triflate in THF. Reaction between phenetole and ethyl 

triflate should give harmless exchange of ethyl groups in the absence of other 

ethers. However, interference of this exchange reaction by oxonium ion

catalyzed THF polymerization is possible. This provides another path by which 

THF may polymerize, competing with ph en oxide for ethyl triflate and lowering 

the yield of phenetole. 

It is possible that phenoxide attacked sulfur giving s-o bond 

c1eavage,23,27,76-78 but this would be an invisible reaction if the resulting 

phenyl triflate was hydrolyzed to phenol during workup. Aryl triflates and 

aryl nonaflates were not solvolyzed with polar nonnucleophilic solvents, but 

were completely converted to phenol with nucleophilic solvents.7 8 

The relatively low yield may also result from marginal solubility of 

potassium phenoxide in THF giving a slow heterogeneous reaction. Potassium 

triflate produced during the reaction may slow the reaction by decreasing the 

solubility of potassium phenoxide or by precipitating on the surface of the 

potassium phenoxide. After 41 h, solid potassium ph en oxide was not observed, 

indicating dissolution or reaction to form phenetole. 

Other alkylating agents such as dialkyl sulfates O-alkylate phenoxides in 

higher yields (than obtained with alkyl triflates under our conditions), albeit 
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often under vigorous conditions. For example, 2,6-dimethylanisole was 

quantitatively obtained from potassium 2,6-dimethylphenoxide (from KOH) and 

dimethyl sulfate by refluxing several h in MeOHITHF, similarly to a previous 

report. 1 06 Thus, other methods than the use of alkyl triflates are preferable 

since the vigourous conditions required to alkylate phenoxides are unsuitable 

for alkyl triflates. 

Reaction of 0.4 eq ethylene sulfate!2 with 1.0 g potassium phenoxidel14 

in 150 mL THF (3.5 d at 25 OC, then reflux 30 min) gave no disubstituted product. 

Only phenol was recovered from the organic layer. No ethylene sulfate was 

recovered. Only 10% monoalkylated product as the water soluble sulfate .2!. 

was obtained from the aq layer. No vinyl sulfates 85 or 86 (from elimination) 

were found in the aq layer, though these may hydrolyze to aldehydes, but 

these were not observed either. 

Similarly, vigorous reaction of ethylene sulfate!§. with a large excess 

of potassium phenoxide (2 d at 25 oC, then reflux 24 h) did not produce any of 

the desired 1,2-diphenoxyethane (PhOCH2CH20Ph). Thus ethylene sulfate 

under these conditions reacted poorly as a monoelectrophile and not at all as a 

bis-electrophile. 

Simple cyclic sulfates,114 including ethylene sulfate,124 monoalkylated 

potassium phenoxide very effectively under mild conditions, but evidence in 

other cases was found for attack at sulfur giving phenyl sulfate. 114 Phenoxide 

was reported to react at carbon of cyclic sulfate esters in good yields.11 7 

Potassium phenoxide was reacted with a variety of cyclic sulfites and 

was not found to give substitution products.1 14 
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a,a.'-Dianions from Ketones 

Ketones used in attempts to generate a,a'-dianions are shown in Fig. 42. 

Hubbard and Harris186 monoalkylated the 10 ,10 dianion from acetone and the 

2 0 ,2 0 dianions from 3-pentanone and cyc1ohexanone with various 

electrophiles. In addition to these dianions, we also alkylated the 10 ,20 

dianions from 2-alkanones 2-butanone, 2-pentanone, and 2-hexanone, and the 

10 ,3° dianion from 2-methyl-2-butanone. Less successful attempts to generate 

2 ° , 3 ° and 3°,3 ° dianions in synthetically useful yields from 2-

methylcyclohexanone, 2,4-dimethyl-3-pentanone, and 2,6-

dimethy1cyc1ohexanones and will also be described. 
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Figure 42. Ketones used to generate a,a'-dianions. 

Arguments For Dianion Formation 

Many items of evidence, taken together, strongly suggest formation of 

a,a'-dianions Z from ketones. The products from reaction with alkylating 

agents provide strong evidence: Under mild conditions (-30°C) that minimized 

exchange, alkyl triflates gave predominantly a,a'-dialkylated ketones in good 

yield. This regioselectivity would not be exhibited with a mixture of non-
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specific enolates. Also, alkylation with alkyl halides occurred under 

conditions where enolates are not effectively alkylated, giving better yields of 

monoalkylated ketones with Cl,a'-dianions than with enolates. 

Also, n-BuIl ketone addition products were found under conditions 

where there may have been a deficit of KH or if enolate formation was not 

complete. This problem was sometimes controlled with slight excesses of KH, 

ensuring quantitative yield of enolate. If the enolate thus produced was the 

only ketone-derived nuc1eophile present, then alkylation (sluggish with alkyl 

halides, especially in hexane) would give alkylated ketone to which n-BuLi 

might add. That n-BuIl addition products were avoided in most cases indicated 

that n-BuIl probably metalated enolate to form a,a'-dianion. 

However, an alternative explanation for the formation of n-BuLi 

addition products is provided by a report that suggested organolithiums may 

add to enolates.113 In reactions of Phli with 1,2-alkylene sulfates (Fig. 

43),113 elimination and PhIl attack at sulfur gave the enolate to which PhIl 

was added. Other mechanisms to arrive at the PhIl addition product under 

these reaction conditions were judged not to be reasonable. 

():~~O PhLi (Y0SO-
O/~O po I 3 + PhH 

!PhLi 

()<OH (YO 
-

PhLi 
+ PhS03 Ph ...... 

Figure 43. Example of possible addition of n-Buli to enolate; alternative 
explanation for n-Buli addition products. 
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Based on this precedence l13 and by analogy to the well-known addition 

of organolithiums to carboxylates (to form ketones), n-BuU may add directly to 

intermediate enolates during the generation of dianion. Therefore this 

explanation may apply in our cases where n-BuU addition products formed. 

Under our conditions, n-BuU may act as a base and nucleophile towards 

enolates to give mostly dianion, but sometimes small amounts of n-BuLi 

addition products. Thus, presence of ketone (whether by protonation of 

enolate, incomplete enolate generation, or alkylation of enolate) to which n

BuU may add is not a definite requirement for rationalizing n-BuU addition 

products. However, it is also possible for both mechanisms (addition to enolate 

and addition to ketone) to be operating to some extent to give n-BuU addition 

products. 

Also, if n-BuU was not effective in the second metalation to give a,a'

dianion, then nucleophilic n-BuU should react with electrophile. Yields of 

alkylated ketones are consistent with n-BuU reacting to form a,a'-dianion. 

Material balances show that alkylating agent is largely used to alkyl ate 

ketones. 

Attempts to increase yields of a,a'-dianion used more than one eq of n

Bull. In these cases when methyl iodide was the electrophile, halogen-metal 

exchange337 was observed to give small amounts of n-butyl iodide (or n-butyl 

triflate if methyl triflate was used). More n-butyl iodide (and other side 

products) would form if large amounts of n-BuU were present. In cases where 

yield of dianion was low or did not form, significant amounts of n-butyl iodide 
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(or n-butyl triflate) were produced. Thus, production of these n-butyl 

electrophiles was used as a rough measure for estimating the yield of dianion. 

Ethylations of a,a'-dianions Z were observed in several reactions in 

which no ethyl electrophile was intentionally present or formed by alkyl 

triflate-ether exchange (reaction 8, Table 13; reactions 1, 3, Table 15; 

reactions 2, 3, Table 16) The source of this mysterious ethylation is best 

rationalized as diethyl ether in more detail below. Though this was an 

undesirable reaction, it did show the presence of a highly nucleophilic 

species, capable of cleaving ether, which we take as another item of positive 

evidence for formation of a,a'-dianions Z; enolates are not nucleophilic 

enough to cleave ether. Though the a,a'-dianions 7 in Table 16 were judged 

to be produced in low yields, production of ethylated products was nevertheless 

observed. 

As part of the final quench and workup of reactions, these were titrated 

with aq Hel. This provided important evidence for the amount of n-BuLi (and 

other bases). Only small amounts of acid were required to neutralize the basic 

mixture (in successful alkylations), indicating that bases were effectively 

used. 

Aggregate effects were suggested as an alternative explanation 1 3 3 

(supported by an X-ray crystal structure) for the formation and disubstitution 

of "dianion" .2l from phenylacetonitrile (Fig.44).338 Reaction with excess n

BuLi gives a complex of monoanion .2l and n-BuLi. Excess n-BuLi does not 

form dianion. Instead, electrophile reacts to form aggregate ~, which 

undergoes rapid "interaggregative proton transfer" 13 3 to give monoanion .2i 
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which reacts with electrophile to form disubstituted product .2.2.. A fast 

"interaggregative" proton transfer during addition of the electrophile was 

thus involved instead of dilithium salt .2l. to give the disubstituted product 

~133 
Excess 

~~XHCN • n-BuLi __ E--I"'~ (P!XH
CN • n-BuLi) 

93 ~ 

EXE EXLi 
........ 1---

Ph CN Ph CN 

22 ~ 

Figure 44. Possible aggregate effect for dialkylation of phenyl acetonitrile. 

For aggregate effects to be responsible for a,a'-dialkylation of ketones 

in lieu of formation and dialkylation of a,a'-dianions L similar events might 

occur (Fig. 45). First, enolates .a react with alkylating agent faster133 than 

with n-BuLi and faster than n-BuLi reacts with electrophile. n-BuLi may be 

complexed to the enolate J.. Aggregate.2Z of monoalkylated ketone and n-BuLi 

facilitates rapid "interaggregative proton transfer"133 giving enolates which 

are then alkylated, giving dialkylation products .2li and 31 without forming 

dianions z. 
o -n-

"'" "'" 

0-

~ 
"'" "'" 

Figure 45. Possible aggregate effect for dialkylation of ketones. 



IDS 

A main problem with this argument is that a,a'-dialkylated ketones II 

were the predominant products by far. "!nteraggregative proton transfer" 

would probably not generate specific enolates, but give alkylated ketones .2li 

and 31 from a mixture of non-specific enolates. 

Analysis of a,a'-Dianion Methodology 

We used modifications of the Hubbard and Harris186 procedure and our 

own procedures to alkylate a,a'-dianions. We were not successful in 

reproducing the yields reported by Hubbard and Harris186 which led us to 

develop different conditions. Our method has the slight disadvantage of 

changing solvents (by evaporative distillation of ether, followed by addition of 

hexane). We eliminated TMEDA (cosolvent to improve the effectiveness of 

metalation by n-BuU) because it reacts with alkyl triflates as with other 

amines.3,4,10-15 TMEDA can also be metalated,339 and can lower the titer of 

base after extended times. Without TMEDA, workup and analysis of products 

was simpler. 

Reactions of alkyl triflates in hexane avoids reactions with 

ethers3,4, 10,22,71,72 and catalyzed polymerization of THF. 65-70 We found that 

alkyl triflates can be used with ether in many cases, but unless the 

nucleophile reacted very rapidly with methyl triflates, ether exchanged with 

this triflate (Fig. 5 and Table 1) to give ethylated products. Exchange also 

occurs with ethyl triflate, but this reaction is invisible. 

A disadvantage of our method is the time required to metalate enolate to 

form a,a'-dianion in hexane (hours) which contrasts with the time reported 
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by Hubbard and Harris186 in ether (minutes). This agrees with other known 

conditions for metalation in ether and hydrocarbons. 130,340 

We were able to take advantage of the intermediate specific enolate II 

(Fig. 19) to do further alkylations without significant exchange. The ability 

to do alkylations of monoenolates (the second alkylation) in hexane prevents 

the need to change to a Lewis basic solvent (such as ether or THF), in which 

most alkylations of carbanions have been found to proceed better. 

Exchange was sometimes lessened in hexane since enolate formation is 

poor in hexane, requiring longer reaction times than in ether. (Potassium 

enolates may be formed in hexane if necessary, but the reaction times are 

prohibitively long, the reason why ether and not hexane is solvent in the first 

metalation using KH.) Because exchange may be lessened in hexane, a slight 

excess of KH was used in many cases to maximize enolate formation in ether 

without causing significant exchange problems. (A slight excess of KH is 

convenient since highly accurate amounts of potassium hydride, weighed as a 

35% suspension in mineral oil, are difficult to obtain.) Potassium enolates 

were generated in diethyl ether unless otherwise indicated in the procedures 

for generating <x,<x'-dianions 7. 

More exchange occurs in reactions between monoenolates and alkyl 

halides in Lewis basic solvents such as ether. Alkyl triflates also reduce 

exchange products since they are better alkylating agents. When using 

ketone dianions, exchange products can be minimized by doing alkylations at 

low temperature. 
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Alkylatlons of Acetone Dianion 

Results of symmetrical ketone syntheses using 10 ,1 0 dianion 32 from 

acetone with excess alkylating agent RY are shown in Table 8. Ethyl triflate 

gave 16-49% of the desired dialkylation product 4-heptanone ~ (Fig. 46), but 

exchange was not avoided unless reaction was done at low temperature 

(reactions 1, 3) at the expense of low yield (16-26%). 

Table 8. Diethylation of acetone dianion. 

0 0 

A.. excess RY R..Jl-,R 
- -
II 

Reaction # RY Solvent 

1 Et01I Et:zO 
2b Et01I Et:zO 
3 Et01I Et:zO 
4 EtOTti Et20 
5 EtOTti Et:zO 
6 EtOTti Hexane 
7 EtOTf Et20 

a Molar ratios of products by NMR. 
b 1.64 eq n-BuU. 

~ 

Temp(OC) 

-68 
0 

-30 
0 

~25 

-30-+25 
~25 

Time(h) 

1.75 
3 
1.75 
0.25 
0.5 

18 
18 

c Molar ratios by preparative and analytical GC and NMR. 
i Inverse addition. 

Figure 46. Ketones from ethylation of acetone dianion. 

Yield(%) 

1@ 
18a 
2@ 
2@ 
2~ 

30c 
49c 

Total alkylation was good with ethyl triflate (only 6-27% acetone 

recovered), but exchange products varied with conditions. Long reaction 
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times (>3 h) at OOC or higher (reactions 2, 6, 7) gave no 2-pentanone ~ and 

significant amounts of 3-ethyl-2-pentanone 43 (7-18%) and 3-ethyl-4-

heptanone .2.2 (37-40%). Alkylations at -30 °C or below (reactions 1, 3) avoided 

exchange products but the yields were low (16-26%). Intermediate reaction 

time (0.5 h) at higher temperature (25 oc) gave 50% exchange products ~ and 

.22. (reaction 5). Short reaction time (0.25 h) at 0 °C (reaction 4) avoided 3-

ethyl-4-heptanone 2.2. but gave 17% 3-ethyl-2-pentanone fi and 38% 

underalkylated 2-pentanone 41. 3,3-Diethyl-2-pentanone.!QQ (1%) formed at 

elevated temperature (25 oc) over long reaction times (reaction 7). 

Low temperature reaction to reduce exchange was successful in 

reaction 1, but the yield of a,a'-dialkylated acetone was low. Reaction 1 (using 

1.0 eq KH, then 1.1 eq n-BuLi, 1 h ether) with 2.0 eq EtOTf (direct addition at -68 

OC) gave 16% of the desired 4-heptanone ~, 64% 2-pentanone 41, and 20% 

acetone. 

At slightly higher temperature to increase yield and reduce exchange, 

reaction 3 with 1.8 eq EtOTf (direct addition at -30 oc) gave 26% of the desired 4-

heptanone~, 56% 2-pentanone il. and 18% acetone. The yield was better but 

still low, with the reaction giving mostly monoalkylated acetone. 

Reaction 2, a trial to increase the yield of dianion by using excess base 

(1.0 eq KH, then 1.6 eq n-BuLi, 1 h ether) and to increase the yield with 1.8 eq 

ethyl triflate (direct addition), gave 18% of the desired 4-heptanone 42. 37% 3-

ethyl-4-heptanone .2.2.. 18% 3-ethyl-2-pentanone 43. and 27% acetone. 

Moderate yields were obtained and exchange products were not avoided. 

Another reaction (using 1.1 eq KH. then 1.1 eq n-BuLi, 1 h ether) with 2.0 eq 
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ethyl triflate (direct addition) gave 22% of the desired 4-heptanone g. 31% 3-

ethyl-4-heptanone .22.. 31% 3-ethyl-2-pentanone ~ and 16% acetone. This 

result was similar to that from reaction 2, despite using less n-BuLi. 

At higher temperature to increase yield and decreasing reaction time to 

reduce exchange did not improve the yield. Reaction 4 (using 1.0 eq KH, then 

1.1 eq n-BuU, 1 h ether) with 2.0 eq EtOTf (inverse addition at 0 oc) gave 26% of 

the desired 4-heptanone 42. 38% 2-pentanone 41, 17% 3-ethyl-2-pentanone 

~ and 19% acetone. 

Still higher temperature and longer reaction time gave similar results. 

Reaction 5 (using 1.0 eq KH, then 1.1 eq n-BuU, 1 h ether) with 2.1 eq EtOTf 

(inverse addition at OOC) gave 29% of the desired 4-heptanone~, 29% 3-ethyl-

4-heptanone .2.2" 21% 3-ethyl-2-pentanone 43. 9% 2-pentanone 41, and 12% 

acetone. 

Using hexane and low temperature to reduce exchange and longer time, 

more base, and more ethyl triflate to increase yield did not reduce exchange or 

increase the yield. Reaction 6 (using 1.3 eq KH, then 1.2 eq n-BuLi, reflux 2 h 

hexane) with 4.0 eq EtOTf (inverse addition at -30 oc) gave 30% of the desired 4-

heptanone g, 40% 3-ethyl-4-heptanone .22, 10% 3-ethyl-2-pentanone 43, and 

20% acetone. 

The highest yield was obtained at the expense of significant exchange. 

Reaction 7 (using 1.0 eq KH, then 1.1 eq n-BuU, 1 h ether) with 2.0 eq ethyl 

triflate (direct addition at -30 oc) gave 49% of the desired 4-heptanone ~, 37% 
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3-ethyl-2-pentanone 43, 7% 3-ethyl-4-heptanone 2.2., 1 % 3,3-diethyl-2-

pentanone tOO, and 6% acetone. 

Results of alkylating the dianion 32 from acetone with one eq alkyl 

halide (RY) followed by one eq of a different electrophile (R'Y or H+) to give 

dialkylated (di) or monoalkylated (mono) ketones are shown in Table 9. 

Alkylation of dianion by sequential addition of two different alkylating agents 

gave 28% of unsymmetrical ketone (di, reaction 3). Alkyl halides followed by 

protonation gave monoalkylated ketones (mono, 14-77%), no dialkylation, and 

no exchange. 

Table 9. Alkylations of acetone dianion. 

0 1) RY 0 0 

A 2~ R'Yor H+ .. R.Jl-..R' or R~ 

H di mono 

.Reaction # RY I R'Y Solvent Temp(OC) Time(h) Yield(%) 

1 n-C9H191 IW Hexane 
2 n-C9H191 I H+ Et20/Hex (1:1) 
3 Mel I Et01f Et20 
4 PhCH1CI I H+ Et20 
5 MeTc IW Et20 
6 EtBr I H+ Hexane 
7 EtBre I H+ Hexane 

a By preparative and analytical GC and NMR. 
b By NMR. 
c 12 eq Mel. 
d By NMR of their 2,4-DNP hydrazones. 
e 6 eq EtBr. 

25 18 1~ 

25 18 20a 
~25 18 28a 

0 0.5 54b 

-60 0.5 60a 
~25 18 72d 

~25 18 n d 

Alkyl halides did not dialkylate acetone dian ion H but gave good yields 

of monoalkylated ketones, in agreement with Hubbard and Harris. 1 86 
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Alkylation of acetone enolate 39 by alkyl halides gave low yields of 

monoalkylated acetone with exchange products (Table 2). Thus, dianion II 

reacted with alkyl halides as an activated enolate, giving higher yields of 

mono alkylation than acetone enolate, without significant exchange. Reaction 

6 showed the reaction may be done in hexane. Reactions 5 and 7 required 

large excesses of alkyl halide to obtain these yields. 

Reaction 1 (using 1.1 eq KH, then 1.2 eq n-BuU, reflux 2 h hexane) with 

1.2 eq n-nonyl iodide (direct addition at 25 oc) gave 14% 2-dodecanone l.Q! 

(Fig. 47). Similarly, reaction 2 (with refluxing 4.5 h in hexane) and adding 40 

mL ether after addition of n-nonyl iodide gave 20% 2-dodecanone 101, 20% n

nonyl alcohol from hydrolysis of the vinyl ether ill from 0-alkylation, and 

60% n-nonyl iodide. 

o 
~n-C9H19 

.!.Ql 

Figure 47. Products from alkylations of acetone dianion with alkyl halides. 

Reaction 4 (using 2.3 eq KH, then 1.0 eq n-BuLi, 30 min ether) with 1.0 

eq benzyl chloride (direct addition at OOC) gave 54% 4-phenylbutanone !..Q1 

(cf. Hubbard and Harris186: 72% 103), 7% 1,2-diphenylethane!ill, 34% benzyl 

chloride, and 5% n-BuLi addition product 2-methylhexan-2-o1 ~. 

Reaction 5 (using 1.0 eq KH, then 1.2 eq n-BuU and 1.1 eq TMEDA, 1 h 

ether) with 12.0 eq methyl iodide (direct addition at -60 OC) gave 60% 2-

butanone .!Q!i (cf. Hubbard and Harris186: 79% ill) and 40% acetone. The 

same 2-butanone/acetone ratio was obtained with 5.1 eq methyl iodide. 
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Reaction 6 (using 1.2 eq KH in hexane, then 1.1 eq n-BuIi, reflux 32 h 

hexane) with 1.2 eq ethyl bromide (direct addition at -35 oc) gave 72% 2-

pentanone 41 and 28% acetone. Similarly, reaction 7 (using 1.2 eq KH, then 1.1 

eq n-BuIi, reflux 18 h hexane) with 6.0 eq ethyl bromide (direct addition at 0 

oc) gave 77% 2-pentanone ~ and 23% acetone as their 2,4-DNP hydrazones. 

We expected that methyl iodide would monoalkylate dianion under mild 

conditions, avoiding exchange. The specific enolate could then be alkylated by 

alkyl triflate. Reaction 3 (using 1.0 eq KH, then 1.1 eq n-BuIi, 30 min ether) 

with 1.0 eq methyl iodide (direct addition at 0 oC, 10 min) followed by 1.3 eq 

ethyl triflate (direct addition at OOC, then overnight at 25 oc) gave 28% of the 

desired 3-hexanone .!.Q.§. (Fig. 48), 19% 2-pentanone 41, 10% 3-ethyl-2-

pentanone ~, 28% 3-methyl-4-heptanone .!QZ, and 15% acetone. 

o 

~ 
o 

~ 

Figure 48. Ketones from acetone dianion with methyl iodide/ethyl triflate. 

Alkylations of Other 2-Alkanone Dianions 

Results of dialkylations using 10 ,2 0 dianions !Qli and l.Q2. from 2-

butanone and 2-hexanone and the 10 ,30 dianion 110 from 3-methyl-2-

butanone are shown in Table 10. Each dianion was a,a'-dialkylated in good 

yield (60-78%), with byproducts detailed below. 
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Table 10. Dimethylations of other 2-alkanone dianions. 

o 0 o 0 

_~- or_~ 
excess RY 

JP' RJyR or R~R 

Ketone Solvent 

2-Butanone MeOTP Hexane 
2-Hexanone MeOTP Hexane 
3-Methyl-2-butanone MeOTP Hexane 

a By preparative and analytical GC and NMR. 
i Inverse addition. 

Temn(oC) 

-S~2S 

-3 0-+2 S 
-S~2S 

Time(h) 

18 
18 
18 

Yield(%)a 

ro 
66 
78 

Dianion .!Q§ from 2-butanone (using 1.3 eq KH, then 1.2 eq n-BuLi, 

reflux 4 h hexane) with 4.0 eq methyl triflate (inverse addition at -SS OC) gave 

60% of the desired 2-methyl-3-pentanone 111 (Fig. 49), 14% 2,4-dimethyl-3-

pentanone 112, 6% 2,2-dimethyl-3-pentanone ill, and 20% n-BuU addition 

products (consisting of 7% 3-ethyl-3-heptene 114. 6% 3-ethyl-2-heptene ill. 

S% 2,3-dimethyl-2-heptene 116. 1% 2,3-dimethyl-3-heptene !ll, and 1 % 

methyl ether 118). 

o o o 

'Jly yy ~ 
ill 112 ill 

ill 

Figure 49. Products from methylation of 2-butanone dianion. 

n-BuU addition products were unexpected in the presence of excess 

methyl triflate. n-BuU addition to ketones gave alcohols that were dehydrated 
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to alkenes during acidic workup. Since there was a 20% excess of n-Buli, the 

yield of dianion in this case was not greater than 80% since n-Buli added to 

monoalkylated ketones. 2-Butanone dianion gave exchange products ill and 

ill that came from the desired 2-methyl-3-pentanone ill. No monoalkylated 

ketones were observed, but addition products ~ ~ were derived from 

monoalkylated ketones. 

A cleaner reaction with comparable yield was obtained with the dianion 

!Q2 from 2-hexanone (using 1.3 eq KH, then 1.2 eq n-Buli, reflux 2 h hexane) 

with 3.3 eq methyl triflate (inverse addition at -30 oc) which gave 66% of the 

desired 4-methyl-3-heptanone ill (Fig. SO), 17% 3-heptanone !1.Q, 16% 3-

methyl-2-hexanone 121, and 1% 2-hexanone. Alkylations of 2-hexanone 

dianion gave no addition nor exchange products, but gave equal amounts of 

the monoalkylated products ,UQ and ill. 

o 

~ 
o 

~ 
ill 

Figure SO. Ketones from methylation of 2-hexanone dianion. 

Dianion ill from 3-methyl-2-butanone (using 1.3 eq KH, then 1.2 eq n

Buli, reflux 3.75 h hexane) with 3.0 eq methyl triflate (inverse addition at -55 

OC) gave 78% 2,2-dimethyl-3-pentanone .l1.3. (Fig. 51), 6% 2,4-dimethyl-3-

pentanone !l1., 4% 2-methyl-3-pentanone lll., and 12% n-BuU addition 

products (consisting of 4% 2,2,3-trimethyl-3-hydroxyheptane ill and 8% 2-

methyl-3-ethyl-3-methoxyheptane ill). Dianion from 3-methyl-2-butanone 

did not give exchange products from the desired 2,2-dimethyl-3-pentanone 



115 

~ and addition products 122 and ill were derived from monoalkylated 

ketones. Monoalkylated ketones 112 and ill were produced in roughly equal 

amounts. 

000 

~ yy vy 
ill ill 123 

Figure S1. Products from methylation of 3-methyl-2-butanone dianion. 

These 60-78% yields of the a,a'-dialkylated products (Table 10) 

provided evidence that the desired 10 ,20 and 10 ,30 dianions were successfully 

formed. Results of monoalkylating dianion ill from 2-pentanone and l.!.Q. 

from 3-methyl-2-butanone with electrophiles (RY) are shown in Table II. 

Monoalkylation of these dianions at the terminal (term) or internal (int) 

carbon was not very regioselective, and the term/int ratio varied depending 

on the dianion. More monoalkylation was obtained with dianion 110 from 3-

methyl-2-butanone. 

Table 11. Monomethylations of other 2-alkanone dianions. 

0 
RY 

0 0 

-~- R~ ~R p 

.... .... .... 
124,.!!Q term int 

Ketone RY Solvent Temp(OC) Time(h) Yield(%)a 
term int 

2-Pentanone MeaTf Etl<> -30 0.5 5 13 
3-Methyl-2-butanone Mel Hexane -55+30 1.75 54 28 

a By preparative and analytical GC and NMR. 
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Dianion 124 from 2-pentanone (using 1.0 eq KH, then 1.1 eq n-Bull, 1 h 

ether) with 1.1 eq methyl triflate (direct addition at -30 oc) gave 42% 4-methyl-

3-hexanone !ll (Fig. 52), 13% 3-methyl-2-pentanone ill., 5% 3-hexanone 

!Q2, and 40% 2-pentanone. 

o 

~ 
ill 

Figure 52 Ketones from methylation of 2-pentanone dianion. 

It was clear that methyl triflate (one eq) alkylated dianion and enolate 

rapidly because the predominant product was 4-methyl-3-hexanone ~, 

leaving a large amount of unreacted 2-pentanone (40%). From the % ratio of 

monoalkylated products (5 to 13), the monoalkylation was not very 

regioselective. Dialkylation of dianion ll.1 from 2-pentanone occurred 

rapidly with one eq methyl triflate, giving a large amount of starting ketone 

.1l and only 18% combined yield of monoalkylation products !Q.§. and ll.§.. 

Thus, monoenolate and dianion from 2-pentanone reacted rapidly with methyl 

triflate. 

Dianion ill from 3-methyl-2-butanone (using 2.0 eq KH, then 1.2 eq n

Bull, reflux 3 h hexane) with 4.0 eq methyl iodide (direct addition at -55 OC) 

gave 54% 2-methyl-3-pentanone ill (Fig. 53), 28% 3,3-dimethyl-2-butanone 

ill, 9% 2,2-dimethyl-3-pentanone ill, and 9% 3-methyl-2-butanone. 

o o o vy ~ ~ 
ill ill ill 

Figure 53. Ketones from methylation of 3-methyl-2-butanone dianion. 
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Thus 42% a,a'-dialkylation of 2-pentanone dianion ill occurred (as 4-

methyl-3-hexanone 125) with methyl triflate compared to only 9% a,a'-

dialkylation from 3-methyl-2-butanone dianion 110 (as 2,2-dimethyl-3-

pentanone ill) with methyl iodide. 

Monoalkylation of the dianion !.!Q from 3-methyl-2-butanone at the 

terminal carbon was favored by 2: 1 with methyl iodide, whereas the internal 

carbon of 2-pentanone dianion ill was preferentially monoalkylated with 

methyl triflate. The methyl iodide result is considered more significant in 

showing the regioselectivity (or lack thereof) of such reactions since the 

yields of monalkylated products with dianions (82%) were much higher with 

methyl iodide. 

Results of mono- and dialkylation of the dianion 128 from 3-pentanone 

by alkylating agents (RY) are shown in Table 12. In agreement with 

previous results, methyl iodide monoalkylated dianion in good yield (reaction 

1). With methyl triflate, exchange products were avoided but yields of 

dialkylation were only moderate (reactions 2, 3). 

Table 12. Methylatiolls of 3-pentanone dianion. 

0 
excess RY 

0 0 

VV vy yy P- or - -

ill !D.QllQ di 

Reaction # RY Solvent Temp(oC) Time(h) Yield(%)a 
mono di 

1 Mel Hexane -55+30 1.5 00 0 
2 MeOTP Hexane -55~25 18 35 58 
3 MeaTf EtzO -40 2 45 45 

a Molar ratios by preparative and analytical GC and NMR. 
i Inverse addition. 
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Reaction 1 (using 2.0 eq KH, then 1.2 n-BuU, reflux 3 h hexane) with 4.0 

eq methyl iodide (direct addition at -55°C) gave 60% 2-methyl-3-pentanone 

ill (Fig. 54) and 40% 3-pentanone. The mild conditions avoided exchange 

products and dialkylation. 

o o 

IY ~ 
ill ill 

Figure 54. Products from methylations of 3-pentanone dianion. 

Reaction 2 (using 1.3 eq KH, then 1.2 eq n-BuU, reflux 4 h hexane) with 

4.0 eq methyl triflate (inverse addition at -55°C) gave 58% 2,4-dimethyl-3-

pentanone 112, 35% 2-methyl-3-pentanone 111. 4% 3-pentanone, and 3% 3-

ethyl-3-methoxyheptane 11.2. from n-BuU addition. Mild conditions were 

found that avoided 3-ethyl-3-methoxyheptane ill: Reaction 3 (using 1.0 eq 

KH, then 1.1 eq n-BuU, 1 h ether) with 3.1 eq methyl triflate (direct addition at 

-40°C) gave 45% 2,4-dimethyl-3-pentanone 112,45% 2-methyl-3-pentanone 

111, and 10% 3-pentanone. 

Alkylations of Cyclobexanone Dianion 

Results of a,a'-dialkylation of the 20 ,20 cyclohexanone dianion 130 are 

shown in Table 13. Conditions were found that gave 70-71% yields (reactions 

15 and 16) of 2,6-dimethyl- and 2,6-diethylcyclohexanones ~ II and g ~ 

(Fig. 55) with the main bypro ducts (20%) being monoalkylated ketones ~ and 

.22. Somewhat more cis- than trans-2,6-dialkylcyclohexanones were formed. 
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These ketones were not obtained in the equilibrum ratio, but were easily 

equilibrated to the 80% cis / 20% trans mixtures with sodium methoxide. 

Exchange products g,!i!, and 131 were sometimes formed (3-12%, reactions 2, 

5, 6, 13, and 15). Ethylation from exchange between ether and methyl triflate 

was observed to give ill and ill (19-44%, reactions 2, 5). Other bypro ducts 

134-ill came from n-Buli addition. 

Table 13. Dialkylations of cyclohexanone dianion. 

0 0 

-6- excess RY R'CYR .. 
130 

Reaction # RY Solvent Temp(oC) Time(h) Yield(%)a 

1 Meaff Hexane -50+25 2.5 11 
2 MeOTf EtzO -30 1 26 
3 MeOTtl Hexane -5~25 18 30 
4 MeOTtl Hexane -10+25 6 32 
5 Meaff Et20 -5O-t25 18 45 
6 Et01f Et20 0+25 18 45 
7 MeOff Hexane -3~25 1.25 46 
8 MeOTf Hexane -5~25 18 48 
9 MeOTf 5:4 Hexane/Et20 -5~25 18 49 

10 Et01f Et20 -30 1 50 
11 MeOTf Hexane -5~25 18 55 
12 MeOTf Hexane -5~25 18 55 
13 EtOTtl Heptane -30-+25 18 56 
14 MeOTtl Hexane -5~25 18 62 
15 EtOTfl Hexane -30-+ 25 18 70 
16 MeOTtl Hexane -5~25 18 71 

a Molar ratios by preparative and analytical GC and NMR. 
i Inverse addition. 
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0 0 0 0 0 0 

0- D "'a 6< 6- Cr1 
~ 50 II II 60 hl 

0 0 0 0 0 

V /"6" 6<' -cY /"a 
g 63 131 ill 133 

0 0 M~6 (D)HC) HCr 
134 135 136 ill 138 

Figure 55. Products from one-pot dialkylations of cyclohexanone dianion. 

Recipes to generate and alkylate dianion ~ show some interesting 

points. The best yields of the desired a,a'-dialkylated ketones were obtained 

from dianions generated a few h in refiuxing hexane (reactions 15 and 16), 

though this did not always avoid addition products (see reactions 8, 12, 14). No 

improvement was seen by reluxing for long periods (reactions 3, 4, 7, 9). Mild 

conditions for generation of dianion in ether for 30 min gave 45% of the 

desired product (reaction 6). Attempts to generate potassium enolate in hexane 

for 2 h (reaction 1) gave mostly addition products. Generation of the potassium 

enolate for 16 h in hexane helped solve this problem (reaction 4), but was 

inconvenient. Unexpected n-BuU addition products were seen from reactions 

in which enolate was generated several h with sufficient KH and in which 

sufficient electrophile was added. These products were not easily explained or 

avoided. Potassium enolate was generated in diethyl ether unless otherwise 

indicated. 
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Alkylations of 130 done with methyl triflate in ether gave ethylated 

products (reactions 2, 5). Reaction 9 avoided ethylation by simultaneous 

addition of ether and methyl triflate. Any exchange between ether and ethyl 

triflate to give ethylated products in reactions 6 and 10 was an invisible 

reaction. It was unknown whether the small amount of ethylation (5%) that 

occurred in reaction 8 done in hexane came from ether (discussed later) or 

from exchange between residual ether and methyl triflate. This ethylation 

was avoided in reactions 1, 3, 4, 7, 11, 12, 14, and 16. 

Reaction 1 (using 1.3 eq KH, 2 h in hexane, then 1.0 eq n-BuLi, 3 h 

hexane at 25 oc) with 4.0 eq methyl triflate (direct addition at -50 oC, 1 h from-

50 to -20 oC, then 1.5 h from -20 to 25 OC) gave 5% cis-2,6-

dimethy1cyclohexanone ~ 6% trans-2,6-dimethy1cyclohexanone li, 27% 2-

methy1cyclohexanone ~, 3% butylidene cyclohexanone 134, 12% I-n

buty1cyclohexene 135. 46% I-n-butyl-l-methoxycyc1ohexane ill, and 1% 

cyc1ohexanone. 

Reaction 2 (using 1.0 eq KH, then 1.2 eq n-BuLi, ether 2 h) with 3.0 eq 

methyl triflate (direct addition at -30 oc) gave 26% 2-methylcyclohexanone 49, 

26% cis-2-ethyl-6-methy1cyclohexanone .!.11." 15% trans-2-ethyl-6-

methy1cyclohexanone 133. 3% 2-ethyl-2-methy1cyclohexanone 131. 16% cis-

2,6-dimethy1cyclohexanone 50, 10% trans-2,6-dimethy1cyclohexanone ll, and 

4% cyclohexanone. 

Reaction 3 (using 1.2 eq KH, then 1.1 eq n-BuLi, reflux 22 h hexane) 

with 3.8 eq methyl triflate (inverse addition at -55 oC, 1 h from -55 °C to -10 oC, 

overnight at 25 OC) gave 60% 2-methy1cyclohexanone fi, 20% cis-2,6-
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dimethy1cyclohexanone 50. 10% trans-2,6-dimethy1cyclohexanone 51. 4% of 

what are likely methyl vinyl ethers, and 6% cyclohexanone. 

Reaction 4 (using 1.2 eq KH, 16 h in hexane, then 1.1 eq n-Buli, reflux 

25 h hexane) with 2.9 eq methyl triflate (inverse addition at -10 oC, 1 h from -

10 to 25 oC, then 5 hat 25 oc) gave 57% 2-methy1cyclohexanone ~ 21% cis-2,6-

dimethy1cyclohexanone 50, 11% trans-2,6-dimethy1cyclohexanone 51, and 

11 % cyclohexanone. 

Reaction 5 (using 1.1 eq KH, then 1.1 eq n-Buli, reflux 3 h, distill 

hexane, replace with ether) with 3.4 eq methyl triflate (direct addition at -50 

oC, overnight from -50 to 25 oc) gave 20% 2-methy1cyclohexanone ~, 35% cis-

2,6-dimethy1cyclohexanone ~ 10% trans-2,6-dimethy1cyclohexanone a 6% 

2,2-dimethy1cyclohexanone 52, 5% trans-2-ethyl-6-methy1cyclohexanone 

133, 8% cis-2-ethyl-6-methylcyclohexanone 132, 6% 2-ethyl-2-

methy1cyclohexanone 131, and 10% cyclohexanone. 

Reaction 6 (using 1.0 eq KH, then 1.1 eq n-Buli, 30 min ether) with 1.4 

eq ethyl triflate (direct addition at OOC, 1 hat OOC, overnight at 25 OC) gave 49% 

2-ethy1cyclohexanone 60, 3% 2,2-diethy1cyclohexanone 61, 27% cis-2,6-

diethy1cyclohexanone 62, 18% trans-2,6-diethy1cyclohexanone .§1, and 3 % 

cyclohexanone. 

Reaction 7 (using 1.2 eq KH, then 1.1 eq n-Buli, reflux 23 h hexane) 

with 2.9 eq methyl triflate (direct addition at -35 oC, 15 min from -35 to -10 oC, 

then 1 h from -10 to 25 OC) gave 34% 2-methy1cyclohexanone~, 35% cis-2,6-
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dimethylcyclohexanone so. 11% trans-2,6-dimethylcyclohexanone 51, 10% of 

what are likely methyl vinyl ethers, and 10% cyclohexanone. 

Reaction 8 (using 1.3 eq KH, then 1.2 eq n-BuU, reflux 2 h hexane) with 

3.8 eq methyl triflate (direct addition at -55 oC, overnight from -55 0C to 25 oc) 

gave 27% 2-methylcyclohexanone 49, 28% cis-2,6-dimethylcyclohexanone 50, 

20% trans-2,6-dimethylcyclohexanone II 5% 2-ethyl-6-

methylcyc1ohexanones 132 and ilL and 20% I-n - bu tyl-l

methoxycyclohexane 136, and < 1 % cyclohexanone. 

Reaction 9 (using 1.2 eq KH, then 1.1 eq n-BuU, reflux 16 h hexane) 

with 4.6 eq methyl triflate (direct addition at -55 °C with simultaneous addition 

of 40 mL ether, 1 h at -55 oC, overnight from -55 0C to 25 oc) gave 36% 2-

methylcyclohexanone ~ 32% cis-2,6-dimethylcyclohexanone SO, 17% trans-

2,6-dimethylcyclohexanone a and 15% cyclohexanone. 

Reaction 10 (using 1.0 eq KH, then 1.1 eq n-BuU, 1.25 h ether) with 3.0 

eq ethyl triflate (direct addition at -30 oc) gave 42% 2-ethylcyclohexanone 60, 

16% trans-2,6-diethylcyclohexanone 63, 34% cis-2,6-diethylcyclohexanone 62, 

and 8% cyclohexanone. 

Reaction 11 (using 1.3 eq KH, then 1.2 eq n-BuU, reflux 2 h hexane) 

with 3.8 eq methyl triflate (direct addition at -55 oC, overnight from -55 °C to 25 

OC) gave 30% 2-methylcyclohexanone ~ 35% cis-2,6-dimethylcyclohexanone 

~, 20% trans-2,6-dimethylcyclohexanone a and 13% cyclohexanone. 

Reaction 12 (using 1.2 eq KH, then 1.1 eq n-Bull, reflux 3.75 h hexane) 

with 4.2 eq methyl triflate (direct addition at -55 oC, overnight from -55 °C to 25 
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OC) gave 21% 2-methylcyclohexanone 49. 47% cis-2,6-dimethylcyclohexanone 

~ 8% trans-2,6-dimethylcyc1ohexanone 51. 21% I-n-butylcyclohexene 135. 

and 3% butylidene cyclohexanone 134, and < 1 % cyclohexanone. 

Reaction 13 (using 1.3 eq KH, then 1.0 n-BuLi, reflux 2 h heptane) with 

3.0 eq ethyl triflate (inverse addition at -30 OC, overnight from -30 to 25 OC) 

gave 37% 2-ethylcyclohexanone ,2Q, 56% 2,6-diethylcyclohexanones 62 and g, 

and 7% 2,2-diethylcyclohexanone .2!, and < 1% cyclohexanone. 

Reaction 14 (using 1.3 eq KH, then 1.2 eq n-BuLi, reflux 2 h hexane) 

with 3.8 eq methyl triflate (inverse addition t -55 oC, overnight from -55 OC to 

25 OC) gave 16% 2-methylcyc1ohexanone ~ 36% cis-2, 6-

dimethylcyclohexanone ~ 26% trans-2,6-dimethylcyclohexanone lit 18% 1-

n-butyl-l-methoxycyclohexane 136, 1% butylidene cyclohexanone 134, 3% 1-

n-butylcyclohexene ill, and < 1% cyclohexanone. 

Reaction 15 (using 1.3 eq KH, then 1.0 eq n-BuU, reflux 1 h hexane) 

with 3.0 eq ethyl triflate (inverse addition at -30 OC, overnight from -30 to 25 

OC) gave 20% 2-ethylcyclohexanone ,2Q, 70% 2,6-diethylcyclohexanones 62 and 

63, and 10% 2,2-diethylcyclohexanone .2!, and < 1% cyclohexanone. 

Reaction 16 (using 1.3 eq KH, then 1.2 eq n-BuU, reflux 2 h hexane) 

with 3.8 eq methyl triflate (inverse addition at -55 oC, overnight from -55 °C to 

25 OC) gave 20% 2-methylcyc1ohexanone ~ 45% cis-2, 6-

dimethylcyc1ohexanone ~ 26% trans-2,6-dimethylcyclohexanone ~1., and 9% 

cyc1ohexanone. 



125 

Results of alkylations of the 20 ,2 0 dianion 130 from cyclohexanone to 

obtain 2-ethyl-6-methy1cyc1ohexanones ill and ill are shown in Table 14. 

Alkylations were done with methyl iodide or an alkyl triflate followed by a 

second eq of alkyl triflate (to minimize exchange) in the same pot. All the 

alkylations were done in hexane unless otherwise indicated. Alkylation times 

are indicated for each electrophile (RY or R'Y). Addition of the first 

electrophile (direct or inverse) was done at the first temperature (in the 

indicated range) and the reaction was continued for the times indicated at the 

second temperature before addition of the second electrophile. 

Table 14. Dialkylations of cyc1ohexanone dianion with different 
electrophiles. 

Reaction # R Y / R 'Y 

1c Mel / Et01f 
2d MeOTf / Et01f 
3d EtOTf / Meaff 
4c Mel / Et01f 
5 Mel / Et01f 
6c Mel / Et01f 
7 Meaff / Et01f 
8d Mel / Et01f 
9 Mel / Et01f 
10 Mel / Et01f 
11 Mel / Et01f 
12c Meaff / Et01f 
13 Mel / Et01f 
14h Mel / Et01f 

o 
1) RY RytyR' 

2) R'Y 
~ U 

Temp(OC) 
RY / R'Y 

-70 / -700+0 
-55 / -550+-30 
-55 / -550+-30 
-30 / -30 
-30 / -35 
-30 / -30 
-30 / -300+15 

o / 0+30 
-30 / -300+15 
-30 / -300+25 
5-+25 / -100+15 
-40 / -35 

-300+10 / -100+25 
-300+10 / -100+25 

Time(h) 
RY / R'Y 

0.25 / 1.25 
0.17 / 0.75 
0.17 / 0.75 
0.25 / 2 
1/1 
0.25 / 1 
0.5 / 1 
1 / 1.25 
1 / 0.5 
0.75 / 1 
0.5 / 1 
0.5 / 1.25 
1 / 18 
1 / 18 

a Molar ratios by preparative and analytical GC and NMR. 
b Inverse addition. In hexane. 
c In ether. 
d Ether and TMEDA. 

Yield(%)a 

3 
8 
8 
9 

12 
14 
15 
20 
24 
2S 
31 
40 
41 
58 
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Numbered compounds in the following section are found in Fig. 55. 

Any exchange between ethyl ether and ethyl triflate was invisible in 

reactions 1, 4, 6, and 12. 

Low temperature (-70 oc) alkylations for short times are not effective 

for alkylating dianion with methyl iodide. In reaction 1 only 7% of the 

products were methylated, whereas 85% were ethylated. Reaction 1 (using 1.0 

eq KH, then 1.1 eq n-Buli, 1 h ether) with 1.0 eq methyl iodide (direct addition 

at -70 oc) followed by 1.0 eq ethyl triflate (direct addition at -70 oc) gave 3% 2-

ethyl-6-methylcyclohexanones ill and ill., 3% 2,6-dimethylcyclohexanones 

50 and 51. 43% 2-ethylcyclohexanone.ti.Q, 18% cis-2,6-diethylcyclohexanone 

g 15% trans-2,6-diethylcyc1ohexanone ~ 6% 2,2-diethylcyclohexanone hl, 

1 % 2-methylcyclohexanone ~ and 11 % cyclohexanone. 

To improve the first alkylation, methyl triflate was tried. Surprisingly, 

reaction 2 at slightly higher temperature still gave ineffective 

monomethylation (14%). Reaction 2 (using 1.0 eq KH, then 1.0 eq TMEDA and 

1.0 eq n-Buli, 18 h ether) with 1.0 eq methyl triflate (direct addition at -55 OC) 

followed by 1.1 eq ethyl triflate (direct addition at -55 oc) gave 8% of the 

desired 2-ethyl-6-methylcyclohexanones ~ and !.1.1., 44% 2-

ethylcyc1ohexanone .§Q, 14% 2,6-diethylcyclohexanones 62 and ~ 6% 2-

methylcyclohexanone ~ and 28% cyclohexanone. 

Under similar conditions to reaction 2, reaction 3 was done with ethyl 

triflate as the first electrophile and gave nearly identical results to reaction 2. 

Reaction 3 (using 1.0 eq KH, then 1.0 eq TMEDA and 1.0 eq n-Buli, 18 h ether) 

with 1.0 eq ethyl triflate (direct addition at -55 oc) followed by 1.0 eq methyl 
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triflate (direct addition at -55 oc) gave 8% of the desired 2-ethyl-6-

methy1cyc1ohexanones ill and 133,46% 2-ethy1cyc1ohexanone 60, 15% 2,6-

diethy1cyc1ohexanones g and,§1, 5% 2-methy1cyc1ohexanone ~, and 26% 

cyc1ohexanone. 

Thus, reactions 2 and 3 showed that the first alkylation was not 

occurring very well, even with alkyl triflates. Reactions 4-6 were done in 

ether and hexane at still higher temperature and slightly longer times to 

improve the first alkylation. Reaction 4 gave only 11% methylation. A major 

improvement in total methylation (39%) was obtained in reaction 5, in which a 

main difference was a longer time for the first alkylation. This was confirmed 

by reaction 6 (similar to reaction 4) which gave only 17% methylation. Ether 

did not improve the yield. More importantly, reaction 5 was done with our 

modified procedure for generating dianion in refluxing hexane. Metalations 

for reactions 4 and 6 were done without TMEDA in ether. Reaction 2 and 3 with 

TMEDA/ether did not give good results. 

Reaction 4 (using 1.0 eq KH, then 1.1 eq n-BuU, 1 h ether) with 10.1 eq 

methyl iodide (direct addition at -30 oc) followed by 2.0 eq ethyl triflate (direct 

addition at -30 oc) gave 9% of the desired 2-ethyl-6-methy1cyc1ohexanones 132 

and ilJ" 68% 2-ethy1cyc1ohexanone .§Q, 11% 2,6-diethy1cyc1ohexanones il 

and,§1, 2% 2-methylcyc1ohexanone ~ and 10% cyc1ohexanone. 

Reaction 5 (using 1.3 eq KH, then 1.1 eq n-BuU, 3.25 h hexane reflux) 

with 5.0 eq methyl iodide (direct addition at -30 0 C) followed by 1.2 eq ethyl 

triflate (direct addition at -35 OC) gave 4% trans-2-ethyl-6-

methy1cyc1ohexanone ill. and 8% cis-2-ethyl-6-methy1cyc1ohexanone 132, 
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32% 2-ethylcyc1ohexanone ~, 26% 2-methylcyc1ohexanone 49, 1% 2-

cyc1ohexen-1-one ill (bp 168 oC, found in the same GC fraction as ill and 

133), and 29% cyc1ohexanone. 2-Cyc1ohexen-1-one 139 is thought to be 

derived by loss of hydride from dianion 130 (Fig. 56). Further loss of hydride, 

then deprotonation and a-alkylation gives phenetole 89, observed in other 

reactions (see reactions 13, 14, Table 14). 

0- 0- 0 

6--- 6 -- 6--
0-

6--
OEt 

6 
Figure 56. Oxidation bypro ducts from cyc1ohexanone dianion. 

Reaction 6 (using 1.0 eq KH, then 1.1 eq n-BuIi, 1.25 h ether) with 2.0 

eq methyl iodide (direct addition at -30 oc) followed by 1.5 eq ethyl triflate 

(direct addition at -30 oc) gave 9% cis-2-ethyl-6-methylcyc1ohexanone 132, 5% 

trans-2-ethyl-6-methylcyc1ohexanone 133, 49% 2-ethylcyc1ohexanone 60, 7% 

cis-2,6-diethylcyc1ohexanone 62. 5% trans-2,6-diethylcyc1ohexanone 63, 1% 

2,6-dimethylcyc1ohexanones iQ and ll, 1% 2,2-diethylcyc1ohexanone 61, 6% 

1-n-butylcyc1ohexene 135, 2% 2-methylcyc1ohexanone ~, 1% butylidene 

cyc1ohexanone 134, and 14% cyc1ohexanone. 

Reaction 7 used methyl triflate first and gave 74% methylation due to 

higher alkylation temperatures and longer reaction times and better 

metalation, but only 15% of the desired product was obtained. Results from 

reaction 2 using methyl triflate first contrast with those from reaction 7. 

Reaction 7 (using 1.2 eq KH, then 1.1 eq n-BuIi, reflux 2 h hexane) with 1.2 eq 

methyl triflate (direct addition at -30 OC) followed by 1.2 eq ethyl triflate 
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(direct addition at -30 OC) gave 6% trans-2-ethyl-6-methylcyc1ohexanone 133. 

9% cis-2-ethyl-6-methylcyclohexanone 132. 25% 2-methylcyc1ohexanone .12. 

17% cis-2,6-dimethylcyclohexanone ~, 12% trans-2,6-dimethylcyc1ohexanone 

a 15% 2-ethylcyclohexanone!ill, 5% 2-ethyl-2-methylcyc1ohexanone ill, 

3% cis-2,6-diethylcyc1ohexanone 62, 2% trans-2,6-diethylcyc1ohexanone 63. 

1 % 2,2-diethylcyclohexanone .2l, and 5% cyclohexanone. 

Results similar to those in reaction 7 were obtained from reaction 8, 

which used TMEDAIether. Reaction 8 (using 1.0 eq KH, then 1.1 eq TMEDA and 

1.1 eq n-BuIi, 1.25 h ether) with 12.0 eq methyl iodide (direct addition at 0 oc) 

followed by 1.8 eq ethyl triflate (direct addition at OOC) gave 20% 2-ethyl-6-

methylcyc1ohexanones ill and 133. 23% 2-methylcyclohexanone .12. 25% 2-

ethylcyc1ohexanone.§Q, 27% 2,6-dimethylcyclohexanones ~ and 51. and 5% 

cyc1ohexanone. 

Reaction 9 (using 1.2 eq KH, then 1.1 eq n-BuIi, reflux 15 h hexane) 

with 2.0 eq methyl iodide (direct addition at -30°C) followed by ethyl triflate 

(direct addition at -30 OC) gave 10% trans-2-ethyl-6-methylcyclohexanone ill, 

14% cis-2-ethyl-6-methylcyclohexanone 132, 5% 2-methylcyclohexanone 49, 

39% 2-ethylcyclohexanone!ill, 6% cis-2,6-diethylcyclohexanone 62, 5% trans-

2,6-diethylcyc1ohexanone a 1% 2,2-diethylcyclohexanone .ti. and 20% 

cyc1ohexanone. 

Reaction 10 (using 1.2 eq KH, then 1.1 eq n-BuIi, reflux 6.5 h hexane) 

with 2.0 eq methyl iodide (direct addition at -30 OC) followed by 1.1 eq ethyl 

triflate (direct addition at -30 OC) gave 9% trans-2-ethyl-6-

methylcyc1ohexanone ill, 16% cis-2-ethyl-6-methylcyclohexanone ill.. 10% 



130 

2-methylcyclohexanone ~ 44% 2-ethylcyc1ohexanone 60. 1% 2,2-

diethy1cyclohexanone II 2% cis-2,6-diethy1cyc1ohexanone g 1% trans-2,6-

diethy1cyclohexanone ~ and 17% cyc1ohexanone. 

Reaction 11 (using 1.2 eq KH, then 1.1 eq n-BuLi, reflux 7.75 h hexane) 

with 2.0 eq methyl iodide (direct addition at 5 OC) followed by 1.2 eq ethyl 

triflate (direct addition at -10 0 C) gave 8% trans-2-ethyl-6-

methy1cyclohexanone ill. 23% cis-2-ethyl-6-methy1cyclohexanone 132, 22% 

2-methylcyclohexanone ~ 17% 2-ethylcyc1ohexanone 60. 2% 2,6-

diethy1cyclohexanones .§1. and ~ 6% cis-2,6-dimethylcyclohexanone ~ 6% 

trans-2,6-dimethy1cyclohexanone ll. and 7% 1,2-dimethy1cyclohexanol 138 

(bp of isomeric 2,3-dimethy1cyclohexanol is 174.5 oC; ~ was found in the 

same GC fraction as ~ and a bp 174-176 OC), and 9% cyclohexanone. 

Reaction 12 (using 1.0 eq KH, then 1.1 eq n-BuLi, 1 h ether) with 1.2 eq 

methyl triflate (direct addition at -40 OC) followed by 1.9 eq ethyl triflate 

(direct addition at At -35 OC) gave 11% trans-2-ethyl-6-methylcyclohexanone 

133, 29% cis-2-ethyl-6-methylcyc1ohexanone 1..1.L, 23% 2-

methylcyclohexanone 49. 18% cis-2,6-dimethylcyclohexanone 50. 6% trans-

2,6-dimethylcyc1ohexanone 51, 7% 2-ethylcyclohexanone 60, 1% 2,2-

dimethylcyclohexanone g 1% 2,2,6-trimethylcyclohexanone a 3% 2-ethyl-

2-methylcyclohexanone ill, and 1% alkenes 134 and,ill. 

Reaction 13 (using 1.3 eq KH, then 1.2 eq n-BuLi, reflux 2.25 h hexane) 

with 5.0 eq methyl iodide (direct addition at -30 oC) followed by 2.0 eq ethyl 

triflate (direct addition at -10 0 C) gave 13% trans-2-ethyl-6-

methylcyclohexanone ~ 28% cis-2-ethyl-6-methylcyclohexanone 132, 18% 
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2-methylcyc1ohexanone 49. 8% cis-2,6-dimethylcyc1ohexanone 2.Q, 4% trans-

2,6-dimethylcyc1ohexanone 51, 4% cis-2,6-diethylcyc1ohexanone 62, 3% 

trans-2,6-diethylcyc1ohexanone 2J., 1% 2,2-diethylcyc1ohexanone 61, 2% 2-

ethyl-2-methylcyc1ohexanone ill, 1% phenetole li2 (bp 169-170 °C and found 

in the same GC fraction as 50 and a bp 174-176 oc), and 9% cyc1ohexanone. 

The remainder of the material was not identified. 

Reaction 14 (using 1.3 eq KH, then 1.2 eq n-BuU, 2 h hexane reflux) 

with 5.0 eq methyl iodide (inverse addition at -30 oc) followed by 2.0 eq ethyl 

triflate (direct addition at -10 DC) gave 39% cis-2-ethyl-6-

methylcyc1ohexanone ill.. 19% trans-2-ethyl-6-methylcyc1ohexanone .11.a, 

4% cis-2,6-diethylcyc1ohexanone g, 4% trans-2,6-diethylcyc1ohexanone 63. 

5% cis-2,6-dimethylcyc1ohexanone ~ 1% trans-2,6-dimethylcyc1ohexanone 

a 3% 2-methylcyc1ohexanone ~, 1 % 2,2-diethylcyc1ohexanone .§!, 17% 1,2-

dimethylcylohexanol ill, 1 % phenetole li2, and 6% cyc1ohexanone. 

Thus through considerable effort, 58% yield of the a-ethyl, a'-methyl 

derivative was usually obtained as a 2:1 cis/trans mixture (illI!1~'>. Methyl 

iodide is better than an alkyl triflate as the first electrophile since it is 

difficult to stop the reaction of a alkyl triflate with an enolate. For example, 

the main byproduct in reaction 7 was 29% 2,6-dimethylcyc1ohexanones ~ and 

li. However, methyl iodide is only better at temperatures below 0 °C since 

reaction 8 using methyl iodide (at DOC) also gave 27% 2,6-

dimethylcyc1ohexanones ~ and li. 

Results of monoalkylations of the a,a'-dianion 130 from cyc1ohexanone, 

done as models for the first alkylation of the one-pot a,a'-dialkylation 
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strategy, are given in Table 15. These results confirm those in Table 14: 

Selective mono alkylation of dianion with methyl triflate or dimethyl sulfate to 

give the desired 2-methylcyclohexanone ~ did not occur under mild 

conditions (reactions 1, 2). Much more selective monoalkylation was obtained 

under mild conditions with methyl iodide (reaction 4). 

Table 15. Monomethylations of cyclohexanone dianion. 

0 0 

-6- excess RY erR ~ 

130 

Reaction # RY Solvent Temo(OC) Time(h) Yield(%)a 

1 Mel EtzO 0 1.0 29 
2 MeOTf Hexane -35 0.17 30 
3 MezS04 EtzOITMFDA -55~25 0.5 33 
4 Mel Hexane -45 0.5 55 
5 Mel Hexane -55+30 0.75 62 

a Molar ratios by preparative and analytical GC and NMR. 

Numbered compounds in the following section are found in Fig. 55. 

Reaction 1 (using 1.0 eq KH, then 1.0 eq TMEDA and 1.2 eq n-BuU, 1 h 

ether) with 12.0 eq methyl iodide (direct addition at 0 DC) gave 29% of the 

desired 2-methylcyclohexanone ~ 12% 2,2-dimethylcyclohexanone ll, 8% 

cis-2,6-dimethylcyclohexanone SO, 9% trans-2,6-dimethylcyclohexanone 51. 

15% 2-ethylcyclohexanone ,22, 5% cis-2-ethyl-6-methylcyclohexanone 132. 

4% trans-2-ethyl-6-methylcyclohexanone 133. 3% 2-ethyl-2-

methylcyclohexanone ill., 5% I-n-butylcyclohexanonol 137. and 10% 

cyclohexanone. In addition to over-methylation (29%), unexpected ethylation 

occurred (27%), which will be discussed later. 
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Reaction 2 (using 1.3 eq KH, then 1.1 eq n-BuIJ, reflux 4 h hexane) with 

1.2 eq methyl triflate (direct addition at -35 OC) gave 30% of the desired 2-

methylcyclohexanone ~, 16% 2,6-dimethylcyclohexanones ~ and li, 1% 

butylidene cyclohexanone ill, 6% I-n-butylcyclohexene ~, 5% I-n-butyl

I-methoxycyc1ohexane 136, and 42% cyclohexanone. Methyl triflate alkylated 

dianion and enolate, giving 16% 2,6-dimethylcyclohexanones ~ and li, under 

conditions found to minimized exchange (ll from a,a'-dialkylation was not 

observed). Thus, methyl trifIate did not selectively monoalkylate dianion. 

Dimethyl sulfate reacted similarly to give 18% 2,6-

dimethylcyclohexanones ~ and 5l. Reaction 3 (using 1.0 eq KH, then 1.0 eq 

TMEDA and 1.0 eq n-BuIJ, 10 min at -55 oC, then 50 min at 25 0C ether) with 1.0 

eq dimethyl sulfate (direct addition at -55 OC) gave 33% of the desired 2-

methylcyclohexanone £!, 11% cis-2,6-dimethylcyclohexanone ~ 7% trans-

2,6-dimethylcyclohexanone a 10% 2-ethylcyclohexanone 60, 9% cis-2-ethyl-

6-methylcyclohexanone 132, 6% trans-2-ethyl-6-methylcyclohexanone 133, 

1 % 2-ethyl-2-methylcyclohexanone Ul" and 23% cyclohexanone. As in 

reaction 1, formation of ethylated products in reaction 3 was not easily 

explained, but possibilities will be discussed later. Control experiments 

demonstrated that the presence of diethyl ether was the only common element 

in which this anomalous ethylation occurred. However, these experiments 

were not definitive in suggesting the mechanism for this ethylation. 

Further evidence for a,a'-dianion formation was obtained from 

reactions 4 and 5. Methyl iodide gave the desired monoalkylated product ~ 

under conditions in which reaction with the enol ate is sluggish. Reactions 4 
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and 5 gave similar results, except for the formation of n-Buli addition products 

1M and 1ll in reaction 4. Reaction 4 (using 1.5 eq KH, then 1.2 eq n-BuU, 

reflux 2.5 h hexane) with 5.0 eq methyl iodide (direct addition at -45 oc) gave 

36% cyclohexanone, 55% 2-methylcyclohexanone tl, 5% I-n

butylcyclohexene ill and 1% butylidene cyclohexanone~. Mild conditions 

were found that gave clean monoalkylation: Reaction 5 (using 2.0 eq KH, then 

1.2 eq n-Buli, reflux 1.75 h hexane) with 5.0 eq methyl iodide (direct addition 

at -55 oC, 15 min from -55 to -30 oC, then 30 min at -30 0 C) gave 62% 2-

methylcyclohexanone 49, and 38% cyclohexanone. 

In alkane solvents, the need to generate dianion !.ill from 

cyclohexanone at higher temperatures and to increase the alkylation time and 

temperature was shown by several experiments, an example of which involved 

generation of dianion in refluxing pentane for 2 h, then 25 °C for an 

additional 4.5 h. The dianion thus prepared reacted with 3.0 eq methyl iodide 

(direct addition at -55 oC, 15 min from -55 to -30 oC, then 30 min at -30 oc) to 

give only 29% of the desired 2-methylcyclohexanone ±2., and 71% 

cyclohexanone. Similar low temperature alkylations (-60 oc) for brief times 

(30 min) of cyclohexanone dianion lJ.Q (generated under conditions that gave 

high concentration of dianion) using excess methyl iodide avoided exchange 

and gave mostly cyclohexanone and low yields of the desired 2-

methylcyclohexanone ~. 

Our attempts to generate and alkylate dianion under conditions 

described by Hubbard and Harris186 did not reproduce their yields. For 

example, alkylation of dian ion lJ.Q (prepared under their conditions) with one 
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equivalent of benzyl chloride gave 30% 2-benzylcyclohexanone II compared 

to their 67%.186 

Alkylations of Other Ketone Dianions 

Attempts to generate and alkylate the 2 °,3 ° dianion from 2-

methylcyclohexanone ~ and 3°,3° dianions from 2,4-dimethyl-3-pentanone 

112 and 2,6-dimethylcyc1ohexanones ~ and 11 were not as successful as with 

other ketones. Yields of the monoalkylated and dialkylated ketones are given 

(Table 16). Since alkylated products provided evidence for successful dianion 

generation, we concluded that we did not obtain these dianions in 

synthetically useful yields. Thus reaction with methyl iodide did not produce 

good yields of monoalkylated ketones, as opposed to reactions with other 

dianions. Alkylation with methyl triflate presumably occurred with the 

monoenolates of these ketones. 

Table 16. Attempted methylations of other ketones. 

0 0 0 0 0 
~ --(ly tr 1) Ketone "Dianlon" CondltlO~ 'yy R :¥yR 2) excess RY _ _ - -
~ ill ~,11 mono di 

Reaction # Ketone RY Solvent Temp(OC) Time(h) Yield(%)a 
mono di 

1 ill Mel Hex -55+30 1.75 0 0 
2 ill Meaff Hex -550+25 18 45 1 
3 ~ MeOTfl Hex -550+25 18 9 4 
4 ~11 MeOTf Hex -55-+25 18 35 5 
5 ~,11 MeOTf EtzO -30 1 74 9 
6 ~,11 MeOTf EtzO -550+25 18 94 0 

i Inverse addition. 
a Molar ratios by preparative and analytical GC and NMR. 
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Reaction 2 of 2,4-dimethyl-3-pentanone 112 under the usual conditions 

for generating dianion (using 1.3 eq KH, then 1.2 eq n-BuU, reflux 4.25 h), 

followed by reaction with 3.6 eq methyl triflate (direct addition at -55 oC, then 

overnight from -55 to 25 OC) gave 1% of the desired 2,2,4,4-tetramethyl-3-

pentanone 140 (Fig. 57), 45% 2,2,4-trimethyl-3-pentanone 1.1.1, 32% 2,4,4-

trimethyl-3-hexanone 142, 17% 2-methyl-3-isopropyl-3-methoxyheptane 143, 

and 3% 2,4-dimethyl-3-pentanone. 

o 

~ 
141 

Figure 57. Products from methylations of 2,4-dimethyl-3-pentanone. 

Similarly, reaction 1 of this "dianion" from 2,4-dimethyl-3-pentanone 

ill with 4.0 eq methyl iodide (direct addition at -55 oC, 30 min from -55 to -30 

oC, then 1.25 h at -30 OC) gave only traces of 2,2,4-trimethyl-3-pentanone ill 

and 2,2,4,4-tetramethyl-3-pentanone ~. 

Reaction 3 of 2-methylcydohexanone ~ under the usual conditions for 

generating dianion (using 1.3 eq KH, then 1.2 eq n-BuU, reflux 4.75 h hexane), 

followed by reaction with 2.9 eq methyl triflate (inverse addition at -55 OC, 10 

min at -55 oC, then overnight from -55 °C to 25 oc) gave 4% of the desired 2,6-

dimethylcyclohexanones (1% cis iQ. and 3% trans ll), 32% 2-ethyl-2-

methylcyclohexanone ill, 9% 2,2,6-trimethylcyclohexanone g 1% 2,2,6,6-

tetramethylcydohexanone 65, 2% 2-ethyl-2,6-dimethylcyclohexanones ~ 

and ill (Fig. 58), 15% I-n-butyl-2-methyl-l-methoxycyclohexane 146. 4% of 
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what were unidentified but likely alkenes from dehydration of n-BuU addition 

products, and 33% 2-methylcyc1ohexanone. 

Figure 58. Other products from methylation of 2-methylcyc1ohexanone. 

Reaction 4 of 2,6-dimethylcyc1ohexanones iQ and II under the usual 

conditions for generating dianion (using 1.2 eq KH, then 1.2 eq n-BuU, reflux 

3.25 h hexane) followed by reaction with 4.2 eq methyl triflate (direct addition 

at -55 oe, then overnight from -55 to 25 oc) gave 5% of the desired 2,2,6,6-

tetramethylcydohexanone ~ 35% 2,2,6-trimethylcyclohexanone ~ 30% 2-

n-butyl-2,6-dimethylcyc1ohexanones ill (14%) and 148 (16%) (Fig. 59), 15% 

I-n-butyl-l-methoxy-2,6-dimethylcyc1ohexanes ~, 15% I-n-butyl-2,6-

dimethylcyc1ohexanols 150, and < 1% 2,6-dimethylcyc1ohexanones. 

Figure 59. Other products from methylation of 2,6-dimethylcyc1ohexanones. 

It was clear that n-butyl triflate was produced under these conditions by 

a triflate-metal exchange, similar to halogen-metal exchange. This butylation 

occurred because dian ion from 2,6-dimethylcyc1ohexanones iQ and II had not 

formed well, allowing the excess n-BuU to react with methyl triflate. 

Interestingly, reactions using methyl iodide in which n-butyl iodide was 

similarly produced never gave butylated products. (Reactions with n-butyl 
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iodide were slow and gave low yields of alkylation.) Thus, this butylation was 

taken as strong evidence against formation of the dianion from 2,6-

dimethylcyclohexanones. In addition, that butylation did not occur in similar 

reactions of other dian ions that gave good yields of alkylated products using 

methyl triflate is further evidence for formation of these dianions. 

Reaction 5 of 2,6-dimethylcyclohexanones ~ and II (using 1.0 eq KH, 

then 1.2 eq n-BuU, 1.5 h ether), followed by 3.0 eq methyl triflate (direct 

addition at -30 oC, 1 h at -30 OC) in ether gave 9% of the desired 2,2,6,6-

tetramethylcyclohexanone 65, 74% 2,2,6-trimethylcyclohexanone 53. 17% 2-

ethyl-2,6-dimethylcyclohexanones 145 (10%) and ~ (7%), and < 1% 2,6-

dimethylcyc1ohexanones. Under these conditions, butylation and addition 

products which occurred in reaction 4 were avoided, but unintended 

ethylation occurred. Since the dian ion from ~ and II had not formed very 

well, none of the desired 2,2,6,6-tetramethylcyclohexanone ~ was detected. 

Reaction 6 of 2,6-dimethylcyclohexanones ~ and 51 under similar 

conditions for generating dianion (using 1.0 eq KH, then 1.0 eq TMEDA and 1.0 

eq n-BuU, 18 h ether), followed by 3.1 eq methyl triflate (direct addition at -55 

oC, 30 min at -55 oC, then overnight at 25 OC) in ether gave 94% 2,2,6-

trimethylcyclohexanone II and 6% 2,6-dimethylcyclohexanones. Other 

bypro ducts (particularly undesired ethylation of reaction 5, and addition and 

butylation from reaction 4) were avoided, but again none of the desired 2,2,6,6-

tetramethylcyclohexanone ~ was produced. 
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Cyclic Ketones from a,a' -Dianions 

Based on good precedents for cyclizations,89,90,94,299 and 

intramolecular cyclization of ro-bromo ketone enolates,134 the a,a'-dianions 

from acetone II and cyclohexanone UQ should be good precursors for 

making cyclic ketones (Fig. 60) in reactions with a,ro-bis-electrophiles. 

Analogously, other a,a'-dianions from ketones would be expected to give 

various a-alkyl substituted cyclic ketones. 

o 

6 
o 

6 
o 

9 
Figure 60. Cyclic ketones attempted from acetone dianion. 

Alkylation of acetone dianion II with 1,3-dibromopropane was expected 

to give terminal 6-bromo-2-hexanone enolate, the intramolecular cyclization 

of which (based on cyclizations of other terminal 6-bromo-2-hexanone 

enolates in HMPAIethers134), was expected to give cyclohexanone. 

a,a'-Dianion from acetone was reacted with 1,3-dibromopropane, 1,3-

propaneditriflate, 3-chloro-1-propanetriflate, 1-bromo-3-chloro-propane, and 

l,4-dibromobutane. Only 1-bromo-3-chloropropane gave cyclohexanone, 

albeit in low yield. It is likely that exchange occurred rapidly to form the 

internal enolate, preventing six- or seven-membered ring formation. The 

terminal enolate must be present to facilitate intramolecular six- or seven

membered cyclization. 

Reaction of dianion from acetone with 1,3-dibromopropane in 4:1 

ether/HMPA (slow inverse addition over 1 h at ° OC, overnight at 25 OC) low 
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yield of 5-hexen-2-one from elimination as the major product based on the 

large amount of 1,3-dibromopropane recovered. The water layer showed 

products from probable quatemization of TMEDA by dihalide and water-soluble 

elimination products. Similar reaction (without TMEDA) with 1,3-

dibromopropane gave some alkylation, induding 6-bromo-2-hexanone and 

elimination products, but the product distribution was complex and 

unidentified. 

Reaction of dianion from acetone with 1,3-propaneditriflate gave a 

complex unidentified mixture of largely alkylation products, including some 

that had undergone elimination of triflate. The triflate intermediate leading to 

ring closure was readily hydrolyzed to form 6-hydroxy-2-hexanone and 

underwent elimination to 5-hexen-2-one as the main identified products. No 

ether polymer was observed, suggesting that 1,3-propaneditriflate was not 

used in polymerization. 

Reaction of dianion from acetone with 3-chloro-l-propanetriflate gave 

a moderate yield of a-alkylation products without elimination, but these were 

not identified. 

Reaction of dianion from acetone with I-bromo-3-chloropropane gave 

cydohexanone (by IH and 13C NMR) and monoalkylated products as the major 

organic products in low yield, based on the large amount of I-bromo-3-

chloropropane recovered. No elimination was observed, in contrast to the 

results given for the reaction of acetone enolate with 1,3-dibromopropane 

(Fig. 31). 
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This dianion strategy was also applied to cycloheptanone and 

bicyclo[3.2.1]octan-8-one. Reaction of dianion from acetone with 1,4-

dibromobutane gave a moderate yield of the required intermediate 7-bromo-2-

heptanone based on recovered 1,4-dibromobutane. Elimination was avoided, 

but cycloheptanone was not observed. Dianion 130 from cyc1ohexanone failed 

to react with 1,2-dichloroethane in the desired way to give bicyc10[3.2.1] octan-

8-one. 

Other Reactions of Cydohexanone Dianion 

Reaction of the dianion ill from cyc1ohexanone (using 1.0 eq KH, then 

1.0 eq TMEDA and 1.0 eq n-BuU, 6.25 h ether) with 2.0 eq TMS-CI (inverse 

addition at 0 OC, overnight at 25 OC) gave 54% of the TMS enol ether 151 (Fig. 

61) and 6% of what is probably disilylated compound lE, based on the 

complete conversion of cyc1ohexanone by NMR. (By comparison, we obtained 

60% of TMS enol ether 151 from potassium cyc1ohexanone enolate, recovering 

40% as cyclohexanone). 

Figure 61. Silyl enol ethers from cyclohexanone. 

However, approximately 40% (based on TMS groups) of the crude was an 

unidentified TMS compound (00.11, s), not due to TMS-CI (00.44, s), which was 

significant since 2.0 eq TMS-CI was used. It is unlikely that the unknown 
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compound is a-TMS cyc1ohexanone, since it is unstable in favor of the TMS 

enol ether.341 Thus, the cylc1ohexanone dianion 130 reacted as an activated 

monoenolate, giving mostly 151. Disilyl cyclohexanone derivative .ill may 

prove interesting and certainly complements disilyl compounds such as ill. 

which was prepared from the a,a-dianion from cyclohexanone in 84% 

yield.342 

We discovered during the course of our investigations that ethylated 

products (see Figures 55, 57, 58; reaction 8, Table 13; reactions 1, 3, Table 

15; reactions 2, 3, Table 16) were formed in alkylations of dianions Z in 

which no ethyl electrophile was intended or formed by in situ by exchange. A 

possible source of ethylation of a,a'-dianions is diethyl ether, an example of 

which is shown in Fig. 62 for cyclohexanone dianion UQ. Ether was not 

supposed to be present (to avoid ethylation by exchange with alkyl triflates), 

but it was possible that residual amounts of ether were present from use as 

solvent in the generation of the potassium enolate precursors to a,a'-dianions 

Z. This problem sometimes made it difficult to determine exactly how much 

ethylation was occurring by ethyl electrophiles in alkylations of dianions 7 in 

which diethyl ether was the solvent. This reaction was invisible until we used 

different alkylating agents. 

Figure 62 Example of ethylation of ketone dianion by diethyl ether. 
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Control experiments were done to find the cause of this incongruity. 

Reaction of the dianion !1Q from cyclohexanone (using 1.0 eq KH, then 1.0 eq 

TMEDA and 1.0 eq n-BuU, 5.5 h ether) with DZO (inverse addition at -55 0 C) 

gave 50% cyclohexanone (and deuterated cyclohexanone), 29% 2-

ethylcyclohexanone 60 (and deuterated 2-ethylcyclohexanone), 21% 1-n

butylcyclohexanol-d 137, and less than 1% alkenes (butylidene cyclohexanone 

lli and 1-n-butYlcyclohexene 135). The only ethyl sources used were diethyl 

ether and TMEDA. 

A mechanism for formation and cleavage of metalated TMEDA (by n

BuU/KOtBu) has been reported339 to give ill (Fig. 63) which may be a two-

carbon source by addition-elimination. Alternatively, quaternized TMEDA (by 

reaction with electrophile) may eliminate to form 154. However, ill requires 

a reduction to give an ethyl group. 

Figure 63. Metalation and cleavage of TMEDA. 

However, subsequent reactions without TMEDA still gave 2-

ethylcyclohexanone.22: Reaction of dianion .!1Q from cyclohexanone with 

water gave 48% cyclohexanone, 35% 2-ethylcyclohexanone 60. 7% 1-n

butylcyclohexanol 137. 1% butylidene cyclohexanone 134, and 9% 1-n

butylcyclohexene ill. In this case, the only ethyl source was diethyl ether. 

(Similarly, TMEDA was not present in other reactions that gave ethylation; see 

also Figures 57, 58, and reaction 8, Table 13) 
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Cleavage of diethyl ether by strong base gives ethoxide and ethylene, a 

possible source of ethylation. It may also be possible for diethyl ether to 

ethylate directly by SN2 reaction. Certain organolithiums react with ethylene 

under pressure to give simple addition products and low molecular weight 

polymers.1 30,343 Secondary and tertiary alkyllithiums add to ethylene under 

mild conditions in the presence of ethers or amines.130,344 Further evidence 

for diethyl ether being the source of this ethylation was shown by the attack 

of cyclohexyllithium on diethyl ether, giving products from 

cyclohexylethyllithium (Fig. 64).345 

0- + /"0"'" ~ U-
Figure 64. Ethylation of cyclohexyllithium by diethyl ether. 

Reaction of the dianion llQ from cyclohexanone (using 2.0 eq KH, then 

1.2 eq n-BuU, reflux 2 h hexane) with ethylene (bubbled through 1.25 h at 25 

oc) in hexane gave only 6% of the expected 2-ethylcyclohexanone .22, 83% 

cyclohexanone, 7% I-n-butylcyclohexanol 137, and 1% alkenes (butylidene 

cyclohexanone ill and I-n-butylcyclohexene ill,). Thus, while we could not 

be certain of the mechanism by which ethylation occurred (whether by 

addition to ethylene from ether or direct SN2 reaction on the a-carbon of 

ether), we were reasonably confident that diethyl ether was the likely source 

of this capricious ethylation phenomenon. 
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C-.O-Dialkylations of Acetic Acid Dianion 

We investigated one-pot conditions for C- and O-dialkylations of 

dianions .8. from carboxylic acids to obtain esters (Fig. 25) Carboxylic acid 

dianions have not been utilized as bis-nuc1eophiles because conditions for C

and O-alkylations are difficult to achieve. O-Alkylation requires polar aprotic 

solvents, often incompatible with carbanions. Dilithium 143 and disodium 

acetic acids 143,310 were tried in reactions as bis-nucleophiles with alkylating 

agents. 

Disodium acetic acid 143 ,31 0 II generation required vigorous conditions 

(210 oc, no solvent sodium amide fusion with sodium acetate) and is an 

intractable insoluble solid that is stirred only with great difficulty. Reaction 

of disodium acetic acid with n-butyl bromide in refluxing THF gave no C- or 0-

alkylation, but the reaction with n-butyl bromide in refluxing DMF gave 50% 

of the O-alkylation product n-butyl acetate ill. However, fair C-alkylation of 

disodium acetic acid by excess benzyl chloride was obtained under vigorous 

conditions in refluxing heptane which gave 59% 3-phenylpropanoic acid 156. 

Nearly identical results were obtained in THF. We were able to obtain C- and 0-

alkylation in only 3% yield from disodium acetic acid with excess benzyl 

chloride in refluxing THF/DMF which gave 3% benzyl 3-phenylpropanoate 

157, 27% benzyl acetate ill, 7% benzyl chloride, 9% dibenzyl ether, and 7% 

benzyl alcohol. 

Trials with dilithium acetic acid .8. gave higher yields of C-alkylation, 

but the desired C- and O-alkylation was not obtained in synthetically useful 

yields. Reacion of dilithium acetic acid with excess ethyl triflate in 
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THF/hexane gave 81% of the C-alkylation product butanoic acid ill, but none 

of the desired ethyl butyrate. The major neutral organic product was 

ethyldiisopropylamine from N-alkylation of diisopropylamine (present after 

generation of dilithium acetic acid by LOA) by ethyl triflate. (Interestingly, 

trialkyloxonium salts esterify carboxylic acids in the presence of diisopropyl 

amine.280) 

Addition of DMF was expected to promote esterification of dilithium 

acetic acid by ethyl triflate but these attempts gave low yields of the desired C, 

O-dialkylation product ethyl butyrate. In these cases, only the O-alkylated 

product, ethyl acetate, was produced (in low yield) and the major neutral 

product was again N-ethylated diisopropylamine. 

Only small amounts of the O-alkylated product, ethyl acetate, were 

obtained from dilithium acetic acid and 2 eq ethyl triflate after stirring 

overnight in hexane (after removal of THF and diisopropylamine). Only acetic 

acid was recovered from the acid fraction. Thus, THF was important to obtain 

good yields of C- alkylation, but the desired O-alkylation did not occur. Hexane 

gave only small amounts of O-alkylation and no C-alkylation, whereas DMF 

gave only O-alkylation. 

Lactonizations of Acetic Acid Dianion 

Though the experiments above did not lead to one-pot conditions for 

concomitant C- and O-alkylations of acetic acid dianions .il, we were still 

hopeful that favorable intramolecular cyc1ization would overcome these 
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failures. We applied the strategy indicated in Fig. 26 to the syntheses of 0-

valerolactone (Fig. 65) and E-caprolactone using dilithium acetic acid and 1,3-

and 1,4-bis-electrophiles. 

o 

6 
Figure 65. Lactones attempted from acetic acid dianion. 

Unfortunately, we rediscovered an undesired reaction by confirming 

that carboxylic acid dianions 8 were alkylated rapidly by both electrophilic 

carbons of a,m-bis-electrophiles,86,307 preventing desired intramolecular 0-

alkylation. The diacids were thus obtained in good yields. We desired to make 

o-valerolactone by reacting dilithium acetic acid (using LDA) with 1.0 eq 1,3-

dibromopropane. Slow inverse addition in THF, then 18 h at 50 °C gave 70% 

pimelic acid ~ and 15% 4-pentenoic acid from the acidic fraction. 

By analogy to a similar procedure in which HMPA improved 

alkylation,87 THF/HMPA was used to promote O-alkylation of dilithium acetic 

acid using 1,3-dibromopropane. However, other alkylations of acetic acid 

dianion were not much improved by the use of HMPA.86 No o-valerolactone 

formed, and the reaction gave the same products in similar yields as in THF 

alone. This was confirmed by reactions of carboxylic acid dianions with a,m-

dibromides in HMPA (commonly used in esterifications) in which lactones or 

esters were not obtained. Yields of the diacids of varying chain length ranged 

from 39-68% with HMPA to 40-52% without HMPA.86,307 
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We optimistically suspected that under our reaction conditions pimelic 

acid 68 was formed by nucleophilic attack of acetic acid dianion at the [) 

carbon of [)-valerolactone. However, reaction of acetic acid dianion with 

authentic [)-valerolactone under identical conditions did not give pimelic acid 

or any identified products. 

A synthesis of £-caprolactone was tried by reaction of dilithium acetic 

acid (slow inverse addition) with 1 eq l,4-butaneditriflate overnight in hexane 

(THF was removed to prevent polymer) at -5 to 25 oC. Instead of the desired £

caprolactone, a complex mixture of significant amounts of C- and O-alkylation 

products formed, but these were not identified. 

Attempts to C- and D-alkylate disodium acetic acid gave D-aIkylation in a 

variety of solvents with a,ro-bis-electrophiles. Reaction with 1,3-

dibromopropane for 89 h in refluxing THF followed by 24 h in refluxing DMF 

gave 17% 1,3-propanediacetate (lH NMR: [) 1.98, t, 6.3, CHZ; [) 2.06, s, CH3; [) 4.15, 

t, 6.3, CH20), 35% 3-bromo-n-propyl acetate, 16% allyl acetate, and 20% allyl 

alcohol. 

Reaction of disodium acetic acid with 1,3-dibromopropane in refluxing 

heptane/DMF gave 56% 1,3-propanediacetate, but no C-alkylated product. 

Neither C- nor D-alkylated products were obtained from the reaction of the 

disodium salt of acetic acid with 1,2-ethaneditriflate. Reaction of disodium 

acetic acid with ethylene sulfate li in ether gave no identified C- or 0-

alkylation products. As found in other alkylations with ethylene sulfate, more 

vigorous conditions are required. 
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Alkylations of Carbonate Ion 

Our attempts to make cyclic carbonates 38 from carbonate ion .2 and bis

electrophiles led to the rediscovery of a reaction unknown to us. We reacted 

1,4-dibromobutane with potassium carbonate in refluxing aq DMF for 43 h 

(DMF bp 153 oc) and obtained 18% 1,4-butanediformate. Similar results were 

obtained with 1,3-dibromobutane. Aq DMF was used to improve the solubility 

of potassium carbonate in DMF. 

Carboxylic ami des are converted into esters by reaction with alkyl 

halides at elevated temperatures in the presence of water.99 Thus DMF was 

converted into formate esters after in situ hydrolysis of the amidinium salt 

formed by reaction at the oxygen of DMF with alkyl halides. It was reported 

that the reaction of aq DMF with n-octyl bromide consumed 94.8% of the halide 

and gave 70.5% formate ester after only 2 h at 135 oC,99 much milder 

conditions than we used. Similarly, tosylates give formate esters.346 Thus we 

learned that the yield of the diformate esters produced from the 1,3- and 1,4-

dibromides was low because they were hydrolyzed in aq potassium carbonate to 

the diols which are water soluble, and not seen in the organic layer. 

Reactions under milder conditions confirmed that aq DMF reacted with 

1,3- and 1,4-dibromides to give quantitative conversion to their diformate 

esters by NMR. Evaporation of these high boiling dihalides did not occur since 

diethyl ether was observed in spectra. 

However, reaction of potassium carbonate with benzyl chloride in dry 

DMF gave 7% of the desired dibenzyl carbonate II (R = CH2Ph). The yield of 
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dibenzyl carbonate from benzyl chloride was low because of the low 

nucleophilicity of potassium carbonate in dry DMF, and also because of 

competing nucleophilic attack of DMF on benzyl chloride. This problem has 

been solved by the use of organostannyl phase transfer catalysts, discussed 

earlier.333 

Alkylation of carbonate ion by alkyl triflates was unsuitable since they 

have been shown to readily react with Lewis basic solvents such as 

DMF3,4,44,62 and they were not reported to give any competitive side reaction 

when potassium carbonate was present in reactions of alkyl trlflates.20,24,25 

Alkylatlons of 4,4'-Dimethylbiohenyl Dianion 

In reactions with 4,4'-dimethylbiphenyl dianion 16092,287 (Fig. 66) 

carried out under identical conditions with diethyl sulfate and ethyl triflate, 

their alkylating abilities were observed to be comparable, though slightly 

better yields of ethylation were obtained with ethyl triflate (93 vs. 88 % to give 

ill. where R, R' = Et or R' = Et, R = H). Cyclic dimer ill92,287 was made using 

1,3-dibromopropane, whereas 1,3-propaneditriflate gave no improvement in 

the low yield of !.§1. (6% by White287 ). However, as detailed in the 

Experimental section, results from chromotography cast a little doubt on 

being able to definitively differentiate between oligomer/polymer and cyclic 

dimer!.§1.. The alkylation of dianion !!iQ, as of many other dianions, is 

effective in Lewis basic solvents such as THF and not as effective in alkane 

solvents. Though THF was used in reactions of this dianion with ethyl triflate, 
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we did not observe polymerization of THF, which indicated that alkylation by 

ethyl triflate is much faster than ethyl triflate-catalyzed THF polymerization. 

--0-0--
.!Y.Q. 

R'~R 

161 

Figure 66. Alkylations of 4,4'-dimethylbiphenyl dianion. 

Alkylatlons of 2,6-Dimethylanisole Dianion 

Diethyl sulfate reacted with dianion ill98,106,286 (Fig. 67) to give 66% 

2,6-di-n-propylanisole 164. 12% 6-methyl-2-n-propylanisole 165. 3% 2,6-

dimethylanisole, and 19% O-alkylation (via rearrangement98,106,286) to give 

!2.2. Ethyl triflate gave 53% 2,6-di-n-propylanisole 164, 28% 6-methyl-2-n

propylanisole 165. 9% 2,6-dimethylanisole, and 10% O-alkylation (as 166). 

Thus, though ethyl triflate alkylated this dianion, it offered no advantage over 

diethyl sulfate. 

Ethyl alkylating agents offered the particular advantage over methyl 

alkylating agents in alkylations of dianion !.2J. since rearrangement using 

the latter is an invisible reaction. Alkylation of dianion !.2J. with dimethyl 

sulfate gave 71% 2,6-diethylanisole 167, 20% 2-ethyl-6-methylanisole l1il!, and 

9% 2,6-dimethylanisole. 
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Figure 67. Methylation and ethylation of 2,6-dimethylanisole dianion. 

In the alkylations of dianion 163 described below, control reactions 

with an aliquot of the dianion and diethyl sulfate gave yields similar to the 

best reactions with diethyl sulfate. Thus, dianion 163 was generated in good 

yield. 

Some bis-alkylations of this dianion with 1,2-alkylating agents were 

carried out in the hope of obtaining cyclophane 169 (Fig. 68). 1,2-

Dichloroethane, ethylene sulfite 17, and ethylene sulfate .1.§. all failed to 

produce the desired cyclophane and did not give identified alkylation products. 

Attempts to separate these products by column chromatography were only 

marginally successful; identification of all products was still not conclusive, 

but these products were probably largely oligomers. 
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Figure 68. Bis-alkylations of 2,6-dimethylanisole dianion. 

Though the desired l2.2 was not obtained, alkylation of dianion .!21 with 

1,2-dichloroethane gave good yields of alkylated products: 44% of the 

monoalkylated product !Z!, 36% acyclic dimer ill, 10% 2,6-di(y-chloro-n

propyl)anisole ill, 3% [2.0.2.0] methoxymetacyclophane 170 by oxidation, and 

7% 2,6-dimethylanisole. 

1,2-Dichloroethane gave better yields of alkylated products than did 1,2-

ethaneditriflate, which gave complicated mixtures of largely unidentified 

products that nevertheless clearly showed significant C-alkylation (by 

characteristic 1 H NMR absorptions). However, bis-ethers ill and ill, from 
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bis-alkylation of the rearranged dianion,98,106,286 were separated by column 

chromatography from the mixture. 

Ethylene sulfate 16 also gave significant amounts of unidentified bis

alkylated products that indicated significant a,~-bond formation, from 

characteristic 1 H NMR absortions, but these products were not identified. 

Ethylene sulfite 17 monoalkylated dianion 163 to give 35% of the 

alcohol 174, in general agreement with its reaction with benzyl anion 76 

which gave hydroxyethylated product Z2.. 

Alkylation of dianion ill occurred in THF with 1,4-dibromobutane to 

give about 50% yield total alkylated products, much better than with 1,4-

butaneditriflate in THF, which gave complicated mixtures and THF polymer. 

However, reaction of dianion ~ with 1,4-butaneditriflate in pentane gave 

about 50% alkylation, but none of the desired dimeric cyc1ophane. 

Reaction of 1,8-octaneditriflate with dianion ~ in hexane/pentane 

gave 19% of the monomeric metacyclophane !.ZZ (n = 6) (Fig. 69), 7% of the 

cyclic dimer ill (n = 8), 24% oligomer of six 2,6-dimethylanisole units and five 

octylene units, 24% elimination product 179 (n=2), 25% 2,6-dimethylanisole, 

and 1% of the rearranged product 180.98,106,286 However, reactions of 

dianion ill. with 1, 8-octaneditriflate in THF gave THF polymer and no 

identified alkylation products. 
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Figure 69. Other bis-alkylations of 2,6-dimethylanisole dianion. 

1,8-Dibromooctane with dianion 163 gave 30% of the monomer 

metacyclophane ill (n=6) and 11% cyclic dimer 178 (n=8), 24% oligomer of 

five 2,6-dimethylanisole units and four octylene units, 5% elimination product 

ill (n=2), and 30% rearranged product .!§Q.98,106,286 1,7-Dibromoheptane 

with dianion gave lower yields: 4% monomer metacyclophane ill (n=5), 2% 

cyclic dimer !..ll (n=7), 27% oligomer of five 2,6-dimethylanisole units and 

four heptylene units, 5% elimination product ill (n=I), and 62% rearranged 

product 180.98,106,286 

Alkylations of dianion 163 with methylene sulfate 1ll failed to give the 

desired dimeric metacyclophane .!Z..a. (n = 1) and did not give identified 

alkylation products. Alkylation with methylene sulfate was not as effective as 

with the other bis-alkylating agents tried. 

Alkylatlons of o-Xylene Dianion 

Ethylations of the dianion i1183 from o-xylene using diethyl sulfate 

showed that higher yields of 1,2-di-n-propylbenzene ill were obtained with 

longer reaction times for generating this dianion (Table 17). Development of 

this dianion synthesis established good procedures for comparing reactivity of 
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other alkylating agents. Alkylation reaction times beyond several h were not 

required for good yield (92%, reaction 4). 

Table 17. Ethylations of o-xylene dianion. 

+~ 
183 

Dianion Generation Alk)!:lation 
Reaction Time(h)a Solvent Time(h) 

1 4c TIIF 16.5 
2 20 1:1 THF/heptane 63d 
3 26.5 EtzO 38 
4 24 TIIF 20 
5 26 TIIF 84 

a Generation of dianion in refluxing heptane/hexane. 
b Yields of 182; molar ratios by NMR. 
c Reflux 1 h, 25 oC 3 h. 
d Includes 6 h reflux. 

Yield(%)b 

43 
81 
81 
92 
92 

Reactions used 2.0 eq KOtBu and 16.0 eq n-BuU, except for reaction 2 

which used 4 eq KOtBu. Excess bases were Schlenk-filtered. Aliquots of 

dianion suspension were reacted with a large excess of diethyl sulfate (by 

direct addition) overnight at 25 oC. Alkylations in THF were more efficient 

than in alkanes. 

Reaction 1 also gave 54% of the monoalkylated product 2-methyl-l-n

propylbenzene 183, 1% o-xylene, and 2% dimer oxidation product. The yield of 

dianion ll.l was not maximized after 4 h since the desired 1,2-di-n-

propylbenzene 182 was not obtained. Alkylation for 20 h for reaction 4 gave 

92% yield of the desired 1,2-di-n-propylbenzene ill and showed that 16.5 h 
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for reaction 1 was sufficient time for alkylation and not the main reason for 

the low 43% yield of ill in reaction 1. 

Reaction 2 also gave 16% 2-methyl-l-n-propylbenzene ill and 3% 0-

xylene. Dianion yield was improved with longer refluxing (20 h). Alkylation 

under reflux is not necessary for highest yields to obtain dialkylated product 

182. The alkylation in THF/heptane is not as efficient even though the 

reaction time was very long (63 h). 

Reaction 3 also gave 15% 2-methyl-l-n-propylbenzene 183 and 4% 0-

xylene. Alkylation in diethyl ether gave similar results to reaction 2 and was 

not as effective as alkylation in THF even with extensive reaction time (38 h). 

Reaction 4 also gave 7% 2-methyl-l-n-propylbenzene ..lJ!J. and 1% 0-

xylene. Reaction 5 also gave 4% 2-methyl-l-n-propylbenzene ill and 4% 0-

xylene. Reactions 4 and 5 showed that extensive reaction times are not 

necessary for high yields of the desired 1,2-di-n-propylbenzene 182 (20 vs. 84 

h). More important was the reflux time for generation of dianion (at least 20 

h). Also, doubling the amount of KOtBu (reaction 2) did not by itself give any 

improvement in metalation. 

Utilizing the optimized conditions from Table 17 for alkylations of 0-

xylene dianion )81 with 1,2-bis-alkylating agents showed that higher yields 

of tetralin 184 were obtained with 1,2-ethaneditriflate (Table 18). An 

important precedence for the use of ethylene sulfate in this case was the 

intramolecular cyc1ization with dianion from o-catechol.97 Earlier work83 



158 

using dianion ll.!. did not report any tetralin using 1,2-

ethanedibenzenesulfonate. 

Table 18. Tetralin from o-xylene dianion. 

Alkylation 
Reaction Time(h) RY Solvent Time(d) Yield(%)a 

1 26.5 CI(CHZ)ZCI TIIF 3 9 
2 24 ethylene sulfate TIIF 6b 9 
3 26.5 TfO(CHZ)Zaff EtZO 1.6 24 
a Molar ratios by NMR. 
b Reflux. 

Reaction 1 with 1,2-dichloroethane also gave 15% of the monoalkylated 

product .!1ii (Fig. 70), 19% acyclic oxidation product 186, 4% cyclic dimer 

from oxidation 187, and 39% o-xylene. Other aromatics (14%) were not 

identified. 

~Cl 

ill 

Figure 70. Other products from bis-alkylations of o-xylene dianion. 

Reaction 2 with ethylene sulfate 16 also gave 54% trimer 188, 1% cyclic 

dimer from oxidation ill, and 26% o-xylene. Other aromatics (10%) were not 
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identified. A control reaction using an aliquot from the same batch of dianion 

with excess diethyl sulfate gave 92% 1,2-di-n-propylbenzene 182, 7% 2-

methyl-l-n-propylbenzene ill, and 1% o-xylene. 

Reaction 3 with 1,2-ethaneditriflate also gave 22% 1 4-(2 2'-, , 

dimethyl)diphenylbutane 1Jl2., and 5% 2-methyl-l-( 3-hydroxy-n-

propyl)benzene !2Q, and 11% o-xylene. A control reaction with excess diethyl 

sulfate and an aliquot from the same batch of dianion gave 81% 1,2-di-n

propylbenzene 182, 15% 2-methyl-l-n-propylbenzene 183, and 4% o-xylene. 

Polymerization of ether and ethylation by exchange between the bis-triflate 

and ether were avoided. 

Alkylation of dianion !ll with methylene sulfate II failed to give the 

desired indan and did not give identified alkylation products. 

Alkylations of o-Cresol Dianion 

Ethylations of dianion !2l.28S (Table 19) with diethyl sulfate showed 

that higher yields of the 0- and C-alkylated product 2-n-propylphenetole !..21. 

were obtained with increasing reaction times and temperatures. Diethyl 

sulfate gave much higher yields than ethyl triflate under these reaction 

conditions. 



Table 19. Ethylations of o-cresol dianion. 

Reaction 

1 
2 
3 

RY 

Et2S04 
EtOTf 
Et2S04 

4 Et2S04 
a Molar ratios by NMR. 
b Then 25 0C overnight. 

Temp(oC) Time(h) 

reflux 6b 

25 OC 33 
reflux 12 
250C 84 
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Yield(%)a 

0 
10 
11 
67 

Reaction times in refluxing heptane/hexane to generate dianion 191 

for 1, 3, and 4 were similar (2-4 h). Molar ratios of KOtBu/n-BuU were similar 

(1:1), except for reaction 1 (1:4) and reaction 2 (1:2). At least 3.5 eq KOtBu and 4 

eq n-BuU were used. Dianions were washed free of excess bases and reacted 

with 2 eq diethyl sulfate. 

Reaction 1 was a control reaction which gave 83% C-alkylation as 2-n-

propylphenol 193 (Fig. 71), 10% O-alkylated product 2-methylphenetole 194, 

and 7% o-cresol, but none of the desired 0- and C-alkylated product 2-n

propylphenetole ill. It appeared that the reaction was incomplete since the 

major product (83%) 192 was not obtained in reactions 3 and 4. The high yield 

of C-alkylation indicated at least 83% yield of dianion ill. 

HO 

~ 
ill 

Figure 71. Ethylations of o-cresol dianion. 
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Reaction 3 gave 78% 2-methylphenetole ~, 11% of the desired 2-n

propylphenetole 192, and 11% o-cresol. Reaction 4 used the same ratios of 

reagents to give 67% of the desired 0- and C-alkylated product 2-n

propylphenetole ill, and 32% 2-methylphenetole 194. o-Cresol was also 

recovered (1%). A higher yield of 2-n-propylphenetole 121 was obtained in 

reaction 3 than in reaction 1, even though the same excess of diethyl sulfate 

was used. The higher yield of alkylation is likely due to longer reaction time 

and higher temperatures. 

Reaction 2 with ethyl triflate gave 44% O-alkylation as 2-

methylphenetole ~ (34%) and the desired 2-n-propylphenetole 121 (10%). 

Only 19% C-alkylation was obtained as 2-n-propylphenetole 192 (10%) and 2-

n-propylphenol ~ (9%). The reaction was not successful in alkylating 0-

cresol dianion 191 since o-cresol was recovered as the major component 

(47%). Despite polymerization of THF catalyzed by triflates, THF was used 

because it was found to be a much better solvent for alkylations of carbanions 

than alkanes. THF polymerization was avoided by the manner of addition: 

dianion in hexane was added to ethyl triflate in hexane while simultaneously 

adding THF dropwise. Thus large excesses of THF in the presence of ethyl 

triflate were minimized by slow addition, favoring alkylation of dianion over 

reaction with THF. Ethyl triflate was not present in the same mole percent 

excess as was diethyl sulfate, but the amount of o-cresol recovered (47%) 

indicates that this was not a major reason for the relatively low yields of 0- and 

C-alkylation. 
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With the favorable synthesis of tetralin 184 as precedence (Table 18), 

we considered using bis-triflates in an analogous reaction with o-cresol 

dianion 191 to give benzopyran derivative 195 (Fig. 72). Due to the vigorous 

conditions required for 0- and C-alkylations of o-cresol dianion 191 

(unsuitable for unstable bis-triflates), similar reactions involving 

intramolecular C- and O-alkylations of o-cresol dian ion were not tried. 

~0'l 
0v 

HO OH 

~ V V 
HO 

~CI 
ill !2.§. ill 

Figure 72. Alkylation of o-cresol dianion by 1,2-dichloroethane. 

However, reaction of o-cresol dianion 191 with 1,2-dichoroethane was 

done in an attempt to obtain benzopyran derivative 195. Alkylation of 0-

cresol dianion !.2! gave 17% C-dialkylated product 196, 7% monoalkylated 

product ill and 52% o-cresol. Other aromatics (24%) were not identified. In 

the case of 195, ring formation is expected to be slightly less favorable than 

formation of tetralin 184, due to the oxygen atom effect.93 

Alkylation of dianion 191 with methylene sulfate II also did not give 

the desired benzofuran derivative and did not give identified alkylation 

products. 
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SUMMARY 

Alkyl triflates were reacted with different resonance-stabilized 

nucleophiles in a search for new synthetic methods. The most promising 

results involved their reactions with enolates 1 from ketones and with n,n'

dianions I from ketones. We developed conditions for alkylating ketone 

enolates to ensure that the second alkylation in our ketone syntheses (Fig. 19) 

from dianions Z would work. 

Alkyl triflates alkylated the potassium enolates 48 of cyclohexanone and 

~ of 2,6-dimethylcyclohexanone in high yields (86 and 96%, respectively) 

without significant proton scrambling products (1% in the best cases) which 

exchange products usually occur with other alkylating agents. Conditions 

were also found that reduced the exchange products in the monoethylation of 

acetone enolate 12. with ethyl triflate to give 62% 2-pentanone and 18% 3-

ethyl-2-pentanone at 0 °C. Though not a solution to the exchange problem, it 

was an improvement because the other exchange product, 4-heptanone, was 

avoided. At -70 to -30 oC, exchange was insignificant but the alkylation only 

went in 18% yield. 

Further evidence for the existence of a,a'-dianions I from ketones was 

gained by dialkylating them for the first time, using excess alkyl triflate. The 

best yields (which ranged from 49% of 4-heptanone from acetone to 71% of 

2,6-dimethylcyclohexanones from cyclohexanone) were obtained when the 

reactions were warmed to 25 0C at the end. Yields were somewhat lower when 

exchange was avoided by not warming at the end, but with the advantage that 

there were no exchange byproducts to separate. 
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10 ,1 0 (Jl), 10 ,2 0 (108 . .!.Q.2., 124), 20 ,2 0 (128.130) and 10 ,3 0 (110) 

dianions from ketones were dialkylated for the first time. They reacted 

smoothly with excess alkyl triflates. Generation of 20 ,3 0 and 30 ,30 dianions 

were not formed in synthetically useful yields since small amounts of a,a'

dimethylated products were obtained. 

The dialkylation of a,a'-dianions from ketones with two different 

alkylating agents was investigated by dialkylating the dianions from 

cydohexanone (11Q) and acetone (32). The first alkylating agent could not be 

an alkyl triflate since they react too rapidly with the intermediate enolate. 

Instead, methyl iodide at low temperature was used for the first alkylation, 

then alkyl triflate for the second. Yields of the mixed dialkylation products 

were 58% from cyclohexanone and 28% from acetone. 

One experiment bears on the question of where an unsymmetrical a,a'

dianion reacts first: The 10 ,3 0 dianion .!!Q from 3-methyl-2-butanone with 

methyl iodide followed by protonation gave a 2: 1 mixture favoring the product 

from alkylation at the 10 site. Hopefully greater regioselectivity will be found 

with other reagents and conditions. 

Alkyl triflates alkylated carboxylates and phenoxides, but not as well as 

did other reagents such as dialkyl sulfates. The main problem was finding a 

solvent for such reactions. Diethyl ether was the only solvent which gave 

good yields of esterification with alkyl triflates, but since diethyl ether 

exchanges rapidly with alkyl triflates under these conditions, esterification by 

this method is practically limited to ethylations with ethyl triflate. 
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Alkyl triflates reacted smoothly with benzylic anions and dianions, but 

usually no better than do alkyl halides. An exception was reaction of 1,2-

ethaneditriflate with the dianion from o-xylene giving a better yield of 

tetralin than did 1,2-dihalides. 

Esterification of carboxylates was a model for the second step of our 

proposed one-pot syntheses of esters (Fig. 25) and lactones (Fig. 26) from 

carboxylic acid dianions. We found that conditions required for good 

esterification of carboxylates using alkyl halides were not compatible with 

alkyl triflates (refluxing DMF). Mild conditions were found that gave 

esterification of carboxylate (pimelate) using alkyl triflates. However, ethyl 

esterification from exchange between methyl triflate and diethyl ether was 

not avoided. Inert hexane solvent gave low yields of esterification using alkyl 

triflates. Thus, the method is practically limited to ethyl esterification of 

carboxylate in diethyl ether using ethyl triflate by taking advantage of the 

invisible exchange. Conditions were not found which gave good yields of 0-

and C-alkylation in the same pot. 

Benzyl anion Z§. was monoalkylated by ethylene sulfite !Z in moderate 

yield to give 3-phenyl-1-propanol. This carbanion was bis-alkylated by 

ethylene sulfate!!i to give 1,4-diphenylbutane and monoalkylated to give the 

same alcohol (after hydrolysis). 1,2-Ethaneditriflate did not effectively bis

alkylate benzyl anion. 1,2-Dichoroethane was far more effective in bis

alkylating benzyl anion to give 72% of the desired 1,4-diphenylbutane. 
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Bis-alkylation of phenoxide with ethylene sulfate 16 was also not 

successful. Alkylation of this oxyanion with ethyl triflate gave moderate yield 

of phenetole, and was not competitive with established methods to make such 

aryl alkyl ethers. 

Benzylic dianions were alkylated by alkyl triflates, but yields were 

generally not improved over those using alkyl halides and dialkyl sulfates. 

One exception was found in the synthesis of tetralin in which 1,2-

ethaneditriflate intramolecularly bis-alkylated the dianion .!lil. from o-xylene 

in 24% yield. 
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EXPERIMENT AL 

All reactions were done under purified argon, which was obtained 

moisture- and oxygen-free by the use of a drying column containing Ridox™ 

(R-31 oxygen scavenger from Fisher Scientific Co.) and dessicants (3 or 4 A 

molecular sieves, CaCIz, and Drierite®) in gas scrubbers. The molecular sieves 

were activated immediately prior to use at 400 °C under vacuum for several h 

(until all signs of water condensation were gone). Ridox™ (500 g) was 

activated in a 70 X 4 cm column at approximately 200 °C (using heating tape) by 

passing forming gas (90% Nz/I0% HZ) through the top of the column at a slow 

rate as monitored by a bubbler. Water was observed to condense at the end of 

the column in the Tygon tubing. The greenish-black (inactive) pellets turned 

reddish (active). A heat gun was used to heat the tubing at the point of water 

condensation at the end of the column to remove residual water from the lines. 

This activation process was done for several hours until no residual water was 

observed to condense in the tubing at the end of the column. 

Solvents were usually purified, dried, and freshly distilled prior to use. 

Pentane, hexane, and heptane were sulfuric acid-washed and distilled from 

and stored over KOH pellets. Diethyl ether (ether) and tetrahydrofuran (THF) 

were distilled in an argon atmosphere from sodium, using benzophenone as 

indicator. Hexamethylphosphoric triamide (or hexamethylphosphoramide), 

dimethyl formamide, pyridine, methylene chloride, and chloroform were dried 

over 3 or 4 A molecular sieves which had been activated at 400 °C in vacuo for 

8 h. Carbon tetrachloride and acetonitrile were used as received. 
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Starting ketones from Aldrich Chemical Co. were stored over 3 or 4 A 

activated molecular sieves (see above). Methyl and ethyl triflates, alkyl 

halides, dimethyl and diethyl sulfates, and trifluoromethanesulfonic (triflic) 

anhydride were used as received from Aldrich Chemical Co. 1,3,2-

Dioxathiolane-2,2-dioxide (ethylene sulfate or ethylene glycol cyclic sulfate 

12),97,116,347,348 was synthesized from ethylene sulfite 17, similarly to 

previous reports.1 14,118,349 Ethylene sulfite,102,115,116,127,349,350 

methylene sulfate 18,97,129, 348 1,2-ethaneditriflate,351 1,3-

propaneditriflate3S1 and 1,4-butaneditriflate24 were synthesized as reported. 

1,8-0ctaneditriflate and 3-chloro-l-propanetriflate were synthesized using a 

similar procedure. 351 Materials used in their preparation were used as 

received: ethylene glycol (kept over activated molecular sieves), thionyl 

chloride, triflic anhydride (not stored), ruthenium (III) chloride hydrate, and 

sodium periodate. 

Alkyl triflates were stored at 0 °C for no more than a few days under 

argon, since decomposition was observed as brown discoloration upon 

prolonged storage. Storage for more than a few days is generally not 

recommended when pure reagent is required. In reactions reported here, the 

alkyl triflates were almost always used immediately. If storage was required, 

the triflates were not used if any brown discoloration was observed. (Ethyl 

triflate decomposes slowly at its atmospheric boiling point, 115 oC, and it 

rapidly decomposes at 150 0C to give ethylene and triflic acid. 1 0 Methyl triflate 

could be kept longer than ethyl triflate at 0 0C.) Potassium hydride as a 35% 

(by weight) suspension in mineral oil was used as received from Aldrich 

Chemical Co. The titer of n-butyllithium (n-BuU) in hexane from Aldrich 
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Chemical Co. was checked (using 2,5-dimethoxybenzyl alcohol352) and found to 

be 1.6 M, as received. N,N,N',N'-Tetramethylethylenediamine (TMEDA) from 

Aldrich was used as received and kept over activated molecular sieves. 

Reaction glassware was throughly evacuated and flushed with argon 

immediately prior to reaction. Transfers of air- and moisture-sensitive 

reagents were done under positive argon pressure. Reagents were added 

through septa via syringes. New septa were applied tightly with wire and 

then resealed with vacuum grease after subsequent punctures during the 

course of the reaction procedures. Ground-glass joints were sealed with 

vacuum grease. 

A Varian Aerograph 700 with a GE SE-30 silicone oil column was used for 

preparative and analytical gas chromatography. Authentic samples of ketones 

were used for GC and NMR standards. Unless otherwise indicated, NMR spectra 

were obtained on a Bruker WM-250 spectrometer, using CDCl3 with TMS as 

reference. Yields of most ketones were determined by GC and NMR. Yields for 

more volatile ketones were determined by GC, NMR, and! or gravimetrically as 

their 2,4-dinitrophenylhydrazones, which were analyzed further by NMR. 

Thin layer chromatography was done using silica gel GF plates obtained from 

Analtech. Column chromatography was done using silica gel grade 12, 28-200 

mesh or 200-425 mesh from Aldrich. 

2,4-Dinitrophenylbydrazine (2,4-DNP) reagent was prepared by adding 

a solution of 60 mL water and 210 mL 95% ethanol to a solution of 9 g 2,4-DNP 

and 45 mL conc. sulfuric acid. Ketone was added to the 2,4-DNP reagent (1.22 

eq), mixed well, and left to stand overnight. Alternatively, the 2,4-DNP stock 
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solution was added to the crude ketone product in hexane or pentane obtained 

after workup. Hydrazone yield was maximized by gently heating the mixture 

briefly and then cooling the covered vessel in a freezer several h, after which 

the product was collected by vacuum filtration and washed with water and air 

dried. Recrystallizations, if necessary, were done using aqueous ethanol. 

Reactions were quenched with dilute aqueous HCI. In reactions 

involving alkyl triflates, the pH of the aqueous layer was adjusted to 7-8 with 

solid sodium bicarbonate after the initial acid quench. Reactions with dialkyl 

sulfates were heated for a few h in methanolic KOH to destroy excess dialkyl 

sulfates. Vigorous stirring was continued several h and the pH kept basic to 

insure that excess alkyl triflate or dialkyl sulfate was completely hydrolyzed 

(and triflic acid and sulfuric acid neutralized). 

Usually in reactions involving phenols and carboxylic acids, both the 

neutral and acidic fractions were obtained in the work-ups; first the neutral 

fraction by extraction of the neutral aq layer (which involved neutralization 

with solid NaHC03 of the slightly acidic aq layer from the initial quench), 

followed by acidification (pH 3-4), salting-out (NaCl), and extraction (3 X 20 mL 

ether) of the aq layer to obtain the acidic fraction. 

Many reactions involved compounds which were assumed to have some 

water solubility; therefore the salted-out water layer was extracted 3 X 20 mL 

ether. In cases where the product was not water-soluble, the combined 

organic layers were sometimes washed with 50 mL water. The organic layer 

was dried (preliminary drying by NaCI, then MgS04) then carefully 
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evaporated by slow distillation (for reactions involving volatile ketones) or 

rotary evaporation to yield concentrated crude product. 

Analyses by NMR and GC (using standards) were performed directly on 

the crude product without further purification. GC fractions were collected 

and analyzed by NMR. 2,4-DNP hydrazones were made when necessary by 

mixing the reagent with the organic layer (which was sometimes 

concentrated to reduce solvent volume). 2,4-DNP hydrazones were preferably 

made from ketone crude products in pentane or hexane solvents giving less 

solubility and more precipitation of the hydrazones. 2,4-DNP hydrazones made 

from ketones in ether sometimes gave intractable mixtures, making isolation 

difficult. 

Since the 1 H NMR spectra of alkylated cyc1ohexanones obscure the 

spectrum of cyclohexanone, and to semi-quantitatively confirm the presence 

of cyc1ohexanone obtained by GC analyses, thin-layer chromatographic 

analyses were done on 2,4-DNP hydrazones from the crude. These hydrazones 

were also analyzed by NMR. Rf values indicated good separation of the 

hydrazones from cyclohexanone (Rf = 0.15), 2-methy1cyc1ohexanone (Rf = 

0.22), and 2,6-dimethy1cyclohexanone (Rf = 0.30) in 1:1 CHCl3/hexane. (Higher 

Rf values resulted from 2:1 CHCI3lhexane.) For crude product mixtures in 

which cyc1ohexanone was present in low percent by GC, TLC analyses 

confirmed this fact by giving very weak spots of 2,4-DNP hydrazone from 

cyclohexanone, indicating nearly complete alkylation. Some ketone products 

could be confirmed by TLC. However, separation of other similar ketone 
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hydrazones, such as from 2-ethyl-6-methylcyc1ohexanones and 2,6-

dimethylcyclohexanones, was not achieved. 

u,m-Alkaneditriflates 

1,2-Ethaneditriflate.351 Under Ar, a solution of ethylene glycol 

(17.7 mmol, 1.0 mL) and pyridine (35.4 mmol, 2.9 mL) in 15 mL methylene 

chloride was added dropwise at 0 °C to triflic anhydride (35.5 mmol, 6.0 mL) in 

35 mL methylene chloride. The pyridinium salt was filtered and the filtrate 

was washed 3 X 10 mL ice-water and dried (MgS04). Care was taken to maintain 

the crude as cold as possible while avoiding water condensation in the workup, 

and to perform operations quickly. The crude mixture was concentrated and 

purified by flash column chromatography (column: 0.3 m X 25 mm, silica gel 

grade 12, 28-200 mesh) using methylene chloride as eluent. The solvent was 

carefully evaporated to yield 4.4 g (76%) of 1,2-ethaneditriflate II (n = 0), a 

volatile, colorless (sometimes light pink) low-melting solid (about 5 oC), stable 

at 0 °C. 

1,3-Propaneditriflate.351 Under Ar, a solution of 1,3-propanediol 

(25.0 mmol, 1.8 mL) and pyridine (50.0 mmol, 4.0 mL) in 20 mL methylene 

chloride was added slowly (1 h) dropwise to a solution of triflic anhydride (50.9 

mmol, 8.5 mL) in 50 mL methylene chloride at 0 °C. The reaction was stirred 

for a few min at 25 0C and then filtered. The filtrate was washed rapidly 2 X 20 

mL ice-water, and dried (MgS04). Impurities were removed by flash 

chromatography using silica gel adsorbent and diethyl ether eluent. 

Evaporation of solvent gave 1,3-propaneditriflate II (n = 1) which turned 

brown (dec) if not used immediately and kept cold under Ar (lit.351 mp 10 oC, 
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dec. OOC). This rapid decomposition made an accurate yield determination 

difficult, but was taken to be 50%, based on yields of other bis-triflates. 

1,4-Butaneditriflate.24 Under Ar, THF (30.0 mmol, 2.16 g) in 100 

mL dry methylene chloride was added slowly and dropwise to a stirring 

solution of triflic anhydride (35.1 mmol, 9.90 g) in 100 mL methylene chloride 

at -60 °C. The mixture was stirred 3 hat -60 0C then allowed to warm to 25 °C. 

The organic layer was washed briefly with water and dried (MgS04). 

Evaporation of solvent gave 4.5 g (42%) 1,4-butaneditriflate II (n = 2). mp 35-

36 DC (lit.24 35-37 DC). 

1,8-0ctaneditriflate. A similar procedure as for the 1,10-

decaneditriflate351 was used. Under Ar, a solution of 1,8-octanediol (17.7 mmol, 

2.59 g) and pyridine (35.7 mmol, 2.89 mL) in 50 mL chloroform was added 

dropwise at 25 °c to triflic anhydride (35.6 mmol, 6.0 mL) in 50 mL chloroform. 

The same workup as for 1,2-ethaneditriflate (above) was followed to yield 3.6 g 

(49%) 1,8-octaneditrifalte II (n = 6). 

3-Chloro-l-propanetriflate. Under Ar, a solution of 3-chloro-1-

propanol (20.0 mmol, 1.7 mL) and pyridine (20.0 mmol, 1.6 mL) in 20 mL 

methylene chloride was added slowly (1 h) dropwise to a solution of triflic 

anhydride (20.0 mmol, 3.4 mL) in 50 mL methylene chloride at 0 °C. The 

reaction was stirred 30 min at 0 °c and then filtered. The filtrate was washed 

rapidly 2 X 20 mL ice-water, and dried (MgS04). After flash chromatography 

(silica gel adsorbent, diethyl ether eluent), solvent was evaporated to give 3.0 g 

(66%) 3-chloro-1-propanetriflate, which decomposed if not kept under Ar 

belowOoC. 
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Ethylene Sulfite 12 9 Under Ar, anhydrous pyridine (60.0 mmol, 48.5 mL) 

was added to a solution of ethylene glycol (30.0 mmol, 16.7 mL) in 175 mL 

anhydrous diethyl ether. At 0 oC, thionyl chloride (31.5 mmol, 23.0 mL) in 30 

mL diethyl ether was added slowly dropwise to the stirring pyridine-diol 

solution. Stirring was contiuned while warming to 25 °C after which the 

pyridinium salt was filtered, washed with ether, and the washings combined 

with the filtrate, which was washed with 5% NaHC03 and brine, and then dried 

(MgS04). The crude mixture was concentrated and vacuum distilled (exp. bp 59 

oC, 10 mmHg, as reported350) to yield 12.7 g (39%) pure ethylene sulfite 17. 

Cyclic Sulfates 

Methylene Sulfate.97,129 To stirred molten fuming sulfuric acid 

(40 g S03 in 10 mL con H2S04), 8 g paraformaldehyde was added carefully in 

small portions to maintain the exotherm between 70-100 oC. This temperature 

was maintained for 4 h. Care was taken to minimize exposure of the mixture to 

the atmosphere between additions of paraformaldehyde. Stirring was 

continued 18 h at 25 oc. The paste was vacuum filtered on a sintered glass 

filter, then washed with ice-water and dried in a vacuum dessicator to give 

methylene sulfate 18 in very low yield. mp 98-122 oC, slow heating, dec., 

(lit.97,129 155 oC, rapid heating, dec.), mp (CH20)n 163-165 oC, dec. Dimer340 

confirmed by ms: EI m/e (reI intensity) 219 «1),111 (100),82 (13), 81 (14),80 

(5), 65 (13), 64 (13), 60 (5), 48 (9), 31 (52), 30 (21), 29 (16), 18 (9); CI m/e 221 

(15), 169 (13), 159 (5), 141 (40), 139 (12), 129 (12), 127 (4), 101 (4), 79 (69), 67 

(21), 65 (6), 61 (100). (See ref. 347 for ms analysis of some organic sulfates.) 
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Ethylene Sulfate. A similar oxidation of cyclic sulfites to cyclic 

sulfates was used. lIB We found the yield of ethylene sulfate to be much 

improved if the ethylene sulfite (as above) was isolated and purified and if 

more RuCl3 was used. Catalytic ruthenium (III) chloride hydrate (RuCI3(HZO)n, 

0.13 g) and sodium periodate (NaI04, 75.4 mmol, 16.14 g) were added to a 

solution of ethylene sulfite !Z (50.5 mmol, 5.46 g) in 50 mL CC4 and 50 mL 

CH3CN. The addition of CH3CN is vital as a ligand for Ru (II/III),353 since yields 

were poor without it, at variance with a report that did not use CH3CN, but used 

stoichiometric RuC13.349 Water (75 mL) was added to the mixture and stirred 1 

h at 25 0C. (Longer reaction times gave lower yields). Diethyl ether (400 mL) 

was added and the organic layer was washed 3 X 20 mL water and dried 

(MgS04). After the solvents were evaporated, the solid was recrystallized from 

benzene to yield 3.50 g (56%) pure ethylene sulfate~. mp 94.5-95.5 0C (lit.!ll 

97-9B OC). 

Equilibration of 2,6-Dialkylcyclohexanones 

Typical conditions for equilibration are described for 2,6-

diethylcyclohexanones: A 2:1 mixture of cis/trans- 2,6-diethylcyclohexanones 

(0.4 g) was refluxed 3 h with 0.54 g NaOMe in 10 mL MeOH. IH NMR analysis of 

the recovered diethylcyclohexanones showed that the cis/ trans ratio was now 

4:1. 
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Alkylations of Nucleophiles with Alkylating Agents 

For reactions with mono- or dianions and monoelectrophiles, or with 

monoanions and bis-electrophiles, the manner of addition of electrophile and 

nucleophile is often not important. Simple alkylation of anions by 

electrophiles (where oligomers or cycles may not form) is usually performed 

by direct addition (electrophile added to nucleophile), and sometimes by 

inverse addition (nucleophile added to electrophile) or simultaneous addition 

(electrophile and nucleophile added at the same rate to a third vessel). 

For reactions between dianions and bis-electrophiles, where cycles are 

desired, simultaneous addition is preferred. Cycles are formed preferentially 

under dilute conditions and where neither reactant is present in excess at any 

point during the addition to prevent oligomer formation. A typical procedure 

for simultaneous additions in this study involved adding dropwise to stirring 

solvent in a round bottom flask over an extended time the stirring nucleophile 

suspension in solvent via cannula and electrophile in solvent via an addition 

funnel. 

Additional experimental details are given in the sections that follow for 

reactions which gave the highest yields of the desired products or those 

reactions that require more detail than are given in the RESULTS AND 

DISCUSSION section. The reader is referred to that section for relevant 

experimental details and yields (given there for convenient comparisons) for 

other reactions summarized in tables and those that illustrate other important 

points. 
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Ketone Enolates 

In a side-arm round bottom flask under an argon atmosphere fitted with 

septa, KH in mineral oil as a 35% (by weight) suspension was washed via 

cannula with two 10 mL portions of dry pentane. Dry ether was added, 

followed immediately by rapid addition of the ketone. (Acetone was added at 0 

oC. Cyc1ohexanone and 2,6-dimethylcyc1ohexanones were added at 25 0 C.) 

Stirring a few h at 25 oC maximized enolate formation. (Observation of 

hydrogen gas evolution indicated the reaction was essentially complete within 

several min.) For alkylations done in hexane, the ether was evaporatively 

distilled off to dryness through a cannula, facilitated by a gentle flow of argon. 

For the preparations of a,a'-dianions Z from ketones, the reader will note that 

when the enolate is suspended in hexane that this means it was preceeded by 

generation of the enolate in diethyl ether, which was then distilled off and 

replaced with hexane. The procedures below specify whether the potassium 

enolates were suspended in ether (as generated) or in hexane (after removal 

of ether). However, occasionally the potassium enolate was generated in 

hexane, in which cases it is clearly indicated below. The potassium enolates 

(suspended in hexane or ether) thus prepared were used directly in reactions 

with electrophiles, or were used as a suspension in hexane or ether to prepare 

the corresponding dianions Z. 

Acetone Enolate with Ethyl Triflate. (Reaction 7, Table 2). 

Enolate was generated 1 h using 12.3 mmol (0.90 mL) acetone and 12.2 mmol KH 

in 40 mL ether. Enolate in ether was transferred slowly (5 min) via cannula to 
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a round bottom flask containing 13.1 mmol (1.70 mL) ethyl triflate in 50 mL 

ether at 0 °C and stirred 10 min at 0 0C. 

Cyclohexanone Enolate 

with Methyl Iodide. (Reaction 8, Table 3). Enolate was 

generated 1.5 h using 9.6 mmol (1.00 mL) cyclohexanone and 10.1 mmol KH in 

40 mL ether. Enolate in ether was added to 48.2 mmol (3.00 mL) methyl iodide 

in 20 mL ether at 0 0C and stirred 2 h at 0 0C then 2 h at 25 OC. 

with Ethyl Triflate. (Reaction 11, Table 3). Enolate was 

generated 1.5 h using 8.7 mmol (0.90 mL) cyclohexanone and 10.5 mmol KH in 

50 mL ether. To enolate in 40 mL hexane at -30 oC, 11.0 mmol (1.42 mL) ethyl 

triflate was added and stirred 15 min at -30 0C then 45 min after removal of the 

cold bath. 

with Methyl Triflate. (Reaction 13, Table 3). Enolate was 

generated 4.25 h using 3.4 mmol (0.35 mL) cyclohexanone and 3.6 mmol KH in 

40 mL ether. At -30 oC, 3.5 mmol (0.40 mL) methyl triflate was added to enolate 

in ether and stirred 1 h at -30 °C. 

2,6-Dimethylcyclohexanone Enolate with Methyl 

Triflate. (Reaction 4, Table 4). Enolate was generated 5 h using 6.6 mmol 

(0.90 mL) 2,6-dimethylcyclohexanone and 7.8 mmol KH in 50 mL ether. At -30 

oC, 8.0 mmol (0.90 mL) methyl triflate was added to enolate in ether and stin'ed 

15 min at -30 °C then 45 min after removal of the cold bath. 
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Carboxylates 

Acetate 

with Benzyl Chloride. (Reaction 5, Table 5). Sodium acetate 

(5.0 mmol, 0.41 g) and 3.5 mmol (0.40 mL) benzyl chloride were stirred 20 h in 

100 mL refluxing DMF. Benzyl chloride was completely consumed (by NMR). 

Benzyl acetate ill: IH NMRo 2.10, s, CH3; 0 5.10, s, CH20; 0 7.35, m, ArH. 

with n-Butyl Bromide. (Reaction 6, Table 5). Sodium 

acetate (5.0 mmol, 0.41 g) and 3.7 mmol (0.40 mL) n-butyl bromide in SO mL 

DMF were stirred 24 h with gentle heat. n-Butyl bromide was completely 

consumed (by NMR). n-Butyl acetate 155: IH NMR 00.94, t, 7.3, CH3; 0 1.38, sext, 

7.4, CHZ; 0 1.61, p, 7.1, CHz; 0 2.05, s, CH3; 0 4.06, t, 6.7, CHZO. 

Pimelate 

with Ethyl Trifiate. (Reaction 3, Table 6). Dilithium 

pimelate was generated overnight at 25 oC after slowly adding 12.5 mmol (7.8 

mL) n-BuLi to 6.2 mmol (1.00 g) pimelic acid in 25 mL hexane at 25 °C. Ethyl 

triflate (12.3 mmol, 1.60 mL) was slowly added at 25 oC and stirred 2 d at 25 °C. 

with Methyl Triflate. (Reaction 4, Table 6). Dipotassium 

pimelate was generated 15 min at 25 °C after slowly adding 6.2 mmol (1.00 g) 

pimelic acid in 40 mL ether via an addition funnel to 13.7 mmo! KH in 10 mL 

pentane at 25 oC. Methyl triflate (15.0 mmol, 1.70 mL) was slowly added at 0 °C 

and stirred 3 d at 25 OC. 
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Benzyl Anion 

To 125 mL stirring hexane in a 250 mL side-arm round bottom flask 

(fitted with septa) containing KOtBu and toluene was added 1.6 M n-BuLi (in 

hexane). The reaction was stirred for a few h at 25 °C to generate an orange 

suspension. 

After generation of the anion, the salt was washed free of excess bases 

in the following way. The flask septum was quickly replaced with a Schlenk 

filter (having a medium porosity glass frit) , and flushed with argon. 

Alternatively, the dianion may be generated with the Schlenk filter already 

fitted to the flask. Inversion of the entire apparatus allows the solvent to 

drain, facilitated by positive argon pressure. Positive argon pressure also 

limits diffusion of oxygen into the reaction vessel through the open end via 

the filter pad. The anion is thus collected on the filter pad. After sealing the 

open end of the Schlenk fllter with a septum and flushing with argon, 100 mL 

of pentane was added through the Schlenk septum under argon. Gentle 

swirling helps to rinse the anion free of excess base. The Schlenk septum was 

again removed, and the entire apparatus was again inverted to remove the 

wash solvent from the anion on the fllter pad. After resealing the open end of 

the Schlenk filter and flushing again with argon, pentane or THF was added 

through the Schlenk septum to facilitate dislodging the solid back down into 

the reaction flask. The anion suspension thus generated was kept at 0 °C and 

used immediately in reactions with electrophiles. 

with 1,2-Dichloroethane. (Reaction 7, Table 7). Anion was 

generated 2 h using 22.3 mmol (2.50 g) KOtBu, 9.4 mmol (1.00 mL) toluene, and 
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19.2 mmol (12.00 mL) n-Buli. At 25 oC, 12.7 mmol (1.00 mL) 1,2-dichloroethane 

was added slowly to anion in 150 mL THF and stirred overnight at 25 oc. 

Phenoxide 

A similar procedure 114 was followed with modifications. Potassium 

hydroxide (3.0 mol, 16.8 g pellets) was slowly added to a solution of phenol (3.2 

mol, 30.1 g) in 300 mL benzene and stirred 2-3 d at 25 oC (or until after no KOH 

can be seen; thus it is important that hydroxide be the limiting reagent.) The 

salt was thoroughly washed with ether and benzene and stored in a vacuum 

dessicator. 

with Ethyl Triflate. Under Ar, ethyl triflate (14.0 mmol, 1.8 mL) 

was added slowly to a stirring suspension of potassium phenoxide (15.1 mmol, 

2.0 g) in 150 mL dry THF at 0 oC. The mixture was stirred 41 h at 25 oc after 

which it was observed that traces of the potassium suspension were gone. 

a,a'-Ketone Dianions 

n-BuLi was added to the ether-free potassium enolate suspended in 

hexane (as described above under Ketone Enolates). Alternatively, n-BuLi 

was added to the enolate in ether at 0 oC. An ultrasound cleaning bath was 

sometimes used for several min to increase stirrability and mixing by 

breaking up any large particles and to facilitate dianion formation. The 

dianion was usually generated in refluxing hexane or at 25 oC in ether after 

which the dianion was reacted with electrophiles. 
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Acetone Dianion 

with Ethyl Triflate. (Reaction 7, Table 8). Enolate was 

generated 1 h using 6.8 mmol (0.50 mL) acetone and 6.9 mmol KH in 50 mL 

ether. To the enolate in ether at ooC, 7.2 mmol (4.50 mL) n-BuLi was added and 

stirred 10 min at OoC then 50 min at 25 aC. To the dianion in ether at ooC, 13.9 

mmol (1.80 mL) ethyl triflate was added and stirred 1 hat ooC then overnight 

at 25 oc. 

with Methyl Iodide/Ethyl Triflate. (Reaction 3, Table 

9). Enolate was generated 1 h using 8.8 mmol (0.65 mL) acetone and 8.7 mmol 

KH in 50 mL ether. To the enolate in ether at 0 oC, 9.6 mmol (6.00 mL) n-BuLi 

was added and stirred 10 min at 0 DC then 30 min at 25 oC. To the dianion in 

ether at 0 °C, 9.0 mmol (0.56 mL) methyl iodide was added slowly and stirred 10 

min at 0 °C after which 11.6 mmol (1.50 mL) ethyl triflate was added slowly at 0 

°C and stirred 1 h from 0 to 25 °C then overnight at 25 °C. 

with Benzyl Chloride. (Reaction 4, Table 9). Enolate was 

generated 1 h using 24.5 mmol (1.80 mL) acetone and 55.5 mmol KH in 50 mL 

ether. To the enolate in ether at OOC, 25.0 mmol (15.60 mL) n-BuLi was added 

and stirred 20 min at OOC then 10 min at 25 °C. To the dianion in ether, 25.2 

mmol (2.90 mL) benzyl chloride was slowly added at ooC and stirred 30 min at 0 

oC before quenching. 

with Methyl Iodide. (Reaction 5, Table 9). To the enolate 

(as above) at OOC, 7.3 mmol (1.10 mL) TMEDA and 7.8 mmol (4.90 mL) n-BuLi 

were added and stirred 1 hat 25 °C (Harris186: 5 min at ooC). At -60 °C (Harris: 
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-78 OC), 81.9 mmol (5.10 mL) methyl iodide (Harris: 1 eq) was added to dianion in 

ether and stirred 30 min at -60 °C (Harris: 5 min, -78 oc) before quenching. 

with Ethyl Bromide. (Reaction 6, Table 9). Enolate was 

generated 22 h using 9.5 mmol (0.70 mL) acetone and 11.5 mmol KH in 40 mL 

hexane. To the enolate in 40 mL hexane at 25 oC, 10.5 mmol (6.60 mL) n-BuU 

was added and refluxed 32 h. To the dianion in hexane at -35 oC, 11.0 mmol (0.82 

mL) ethyl bromide was added and stirred 1 h from -35 to 25 °C then overnight 

at 25 oc. 

(Reaction 7, Table 9). Enolate (eq ratios as above) was generated 

1.75 h in 40 mL ether. To the enolate in 40 mL hexane at 25 oC, 10.5 mmol (6.60 

mL) n-BuU was added and refluxed 18 h. To the dianion in hexane at OOC, 57.6 

mmol (4.30 mL) ethyl bromide was added and stirred overnight at 25 0C. 

with I-Bromo-3-chloropropane. Enolate was generated 

0.75 h using 20.4 mmol (1.50 mL) acetone and 20.1 mmol KH in 80 mL ether. To 

the enolate in ether at 0 oC, 21.3 mmol (13.30 mL) n-BuU was added and stirred 

30 min at 25 °C. Dianion in ether was added over several min to 17.2 mmol (1.70 

mL) 1-bromo-3-chloropropane in 50 mL ether at 0 °C and stirred overnight at 

25oc. 

2-Butanone Dianion with Methyl Triflate. (Table 10). 

Enolate was generated 1 h using 5.1 mmol (0.46 mL) 2-butanone and 6.6 mmol 

KH in 40 mL ether. To the enolate in 50 mL hexane at 25 oC, 6.1 mmol (3.80 mL) 

n-BuU was added and refluxed 4 h. At -55 oC, dianion was added to 20.3 mmol 

(2.30 mL) methyl triflate and stirred overnight from -55 to 25 °C. 
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2-Pentanone Dianion with Methyl Triflate. (Table 11). 

Enolate was generated 1 h using 16.9 mmol (1.79 mL) 2-pentanone and 16.9 

mmol KH in 40 mL ether. To the enolate in ether at 25 oC, 19.4 mmol (12.10 mL) 

n-BuLi was added and stirred 1 hat 25 oC. At -30 oC, 18.5 mmol (2.10 mL) methyl 

tnflate was added to the dianion and stirred 30 min at -30 oc. 

2-Hexanone Dianion with Methyl Triflate. (Table 10). 

Enolate was generated 1 h using 4.9 mmol (0.60 mL) 2-hexanone and 6.5 mmol 

KH in 40 mL ether. To the enolate in 40 mL hexane at 25 oC, 5.9 mmol (3.70 mL) 

n-BuLi was added and refluxed 2 h. At -30 oC, dianion was added to 16.2 mmol 

(1.83 mL) neat methyl tnflate and stirred overnight from -30 to 25 oC. 

3-Methyl-2-butanone Dianion 

with Methyl Triflate. (Table 10). Enolate was generated 

1.25 h using 5.6 mmol (0.60 mL) 3-methyl-2-butanone and 7.3 mmol KH in 40 

mL ether. To the enolate in 40 mL hexane at 25 oC, 6.7 mmol (4.20 mL) n-BuLi 

was added and refluxed 3.75 h. At -55 oC, dianion was added to 16.8 mmol (1.90 

mL) neat methyl triflate and stirred 10 min and stirred overnight from -55 to 

25 oc. 

with Methyl Iodide. (Table 11). To enolate (as above, 

using 11.3 mmol KH in ether) in 40 mL hexane at 25 oC, 6.7 mmol (4.20 mL) n

BuLi was added and refluxed 3 h. At -55 oC, 22.5 mmol (l.40 mL) methyl iodide 

was added and stirred 30 min from -55 to -30 oc then 1.25 hat -30 oc. 
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3-Pentanone Dianion 

with Methyl Iodide. (Reaction 1, Table 12). Enolate was 

generated 1.25 h using 5.7 mmol (0.60 mL) 3-pentanone and 11.4 mmol KH in 40 

mL ether. To enolate in 40 mL hexane at 25 ac, 6.9 mmol (4.30 mL) n-BuLi was 

added and refluxed 3 h. At -55 ac, 22.7 mmol (1.41 mL) methyl iodide was added 

and stirred 30 min from -55 to -30 ac then 1 hat -30 ac. 

with Methyl Triflate. (Reaction 2, Table 12). Enolate was 

generated 1 h using 5.1 mmol (0.54 mL) 3-pentanone and 6.6 mmol KH in 40 mL 

ether. To enolate in 50 mL hexane at 25 DC, 6.1 mmol (3.80 mL) n-BuLi was 

added and refluxed 4 h. At -55 ac, dianion in hexane was added to 20.3 mmol 

(2.30 mL) neat methyl triflate and stirred overnight and allowed to warm to 25 

oc. 

(Reaction 3, Table 12). Enolate was generated 1 h using 7.0 mmol 

(0.74 mL) 3-pentanone and 7.0 mmol KH in 40 mL ether. At 25 ac, 8.0 mmol 

(5.00 mL) n-BuLi was added to enolate in ether and stirred 1 h at 25 aC. At -40 

ac, 21.7 mmol (2.45 mL) methyl triflate was added and stirred 2 h at -40 aC. 

Cyclohexanone Dianion 

with Methyl Triflate. (Reaction 4, Table 13). Enolate was 

generated 16 h using 4.8 mmol (0.50 mL) cyclohexanone and 5.9 mmol KH in 50 

mL hexane. At 25 ac, 5.3 mmol (3.30 mL) n-BuLi was added and refluxed for 25 

h. At -10 DC, dianion was added to 14.1 mmol (2.00 mL) methyl triflate and 

stirred 1 h from -10 to 25 oc then 5 hat 2S ac. 

(Reaction 16, Table 13). Enolate was generated 6.75 h using 5.8 

mmol (0.60 mL) cyclohexanone and 7.7 mmol KH in 40 mL ether. To enolate in 
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40 mL hexane at 25 oC, 7.0 mmol (4.40 mL) n-BuU was added and refluxed 2 h. 

At -55 oC, dianion was added to 22.1 mmol (2.50 mL) methyl triflate and stirred 

overnight from -55 to 25 0C. 

with Ethyl Triflate. (Reaction 6, Table 13). Enolate was 

generated 1.75 h using 9.7 mmol (1.00 mL) cyclohexanone and 9.8 mmol KH in 

50 mL ether. At OOC, 10.4 mmol (6.50 mL) n-BuU was added and stirred 30 min 

at 25 °C. At OOC, 13.9 mmol (1.80 mL) ethyl triflate was added and stirred 1 h 

then overnight at 25 °C. 

(Reaction 15, Table 13). Enolate was generated 3.75 h using 4.1 

mmol (0.42 mL) cyclohexanone and 5.4 mmol KH in 50 mL ether. To enolate in 

50 mL refluxing hexane, 4.2 mmol (2.60 mL) n-BuU was slowly added and 

refluxed 1 h. At -30 oC, dianion was slowly added to 12.3 mmol (1.60 mL) ethyl 

triflate in 10 mL pentane (insoluble) and stirred overnight from -30 to 25 0C. 

with Ethyl Triflate/Methyl Triflate. (Reaction 3, Table 

14). Enolate was generated 4 h using 12.4 mmol (1.28 mL) cyclohexanone and 

12.7 mmol KH in 50 mL ether. At 0 oC, 12.4 mmol (1.87 mL) TMEDA was added. At 

-55 0C, 12.4 mmol (7.75 mL) n-BuU was added and stirred overnight at 25 0C. At 

-55 0 C, 12.3 mmol (1.60 mL) ethyl triflate was added slowly and stirred 10 min at 

-55 0C. At -55 oC, 12.4 mmol (1.40 mL) methyl triflate was added and stirred 30 

min at -55 °C then 15 min at -30 °C. 

with Methyl Triflate/Ethyl Triflate. (Reaction 12, 

Table 14). Enolate was generated 1.75 h using 7.0 mmol (0.72 mL) 

cyclohexanone and 7.0 mmol KH in 40 mL ether. At 25 oC, 8.0 mmol (5.00 mL) 

n-BuLi was added and stirred 1 hat 25 0C. At -40 oC, 8.0 mmol (0.91 mL) methyl 
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triflate was added slowly and stirred 30 min at -40 oc. At -35 oC, 13.5 mmol (1.75 

mL) ethyl triflate was added and stirred 1.25 hat -35 0C. 

with Methyl Iodide/Ethyl Triflate. (Reaction 14, Table 

14). Enolate was generated 6.25 h using 5.8 mmol (0.60 mL) cyclohexanone and 

7.7 mmol KH in 40 mL ether. To enolate in 40 mL hexane at 25 oC, 7.0 mmol (4.40 

mL) n-BuU was added and refluxed 2 h. At -30 oC, dianion was added slowly to 

28.9 mmol (1.80 mL) methyl iodide and stirred 1 h from -30 to 10 0C. At -10 oC, 

11.6 mmol (1.50 mL) ethyl triflate was added and stirred overnight at 25 °C. 

with Dimethyl Sulfate. (Reaction 3, Table 15.) Enolate was 

generated 1 h using 9.7 mmol (1.00 mL) cyclohexanone and 10.1 mmol KH in 50 

mL ether. At OOC, 9.7 mmol (1.46 mL) TMEDA was added. At -55 oC, 9.7 mmol 

(6.05 mL) n-BuU was added and stirred 10 min at -55 °C then 50 min at 25 <>C. At 

-55 oC, 9.7 mmol (0.92 mL) dimethyl sulfate was slowly added and stirred 30 min. 

with Methyl iodide. (Reaction 4, Table 15). Enolate was 

generated 1 h using 8.7 mmol (0.90 mL) cyclohexanone and 13.1 mmol KH in 40 

mL ether. At 25 oC, 10.4 mmol (6.50 mL) n-BuU was added to enolate in 40 mL 

hexane and refluxed 2.5 h. At -45 oC, 43.4 mmol (2.70 mL) methyl iodide was 

added and stirred 30 min. 

(Reaction 5, Table 15). Enolate was generated 1.25 h using 8.7 

mmol (0.90 mL) cyclohexanone and 17.5 mmol KH in 40 mL ether. At 25 oC, 10.4 

mmol (6.50 mL) n-BuU was added to enolate in 40 mL hexane and refluxed 1.75 

h. At -55 oC, 43.4 mmol (2.70 mL) methyl iodide was added and stirred 15 min to 

-30 <>c then 30 min at -30 <>C. 
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with Trimethylsilyl Chloride Enolate was generated 2 h 

using 9.7 mmol (1.00 mL) cyclohexanone and 10.0 mmol KH in 50 mL ether. At 

25 0 C, 9.7 mmol (1.46 mL) TMEDA was added. At -55 oC, 9.8 mmol (6.10 mL) n

BuLi was added and stirred 6.25 h at 25 oc. At 0 oC, dianion was added slowly to 

19.4 mmol (2.46 mL) TMS-CI and stirred overnight at 25 oc. 

2,4-Dimethyl-3-pentanone "Dianion" with Methyl 

Triflate. (Reaction 2, Table 16). Enolate was generated 1.25 h using 5.6 

mmol (0.80 mL) 2,4-dimethyl-3-pentanone and 7.3 mmol KH in 40 mL ether. To 

enolate in 40 mL hexane at 25 oC, 6.7 mmol (4.20 mL) n-BuLi was added and 

refluxed 4.25 h. At -55 oC, 20.3 mmol (2.30 mL) methyl triflate was added and 

stirred was overnight from -55 to 25 oc. 

2-Methylcyclohexanone "Dianion" with Methyl Triflate. 

(Reaction 3, Table 16). Enolate was generated 1.25 h using 5.8 mmol (0.70 mL) 

2-methy1cyclohexanone and 7.5 mmol KH in 40 mL ether. To enolate in 40 mL 

hexane at 25 oC, 6.9 mmol (4.30 mL) n-BuLi was added and refluxed 4.75 h. At-

55 oC, dianion was added to 16.8 mmol (1.90 mL) methyl triflate and stirred 10 

min then overnight from -55 to 25 oc. 

2,6-Dimethylcyclohexanone "Dianion" with Methyl 

Triflate. (Reaction 4, Table 16). Enolate was generated 1.75 h using 6.2 

mmol (0.85 mL) 2,6-dimethylcYclohexanones and 7.5 mmol KH in 50 mL ether. 

To enol ate in 40 mL hexane at 25 oC, 7.5 mmol (4.70 mL) n-BuLi was added and 

refluxed 3.25 h. At -55 oC, 26.5 mmol (3.00 mL) methyl triflate was added and 

stirred overnight from -55 to 25 oC. 
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(Reaction 5, Table 16). Enolate was generated 2.5 h using 8.8 mmol 

(1.20 mL) 2,6-dimethylcyclohexanones and 9.1 mmol KH in 50 mL ether. At 0 

oC, lOA mmol (6.50 mL) n-BuLi was added and stirred 1.5 hat 25 oC. At -30 oC, 

26.5 mmol (3.00 mL) methyl triflate was added and stirred 1 hat -30 oC. 

(Reaction 6, Table 16). Enolate was generated 6 h using 904 mmol (1.28 

mL) 2,6-dimethylcyclohexanones and 9.6 mmol KH in 80 mL ether. At ooC, 904 

mmol (1.42 mL) TMEDA was added. At -55 oC, 904 mmol (5.90 mL) n-BuLi was 

added and stirred overnight at 25 oC. At -55 oC, 29.2 mmol (3.30 mL) methyl 

triflate was added and stirred 30 min then stirred overnight at 25 oC. 

Acetic Acid Dianion 

with 1,3-Dibromopropane. LDA was generated 15 min by 

adding 43.0 mmol (26.90 mL) n-BuLi to 42.8 mmol (6.00 mL) diisopropylamine 

in 25 mL THF at -60 oc. Acetic acid (1.10 mL, 21.0 mmol) was added slowly to IDA 

and stirred 2 h at 55 oC. Dianion was added slowly to 20.7 mmol (2.10 mL) 1,3-

dibromopropane in 50 mL THF at 25 oc and stirred 18 h at 50 oC. 

with Ethyl Triflate. To dilithium acetic acid (above) in 50 mL 

. THF at 0 oC, 2 eq ethyl triflate was added and stirred 19 h at 25 oC to give an 

aliquot that consisted of 81 % butanoic acid and 19% acetic acid in the acidic 

fraction, and 73% ethyldiisopropylamine and 27% diisopropylamine in the 

neutral fraction. After stirring the main reaction an additional 6 h, the 

reaction was stirred 18 h with 100 mL DMF. 

with Benzyl Chloride To disodium acetic acid generated 1 h, 

50 mL heptane and 2.6 eq benzyl chloride were added and refluxed 18 h to give 
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59% 3-phenylpropanoic acid, 21% acetic acid, and 7% benzyl alcohol from the 

acidic fraction. 

To the disodium salt generated 2 h, 100 mL THF and 2.7 eq benzyl 

chloride were added and refluxed 22 h then 100 mL DMF was added and refluxed 

68 h. Benzyl3-phenylpropanoate ill (lH NMR: 02.67, t, 7.8, CH2; 02.97, t, 7.6, 

CH2; 05.19, s, CH20). 

Potassium Carbonate 

with Benzyl Chloride. Potassium carbonate (10.0 mmol, 1.38 

g) in 200 mL dry DMF was stirred 65 hat 25 0C with 20.0 mmol (2.30 mL) benzyl 

chloride, followed by 2 h of gentle heating. Dibenzyl carbonate 37. IH NMR 0 

5.09, CH2. 

with 1,4-Dibromobutane. Potassium carbonate (10.0 mmol, 

1.38 g) in 200 mL DMF and 4.5 mL water (to improve solubility) was refluxed 

with 10.0 mmol (1.20 mL) 1,4-dibromobutane for 18 h to give 18% 1,4-

butanediformate (lR 1720 cm-1, 1 H NMR 0 1.77, m, CH2; 0 4.21, m, -OCH2; 0 8.06, 

CHO) as the only organic product from the organic layer. No 1,4-

dibromobutane was recovered. 

with 1,3-Dibromopropane. Similarly, refiuxing IDA mmol 

(1.20 mL) 1,3-dibromopropane 43 h gave 1,3-propanediformate (02.07, p, 6.3, 

CH2; 0 4.28, t, 6.3, -OCH2; 0 8.08, CHO) as the only organic product from the 

organic layer. No 1,3-dibromopropane was recovered. 
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4.4'-Dimethylhiphenyl Dianion 

4,4'-Dimethylbiphenyl was prepared by Grignard coupling, as described 

previously.354 The dianion was made using n-BuU/KOtBu in pentane as 

described previously.92,287 Procedural details are as given above for benzyl 

anion. To 125 mL stirring pentane in a 250 mL side-arm round bottom flask 

(fitted with septa), containing 1.4 g (12.5 mmol) KOtBu and 1.0 g (5.5 mmol) 

4,4'-dimethylbiphenyl, was added 8.0 mL (12.8 mmol) 1.6 M n-BuU (in hexane). 

The reaction was stirred for 3 h at 25 °C to generate a reddish-brown 

suspension. 

For cases indicated below, simultaneous addition of the dianion and 

electrophile was done in the following way. To 200 mL stirring THF in a 500 

mL round bottom flask was simultaneously added dropwise over 40 min at 0 0C 

the stirring dianion suspension in 200 mL THF via cannula and electrophile in 

50 mL THF via an addition funnel. 

After reaction, most of the THF was removed in vacuo after which 200 

mL methylene chloride and 100 mL water were added. Both layers were 

filtered through Celite. The organic layer was washed 5 X 200 mL water, then 

dried over MgS04, filtered, and evaporated to yield an oil which was analyzed 

directly by NMR. 

with Diethyl Sulfate or Ethyl Triflate. 11.4 mmol (1.50 mL) 

diethyl sulfate or 11.2 mmol (1.45 mL) ethyl triflate in 50 mL THF via an 

addition funnel. 
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with 1,3-Dibromopropane. Reaction of 0.66 mL (6.5 mmol) 1,3-

dibromopropane and 4,4'-dimethylbiphenyl dianion by simultaneous addition 

was stirred 4 h at 0 oc then overnight at 25 oC. Insolubles were observed 

during workup, an indication of probable oligomer or polymer formation. 

Yield determination by IH NMR analysis of the crude (using a quantitative 

standard) was inconclusive. White reported a 6% yield of the desired [5.0.5.0] 

paracyclophane.287 The spectra of the crude products produced by White and 

this author were remarkably similar, except that relatively more oxidation 

product (0 3.02, 4 H) and elimination product (0 5.00, 1 H; 0 5.07, 1 H; 0 5.89, 1 H) 

were found by White. No elimination product was observed in the crude 

analyzed here. 

Thin-layer chromatography of the crude product with 5:1 

hexane/methylene chloride yielded ten spots, indicating at least that many 

different compounds. Yield determination by IH NMR was difficult because 

the crude product was not readily separable by chromatography. Resolution 

of the spots on TLC was enhanced by developing the same plate three times. 

Preparative TLC of the crude mixture gave small amounts of a-alkylated 

dimethylbiphenyls in each of the ten fractions that were difficult to fully 

characterize. Fraction 1 (Rf = 0.83) was starting material (0 2.39, 6 H) by IH 

NMR comparison with an of authentic sample. Fractions 2-10 (Rf= 0.75, 0.69, 

0.63, 0.53, 0.48, 0.43, 0.33, 0.23, 0.16) were collected and showed a-alkylated 

products by IH NMR: a (m, 0 2.64), f} (m, 0 1.70), y (m, 0 1.44), and aromatic 

protons (d, 07.49,1 = 7.4 Hz; d, 67.22,1 = 7.4 Hz). 

Column chromatography (22" X 1" column) on the crude yielded a small 

amount of the desired [5.0.5.0] paracyclophane from the hexane/methylene 
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chloride fractions, by 1 H NMR, but there was a significant amount of material 

which moved very slowly. 

This material was recovered and analyzed by 1 H NMR and found to 

contain aromatic, a,~, and y protons that occur in the desired 

paracyc1ophane,287 but probably also in oligomers from this reaction. The 

material melted from 134-167 °C and was judged to be a mixture of biphenyls 

compounds by IH NMR. 13C NMR analysis of this mixture gave further 

evidence that the mixture was largely a polymer or oligomer of biphenyl 

connected in the para positions by five methylene carbons. This mixture 

proved to be rather intractable in hexane, but greater solubility was observed 

in methylene chloride and chloroform. 

TLC of this material (which did not elute off the column) confirmed the 

long elution time required because the Rr values for several spots were less 

than 0.5, even after developing the plate four times in 6:1 hexane/methylene 

chloride (5:1 worked well also). Preparative TLC using this system again gave 

ten spots. Fraction 1 (Rr = 0.90) was starting material. Analysis of fractions 2-

10 (Rr= 0.83, 0.71, 0.64, 0.54,0.44,0.37,0.31,0.26,0.11) by IH NMR showed that 

fractions 9 and 10 consisted largely of an a-alkylated aromatic, which was 

probably [5.0.5.0] paracyc1ophane: aCt, 02.65, J = 7.6,8 H), ~ (p, 0 1.70, J = 7.6, 8 

H), y (m, 0 1.44,4 H), and aromatic protons (d, 07.49, J = 8.0 Hz, 8 H; d, 07.23, J = 

8.0 Hz, 8 H) and very small amounts of oxidation product (s, 0 3.00, 4 H), and 

unalkylated methyls (s, 0 2.39). The IH NMR parameters given above for 

[5.0.5.0] paracyc10phane may be argued to be those of a polymer or oligomer. 

The spectra for spots 9 and 10 show -CH2Br end groups for a polymer or 
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oligomer. It is possible that the original assignments reported for [5.0.5.0] 

paracyclophane287 are actually those of acyclic polymer or oligomer. 

1,4-Dibromobutane. Simultaneous addition of 0.70 mL (5.9 mmol) 

1,4-dibromobutane and 4,4'-dimethylbiphenyl dianion was done as described 

above. Results were very similar to those with 1,3-dibromopropane. TLC 

separation of the crude also yielded ten spots, which except for fraction 1 

(starting material) were difficult to characterize. As for [5.0.5.0] 

paracyclophane (above), the yield of [6.0.6.0] paracyclophane was low.287 

2,6-Dimethylanisole Dianion 

2,6-Dimethylanisole was prepared from the phenoxide and dimethyl 

sulfate according to a previous procedure.98,106,286 The dianion was made 

using n-BuLi/KOtBu in pentane as described previously.98,106,286 Procedural 

details are as given above for benzyl anion. To KOtBu and 2,6-dimethylanisole 

in pentane, n-BuLi was added slowly at 0 0C (to prevent heating and 

concomitant rearrangement).98,106,286 Dianion was generated in a 250 mL 

side-arm round bottom flask (fitted with septa) in 125 mL pentane overnight at 

25 0C and had an intense orange color. Excess bases were sometimes Schlenk

filtered, then dianion was washed with pentane and suspended in 50-1 SO mL 

ether, THF, pentane, or hexane and used immediately in reactions. For cyclic 

products, dianion in pentane (via cannula) and alkylating agent in THF (via 

addition funnel) were simultaneously added to a third flask containing THF at 0 

oc. 

with Diethyl Sulfate. Dianion was generated 10 h at 0 oC, followed 

by 10 h at 25 0C using 40.0 mmol (4.49 g) KOtBu, 9.9 mmol (l.40 mL) 2,6-
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dimethylanisole, and 40.0 mmol (25.00 mL) n-Bull. At 0 OC, 39.7 mmol (5.20 mL) 

diethyl sulfate was added slowly to filtered and washed dianion in THF and 

stirred 5 hat 25 OC. 

with Ethyl Triflate. Similarly, 40.0 mmol (4049 g) KOtBu and 9.9 

mmol (lAO mL) 2,6-dimethylanisole was added 40.0 mmol (25.00 mL) n-BuLi. 

Dianion was generated 10 h at 0 OC, followed by 10 h at 25 OC. At OOC, 1504 mmol 

(2.00 mL) ethyl triflate was added slowly to dianion in THF and stirred 3.5 h at 

25 oc. 

with 1,2-Dich1oroethane. Similarly, 10.0 mmol (1.12 g) KOtBu, 5.0 

mmol (0.71 mL) 2,6-dimethylanisole, and 20.0 mmol (12.50 mL) n-BuLi were 

used to generate dianion overnight at 25 0C. Simultaneous addition of 5.1 mmol 

(0040 mL) 1,2-dichloroethane in 50 mL ether and dianion in ether was done at 

25 °C and stirred overnight at 25 0C. A control reaction was done by adding 

excess (4.0 mL) diethyl sulfate to residual dianion left in the flask after the 

simultaneous addition and stirring overnight at 25 °C to give 60% 2,6-

dipropylanisole, 30% 6-methyl-2-propylanisole, and 10% 2,6-dimethylanisole. 

O-alkylation via rearrangement98,106,286 was less than 1%. 

with 1,7-Dibromoheptane. Similarly, 40.1 mmol (4.50 g) KOtBu, 

9.9 mmol (1040 mL) 2,6-dimethylanisole, and 40.0 mmol (25.00 mL) n-BuLi were 

used to generate dianion overnight at 25 0C. Simultaneous addition of 8.2 mmol 

(lAO mL) 1,7-dibromoheptane in 50 mL pentane and dianion in pentane was 

done at 25 0C to 150 mL stirring pentane. After several min, 150 mL THF was 

added to promote reaction after no visible change occurred after the addition 

and stirred overnight at 25 °C. 
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with 1,8-Dibromooctane. Similarly, 40.1 mmol (4.50 g) KOtBu, 9.9 

mmol (1.40 mL) 2,6-dimethylanisole, and 40.0 mmol (25.00 mL) n-BuLi were 

used to generate dianion overnight at 25 0C. Simultaneous addition of B.1 mmol 

(1.50 mL) 1,B-dibromooctane in 50 mL THF and dianion in pentane was done at 

25 0C to 150 mL stirring THF and stirred overnight at 25 OC. 

with 1,8-0ctaneditriflate. Similarly, 40.1 mmol (4.50 g) KOtBu, 

9.9 mmol (1.40 mL) 2,6-dimethylanisole, and 40.0 mmol (25.00 mL) n-BuLi were 

used to generate dianion overnight at 25 °C. Simultaneous addition of 11.6 

mmol (4.77 g) 1,B-octaneditriflate in 50 mL pentane (low solubility) and 

dianion in hexane was done at 25 0C to 150 mL stirring pentane. After several 

min, 150 mL THF was added to promote reaction after no visible change 

occurred after the addition and stirred overnight at 25 °C. 

with Ethylene Sulfite. Similarly, 20.0 mmol (2.24 g) KOtBu, 5.0 

mmol (0.71 mL) 2,6-dimethylanisole, and 20.0 mmol (12.50 mL) n-BuLi were 

used to generate dianion 26 h at 25 °C. Simultaneous addition of 9.3 mmol (1.00 

g) ethylene sulfite (liquid) in 50 mL THF and dianion in hexane was done at 0 

0C to 300 mL stirring THF and stirred overnight at 25 °C. 

with Ethylene Sulfate. Similarly, dianion was generated 24 h at 0 

°C. Simultaneous addition of 5.0 mmol (0.6241 g) ethylene sulfate in 50 mL THF 

and dianion in hexane was done at 0 0C to 300 mL stirring THF and stirred 

overnight at 25 °C. 
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o-Xylene Dianion 

o-Xylene dianion was generated using KOtBuln-BuU as described 

previously.83 The procedures are similar to those described above for benzyl 

anion. 

with Diethyl Sulfate. (Reaction 5, Table 17). Dianion was 

generated by refluxing 26 h in 50 mL heptane using 10.0 mmol (1.12 g) KOtBu, 

5.1 mmol (0.60 mL) o-xylene, and 80.0 mmol (50.00 mL) n-BuU. At 25 oC, 15.3 

mmol (2.0 mL) diethyl sulfate was added to an aliquot of dianion suspended in 

10 mL THF and stirred 84 h at 25 oC. 

with 1,2-Dichloroethane. (Reaction 1, Table 18). Similarly, 

dianion was generated by refluxing 26.5 h. 1,2-Dichloroethane (5.1 mmol, 0.40 

mL) in 50 mL THF and dianion suspended in 50 mL THF were simultaneously 

added over 1 h to 100 mL stirring THF at 25 OC and stirred 69 h at 25 OC. 

with Ethylene Sulfate. (Reaction 2, Table 18). Similarly, using 

10.0 mmol (1.12 g) KOtBu and 50 mL heptane, dianion was generated by 

refluxing 24 h. At 25 oC, slow simultaneous addition of 5.0 mmol (0.6242 g) 

ethylene sulfate in 50 mL THF and dianion in 50 mL THF to 50 mL stirring THF 

and refluxed 6 d. 

with 1,2-Ethaneditriflate. (Reaction 3, Table 18). Similarly, 

dianion was generated by refluxing 26.5 h. 1,2-Ethaneditriflate (11.0 mmol, 

3.60 g) in 50 mL ether at 0 oC and dianion in 50 mL ether were simultaneously 

added to 50 mL stirring ether at 25 OC and stirred 38 h. 
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o-Cresol Dianion 

o-Cresol dianion was prepared as described previously.285 Procedural 

details are as given above for benzyl anion. 

with Ethyl Triflate. (Reaction 2, Table 19). Using 28.2 mmol (3.16 

g) KOtBu, 7.8 mmol (0.84 g) o-cresol, 59.2 mmol (37.00 mL) n-BuLi, and 100 mL 

hexane, dianion was generated by refluxing 18 h. At 25 oC, dianion in 100 mL 

hexane was added to 12.3 mmol (1.60 mL) ethyl triflate in 10 mL hexane at the 

same time that 100 mL TIfF was added dropwise and stirred 33 hat 25 oC. 

with Diethyl Sulfate. (Reaction 4, Table 19). Similarly, using 

97.7 mmol (10.96 g) KOtBu, 24.4 mmol (2.64 g) o-cresol, 97.8 mmol (61.10 mL) n

BuLi, and 100 mL heptane, dianion was generated after refluxing 2 h. At 25 oC, 

48.9 mmol (6.40 mL) diethyl sulfate was added to dianion in heptane. THF (100 

mL) was added and stirred 3.5 d at 25 oC. 

with 1,2-Dichloroethane. Similarly, using 20.0 mmol (2.24 g) 

KOtBu, 5.0 mmol (0.52 mL) o-cresol, 80.0 mmol (50.00 mL) n-BuLi, and 20 mL 

heptane, dianion was generated by refluxing 2.5 h. At 25 oC, 5.1 mmol (0.40 

mL) 1,2-dichloroethane was added to dianion in 30 mL heptane. THF (150 mL) 

was added and refluxed 17 h. 
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APPENDIX A: NMR SPECTRA AND SPECTRAL DATA 

IH spectra (at 250 MHz) and parameters (0, mUltiplicity, and coupling 

constants, J) are given below. 13C shifts given in parentheses were obtained 

from APT experiments at 63 MHz. All spectra were obtained in CDCl3 (TMS 

standard) unless otherwise indicated. 

hexane 0.88, t (13.8-14.2) 
1.24, m (22.4-23.0,31.4-32.1) 

HN(i-Pr)z 1.04, d; 2.91, p 
H20 1.55 

tBuOH 1.17 (CDCI3), 1.23 (DZO, DSS) 
MeOEt 1.19, t (14.5) 

3.33 (57.7) 
3.44, q (67.8) 

EtzO 1.21, t (14.7) 
3.48, q (65.7) 

EtOH 1.23, t (17.6-18.3) 
3.70, q (56.9-57.8) 

C-C6H12 1.43 (26.5) 
THF 1.86, m; 3.76, m 

CH3CN 2.00 
1MEDA 2.24,2.38 (45.7,57.6) 
HMPA 2.63,2.67 

DMF 2.89,2.96,8.02 
MeOMe 3.30 (59.9) 

MeOH 3.49 (49.8) 
HOCHZCHzOO 3.65 (D20) 

p-dioxane 3.73 (CDCI3), 3.75 (DZO, DSS) 
lID 4.78 to 4.83 (D20, DSS) 

CH2CIZ 5.30 (60.0) 
CHC13 7.26 to 7.28 (77.0) 
C6H6 7.36 

Figure At. Solvents. 



x~x 

TMS-CI 
Mel 
n-BuI 

n-BuBr 

allyl bromide 

PhCHlCI 

n-nonyl iodide 

n=O,X=Cl 
n=O,X= Br 
n = 1, X= Br 

n = 1, X = Br,CI 

n = 2,X= Br 

n= 6,X= Br 

0.44 
2.18 (4.9) 
0.92, t 
1.42, sext 
1.81, p 
3.20, t 
0.93,t 
1.47, sext 
1.85, p 
3.42, t 
3.94,d 
5.15, d 
5.32,d 
6.04,m 
3.96 (58.4) 
4.21 (61.5) 
1.43, t 
4.34, q 
1.52, t (15.0) 
4.62, q (74.1) 
(-Cf3 118.6, q, 319 Hz) 
4.58 (46.0) 
.... 7.35, m (128.1, 128.4, 128.5, 137.3) 
0.88, t 
.... 1.27,m 
1.82, p 
3.19, t 

3.74 
3.66 
2.36,p 
3.56, t 
2.28, p (29.9) 
3.56, t (34.6) 
3.70, t (42.4) 
2.04, m (30.7) 
3.45, -t (32.4) 
.... 1.35,m 
.... 1.44,m 
1.86, p 
3.41, t 

Figure Al. Electrophiles. 
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c c c d 

~O..yn ~O~O"" 
b b b a 

90 

a 1.19 (t,7.0) 
b 1.62, m 
c 3.43, m 
d 3.63,m 

j 
, I " "'" I , , , , , , , , , I , , , , , , , , , I , , , , 

Figure A3. Poly(tetramethylene oxide) 90 and THF. 
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TfO ... .."...... 
......." ~OTf 

4.78 
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Figure A4. 1,2-Ethaneditriflate II (n=O). 



a 2.02, m 
b 4.60,m 

, , , , , , , I , , , " '" I, """, I , , , , , , , , , I , , , , , , , 

Figure AS. 1,4-Butaneditriflate II (n=2). 

203 



c a 
TfO~OTf 

b a 

a -1.45, m 
b 1.84 (p, 6.8) 
c 4.54 (t, 6.4) 

Figure A6. 1,8-0ctaneditriflate.li (n=6). 
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b c 

Cl~OTf 
a 

a 2.28 (p, 6.0) (31.8) 
b 3.67 (t,6.1) (39.4) 
c 4.72 (t,5.9) (73.6) 

Ir 

- ......-
~ ~~~---.~~----~~ 'J'" 

Figure A7. 3-Chloro-1-propanetriflate. 

205 



o 0 
~ 
I \ !3 o 0 " 
'--l 

Figure AS. Ethylene sulfate 16. 
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Figure A9. Ethylene sulfite 17. 
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Figure AIO. Methylene sulfate 18. 



a 2.17 (29.3) 
b (204.7) 

I 
I 0 

o I 

2,4-DNP Hydrazone 
2.09,2.18 

209 

ArH 7.97 (d, 9.7) 8.30 (dd, 9.7, 2.5) 9.14 (d, 2.5) 
NH 9.30 (br s) 

o 0 0 I o I 

7 

Figure All. Acetone and 2,4-DNP hydrazone. 



o b 

c~a 
e d 
41 

a 0.92 (t, 7.4) (29.3) 
b 1.61 (sext, 7.4) (17.0) 
c 2.13 (29.6) 
d 2.41 (t,7.3) (45.4) 
e (20B.8) 

- . oJ' 

----' '-

210 

2.4-DNP Hydrazones 
£ (95%) Z. (5%) 
1.00 (t, 7.4) 1.07 (t, 7.4) 
-1.68 (sext, 7.4) -1.68 (sext, 7.4) 
2.06 2.15 
2.42 (t, 7.5) -2.42 

ArH 7.97 (d, 9.6) B.30 (dd, 9.6, 2.6) 9.14 (d, 2.6) 
NH 9.3 (br s) 

I • • ttl t t • I 

Figure A12. 2-Pentanone ~ and 2,4-DNP hydrazones of ~ and acetone. 



o b 

~a c 
42 

a 0.91 (t,7.4) (13.7) 
b 1.60 (sext,7.4) (17.2) 
c 2.38 (t,7.3) (44.6) 
d (211.4) 

eVa 
~ 

a 0.86 (t, 7.4) (11.3) 
b .... 1.3(} 1. 70, m 
c 2.12 (28.6) 
d .... 2.3(}2.4S, m (48.2) 

.1 ......... 1 ......... 1 ..... . 

Figure A13. 4-Heptanone 42 and 3-ethyl-2-pentanone 43. 
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2,4-DNP Hydrazone 
a 0.88 (t, 7.2) (Z disfavored) 
b -1.6 
c 1.98 
d -23 

o b 

~a 
c 

2,4-DNP Hydrazone 
a 0.88 (t, 7.4), 0.90 (t, 7.4) 
b -1.6 
c -23 

212 

1 t t t t t t t ttl t t t t t t t t t J t t t t t t t t t J 

Figure A14. 3-Ethyl-2-pentanone, 4-heptanone, 2-pentanone, and acetone 
2,4-DNP hydrazones. 
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o 
b~ 

e fda 
106 

a 0.91 (t,7.4) (13.3) 
b 1.05 (t,7.4) (7.3) 
c 1.61 (sext, 7.4) (17.0) 
d 2.38 (t,7.3) (43.9) 
e 2.42 (q, 7.3) (35.4) 
f (211.1) 

- -
I , 1 • , I , 

Figure AIS. 3-Hexanone 106. 
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e 0 d 

a~b 
c 

107 

a 0.84 (t, 7.4) (11.2) 
b 0.91 (t, 7.4) (13.5) 
c 1.05 (d, 6.9) (15.4) 

d,e ... 1.60, m (d 16.9, e 26.2) 
f 2.41 (t,7.0) (42.7) 
g 2.42 (sext,6.7) (47.4) 

Figure A16. 3-Methyl-4-heptanone 107. 
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a 0.85 (t,7.4) 
b 0.91 (t, 7.4) 
c 1.43 (sext,7.1) 
d 1.60 (m,7.3) 
e 2.24-2.33, m 
f 2.39 (t, 7.2) 

• J 

Figure A17. 3-Ethyl-4-heptanone 99. 



bAfa 
!QQ 

a 0.72 (t, 7.5) 
b 2.08 

I I I « I f e' , 

Figure A18. 3,3-Diethyl-2-pentanone !QQ and .22,. 
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0 .0 0 

~ i~ c~a n h 

b f i I m I 
d.e k,l k,l 
45 46 £ 

a 2.15 (28.9) h 2.13 (29.6) 
b 2.28 (q,7.0) (27.0) i 2.2-2.4, m 
c 2.53 (t, 7.4) (41.7) j 2.65,m 

d,e 4.91-5.05, m (114.2) k,l 4.9-5.1, m (114.9, 115.6) 
f 5.71-5.87, m (136.4) m 5.6-5.9, m (134.0, 135.1) 
g (206.5) n (197.5,209.7) 

Itt t J t t • 0 t • I 

5 
Figure A19. 5-Hexen-2-one 45, 3-allyl-5-hexen-2-one 46, and 

1,8-nonadien-5-one £. 
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o 
~a 

d \. J y 

b 
ill 

a 0.88 (t, 6.6) 
b -1.27,m 
c 2.14 
d 2.42 (t, 7.4) 

J 

Figure A2D. 2-Dodecanone .!.Q! and n-nonyl iodide. 
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Figure A21. n-Nonyl alcohol and vinyl ether 102. 



a 2.13 
b,c 2.75 (t,6.7); 2.89 

d -7.16-7.40, m 

a 0.91 (t, 7.2) 
b 1.19 
c -1.23-1.36, m 

bl~ F\ 
1\=:/- ~ ~!J 

1m 

a 2.91 (37.8) 
b 7.14-7.30, m (125.8, 128.2,128.3,141.6) 

= 
Figure A22. 4-Phenyl-2-butanone lQ3, 2-methylhexan-2-o1 104, 

biphenyl ,§Q, and benzyl chloride. 
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o 
b~a 

c 
.!ill. 

a 1.04 (t,7.3) (7.2) 
b 2.14 (28.9) 
c 2.47 (q, 7.3) (36.2) 
d (208.7) 

7 
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2,4-DNP Hydrazones 
& (91%) z. (9%) 
1.22 (t, 7.4) 1.25 (t, 7.7) 
2,07 2.15 
2.47 (q,7.4) 2,45 (q,7.7) 

ArH 7.98 (d, 9,6) 8,30 (dd, 9.6, 2.5) 9.14 (d, 2.5) 
NH 9.29 (br s) . 

Ir 

Figure A23, 2-Butanone .!Qi and 2,4-DNP hydrazones. 
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f f 
gf c -- a -- b 

f~ f~ g(': 
g g g J 'I 

g f 

Y 
114 ill ill ill 

a 0.88 (t,7.4) 
b 0.89 (t,6.7) 
c 0.90 (t, 6.7) 
d 0.91 (d,6.9) 
e 0.98 (d,7.0) 
f .... 1.2-1.5, m 
g 1.91-2.10, m 
h 3.13 
i .... 3.14,m 
j 5.34-5.41, m 

, , • , . 1 ., J, ,...... J • , • , , • , • • J "",... J 

5 
Figure A24. n-Buli addition products ill-ill from 2-butanone. 
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a 1.11 (d,6.9) (17.6) 
b 2.1S (27.0) 
c 2.61 (sept, 6.9) (41.1) 
d (212.0) 

J ! ! ! ! ! ! ! ! ! J ! ! ! ! ! ! ! ! ! J , , 

Figure AZS. 3-Methyl-2-butanone. 



o 
a~b 

111 
a 1.05 (t, 7.3) 
b 1.10 (d,6.9) 
c 2.48 (q,7.3) 
d 2.62 (sept, 6.9) 

o 
a~b 

113 
a 1.03 (t, 7.2) 
b 1.14 
c 2.52 (q, 7.3) 

Hb~ 
a 

ill 
a 0.89 (t,6.7) 
b 0.95 
c 0.99 

dM~b 
b 
ill 

a 0.84 (d,6.9) 
b 0.89 (t,6.7) 
c 1.87 (sept, 6.9) 
d 3.12 

•• J ••••.••••• J ••••••••• J ••••••••• J 

Figure A26. 2-Methyl-3-pentanone 111, 2,2-dimethyl-3-pentanone 113, 
2,2,3-trimethyl-3-hydroxyheptane 122, and 
3-ethyl-2-methyl-3-methoxyheptane ill· 
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o 
~a 

C b 

a 1.05 (t,7.3) (7.5) 
b 2.44 (t,7.3) (35.1) 
c (211.65) 

7 

2.4-DNP Hydrazone 
1.22 (t,7.3), 1.24 (t,7.7) 
2.46 (q,7.3), 2.44 (q,7.7) 
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ArH 7.99 (d, 9.6) 8.31 (dd, 9.6, 2.6) 9.14 (d, 2.6) 
NH 9.12 (br s) 

__ - I ---........--....N"'. __ J ~ 

Figure A27. 3-Pentanone and 2,4-DNP hydrazone. 
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g MeO f ~
b 

h e 

a 
129 

a 0.79 (t, 7.5) 
b 0.91 (t, 7.0) 

c,d,e,f 1.15-1.48, m 
g 3.10 
h 

(20.6) 
(15.2) 
(c 25.3, d 27.0, e 33.1, f 34.7) 
(48.1) 
(75.8) 

Figure A2B. 3-Ethyl-3-methoxyheptane 129. 
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o 
~a 
ill 

a 1.08 (d,6.9) (18.4) 
b 2.79 (sept, 6.9) (38.7) 

Figure A29. 2,4-Dimethyl-3-pentanone ill· 
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a~b 
113 

a 1.03 (t, 7.2) 
b 1.14 
c 2.52 (q, 7.3) 

o 
~a 

112 

a 1.08 (d,6.9) (18 
b 2.79 (sept, 6.9) (38 

.4) 

.7) 

~ 

228 
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I~I~ 
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.I- J1 Jl 1 JwVVJ ~.I 11 
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Figure A30. 2,2-Dimethyl-3-pentanone 113, 2,4-dimethyl-3-pentanone 112, 
122, and 123. 



c 
~ 

eM~a 

b 
143 

a 0.92 (t, 7.0) 
b 0.98 (d, 7.0) 
c 1.25-1.33, m 
d 1.99 (sept, 7.0) 
e 3.22 

... 1 ......... 1 .....•••. 1 .....••.. 1 

Figure A3l. 2-Methyl-3-isopropropyl-3-methoxyheptane 143. 
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o 
b~a 

141 

a 1.04 (d,6.6) 
b 1.15 
c 3.14 (sept, 6.7) 
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••• J ••••••• "J"".""J"""" L 

Figure A32. 2,2,4-Trimethyl-3-pentanone 141. 143, and ill· 
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o 
~a 

140 

a 1.11 

••• J •••••••.• I ......... J ••.•..••• 1 

Figure A33. 2,2,4,4-Tetramethyl-3-pentanone ~ and ill· 
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b~a 
d 

ill 

a 0.80 (t, 7.5) 
b 1.03 (d,6.8) 
c 1.11 
d 1.56 (q, 7.5) 
e 3.11 (sept, 6.7) 

I( 

II 

. . . • • • • • • • • • J • • • • • • • • • J • 1 ' e 
• • • • J 

Figure A34. 2,4,4-Trimethyl-3-hexanone ill and ill· 
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a 0.91 (t, 7.3) (13.4) 
b 1.32 (sext, 7.3) (21.9) 
c 1.56 (p,7.4) (25.6) 
d 2.14 (29.4) 
e 2.44 (t,7.3) (43.0) 
f (208.7) 

..... I ..... ' .... 

Figure A3S. 2-Hexanone. 
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o 
b~a 

a 
b 
c 
d 
e 
f 

fee 
120 

0.91 (t, 7.3) 
1.05 (t,7.3) 
1.31 (sext, 7.3) 
1.56 (p, 7.2) 
2.41 (t,7.3) 
2.44 (t, 7.3) 

a 0.91 (t,7.2) 
b 1.08 (d,6.9) 
c -1.22-1.40 
d -1.50-1.62 
e 2.14 (29.3) 

(11.3) 
(16.0) 
(26.1) 
(35.3) 

f 2.51 (sext, 7.0) (44.4) 

J . • • • • . • . . J • • • • • • • • . J • • • . . • . • 

Figure A36. 3-Heptanone.!6Q and 3-methyl-2-hexanone 121. 
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b a ~
Od,e 

f g d 
c 

ill 

a 0.90 (t,7.1) 
b 1.04 (t, 7.5) 
c 1.06 (d, 7.3) 
d -1.21-1.33, m 
e -1.50-1.60, m 
f 2.45 (q, 7.2) 
g 2.49 (sext, 7.0) 

J ______________ ~l ____________ ~l~ _____________ L_ 

Figure A37. 4-Methyl-3-heptanone 119. 
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a 

a 1.73, m 
b 1.87, m 
c 2.34 (t, 6.4) 
d 

(24.9) 
(26.9) 
(41.9) 
(212.0) 

I , • & I f J , , , 

Figure A38. Cyclohexanone. 

236 -

L 



u .c 

-N 
r-..: 
N 
.0 

"i-
11')-':> 
Nv) 
~rt') --

Figure A39. Cyclohexanone 2,4-DNP hydrazone. 
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a 

~6~e3 
b 
ill 

a 0.18 (0.0) 
b -1.46-1.58, m 
c -1.61-1.70, m 
d -1.92-2.04, m 
e 4.85-4.87, m (103.8) 

I ! ! ! ! ! I ! I I ! I I ! ! I ! ! I I I ! ! ! , 

5 
Figure A40. Cyclohexanone TMS enol ether 151. 



a 
OSiMe3 

b Me3Si~ c 

152 

a, b 0.02, 0.06 
c 4.71, m 

. 1 . . . . . . • . . I... .....""""""=-'1 ................... ___ .-........ ~ .................... --' • .........,.,1 ....... --.......... ..... ....... _ ............. _.o-J,..I ___ 
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Figure A41. 6-Trimethylsilyl cyc1ohexanone TMS enol ether 152 and 151. 



o 
e~a 

C,C'Vd,d' 
b,b' 
~ 

a 1.03 (d, 6.5) (14.5) 
b 1.30-1.46, m (25.0) 

b' -1.6-1.8, m 
c -1.6-1.8, m (27.8) 
d -1.8-1.91, m (36.0) 

c',d' 2.00-2.14, m 
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e,f 2.23-2.47, m (e 41.6, f 45.1) 
g (213.3) 

• , .. • • • , , ! J ! • , , • ! , • , 

Figure A42. 2-Methylcyclohexanone 49. 
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e~a 

C,C'Vd,d' 
b,b' 

2,4-DNP Hydrazone 
a 1.24 (d, 6.6) (17.0) 
b (24.6) 
c (26.4) 
ct (26.8) 
e (35.8) 
f (39.6) 
g (163.8) 

ArH 7.98 (ct, 9.6) 
8.30 (dd, 9.6, 2.5) 
9.13 (d, 2.5) 

NH 7.5 (br s) 
Ar CH (116.3, 123.6, 129.9) 

----~------____ ~ __________ ~ ___________ L 

Figure A43. 2-Methylcyc1ohexanone 2,4-DNP hydrazone. 
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Figure A45. cis- and trans-2,6-Dimethylcyclohexanones ~ and II (13e). 
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'Cta 

a,b 
c 

d,e 
f,g 

c 

2,4-DNP Hydrazones 
1.23 (d, 6.5), 1.25 (d, 6.6) (16.6, 16.9) 

(20.2) 
(32.4, 35.8) 
(30.0,35.3) 

ArH 7.98 (d, 9.6) 
8.30 (dd, 9.6, 2.1) 
9.12 (d, 2.4) 

NH 9.02 (br s) 
ArCH (116.3, 123.6, 129.9) 
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, I , , , , , , , , , I , , , , , , , , , I , , , , , , , , , I 

Figure A46.cis- and trans-2,6-Dimethylcyclohexanone 2,4-DNP hydrazones. 



b Hera 
138 

a 0.91 (d,6.2) 
b 1.18 

J .••.. ".,J".,., ••• J .... ,.", 

Figure A47. 1,2-Dimethylcyclohexanol 138, SO and li. 
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a 1.11 ~ ~ II 
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Figure A48. 2,2-Dimethylcyclohexanone 52, 49, 50, and II (lH). 
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c d 
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II 

a 35% 
(25.2) 
(21.4) 
(27.6) 
(41.1) 
(45.3) 
(213.6) 
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b 
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10% 
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Ii a 
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.ll 
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5% 

..... 1 ......... 1. t ••••••• 1 ......... 1 ... t., ••• 1., ....... L 
50 0 

Figure A49. 2,2-Dimethy1cyclohexanone 52, 49, ~, and II (13e). 
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o 
a~b 

d,d' U:e~ , 
f,f' 

53 

a 0.99 (d,6.5) 
b 1.05 
c 1.18 
d -1.23-1.40, m 

d' -1.6-1.7, m 
e 1.49--1.62, m 

e' 1. 73-1.82, m 
f -1.8-2.0, m 
f' -2.0-2.11, m 
g 2.66 (-sext, 6.3) 

J •••• , •• 1 ••• , ••• "1 ••.. ,,. 

Figure A50. 2,2,6-Trimethylcyclohexanone 53 (lH). 
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a~.h d 
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e g 
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53 

a (14.6) 
b (21.2) 
c (24.8) 
d (25.3) 
e (36.5) 
f (40.4) 
g (41.5) 
h (44.8) 
i (216.3) 

Figure A5!. 2,2,6-Trimethylcyc1ohexanone 53 (13C). 
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a 93% 

a 1.12 
b,c 1.64-1.81, m 
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1 • 
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Figure A52. 2,2,6,6-Tetramethy1cyclohexanone ~ and II (IH). 
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Figure AS3. 2,2,6,6-Tetramethylcyclohexanone 6S and S3 (13e). 
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o b 

f~a 
d,d'U:,e' 

e,e' 
gQ. 

a 0.89 (t,7.4) 
b 1.18-1.32, m 
e 1.35-1.46, m 

c' -1.6-1.75, m 
d' -1.6-1.75, m 
e' -1.75-1.90, m 

d,e,f,g 1.98-2.44, m 

I • , t , , • J , I • Ie' I t I I I If. 

Figure A54. 2-Ethylcyclohexanone 2Q (1H). 
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o b 

f~a 
dV~ 

c 
.2Q. 80% 

a (11.0) 
b (21.8) 
c (24.2) 
d (27.4) 
e (32.9) 
f (41.2) 
g (S1.6) 
h (212.8) 

b 

a 

a a 

I ......... 1 . .L..".",., ............ ........""L .................... .....Lo... ............ ..........Ju.......... ............. ~ ............ ~~+4~ ............ ~..-L 

210 

ab a abC a 

Figure ASS. 2-Ethylcyc1ohexanone 60 and cyc1ohexanone (l3e). 
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o 

0-' 
2,4-DNP Hydrazone 

a 0,99 (t,7.4) 

•• t , , , , I , , I , , , , , I I I I , , , I , I I I I I , I I I 

Figure AS6. 2-Ethylcyc1ohexanone and 2-methylcyc1ohexanone 
2,4-DNP hydrazones (lH). 
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o b f*a dV~ 
c 

2,4-DNP Hydrazone 
a (11.9) 
b (25.4) 
c (23.8) 
d (26.4) 
e (32.8) 
f (35.5) 
g (46.4) 
h (163.5) 

Ar ~H (116.3, 123.6, 129.9) 

255 

1 _~l ______ ~l ~J ______ ~ ______ ~ ____ ~ ______ L 
120 ro 

Figure AS7. 2-Ethylcyclohexanone and 2-methylcyclohexanone 
2,4-DNP hydrazones (13C). 
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D~ODb 
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d d' e,e' , 
e,e' 
60 

a 0.89 (t,7.5) (11.7) 
b 1.18--1.3, m (22.3) 
c -1.35-1.43, m (24.7) 

c',d' -1.6--1.75, m 
d,e 1.99--2.4, m (d 27.9, e 33.4) 
e' -1.75-1.90, m 

• • • • , , • , • J , , , , , , , , • J 

Figure AS8. 2-Ethylcyclohexanone-2,6,6-d3 60. 
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~a 
131 

a 0.79 (t,7.5) 
b 1.02 

••• J ••••••••• J ••••••••• L 

Figure A59. 2-Ethyl-2-methy1cyclohexanone 131. 
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a 0.87 (t, 7.4) 
b 0.88 (t, 7.4) 
c 1.00 (d,6.4) 
d 1.05 (d,6.8) 

e-k 1.10-.... 1.9, m 
1-0 .... 1.9-2.61, m 

j h 
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ill 

f I I , f , • J , • f , , f , , f J , , • I • f • , f J 
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Figure A60. cis- and trans-2-Ethyl-6-methylcyclohexanones ill and 133 
(lH). 
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I. I. If' "I 
o 

Figure A61. cis- and trans-2-Ethyl-6-methylcydohexanones 132 and 133 
(13C). 



2.4-DNP Hydrazones 
a (11.9) 
b (17.0) 
c (24.0) 
d (26.4) 
e (29.7) 
f (32.8) 
g (38.0) 
h (46.4) 
i (163.5) 

Ar ~H (116.3, 123.6, 129.9) 

Figure A62. cis- and trans-2-Ethyl-6-methylcyclohexanone 2,4-DNP 
hydrazones (13C). 
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~c 
d 

g 

b 0.87 (t, 7.3) 
c 0.88 (t, 7.4) 
d -1.10-1.65, m 
e -1.67-2.00, m 
f 2.11-2.21, m 
g 2.25-2.36, m 

~a 
61 

a 0.75 (t,7.5) 

J ...... , .. J ••••• " •• J •••••• , •• l 

Figure A63. cis- and trans-2,6-Diethylcyclohexanones 62 and ~, and 
2,2-diethylcyc1ohexanone 61 (lH). 
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~a 
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a (11.6) 
b (21.9) 
c (23.1) 
d (25.4) 
e (32.7) 
f (34.9) 
g (50.3) 
h (52.6) 

Figure A64. cis- and trans-2,6-Diethylcyclohexanones g and~, and !ill 
(13C). 
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Figure A6S. 2,2-Diethylcyc1ohexanone 61, 62 and 63, and !ill (Be). 
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Figure A66. 2-Ethyl-2,6-dimethylcyclohexanones 144 and ill· 
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Figure A67. 2-n-Butylcyc1ohexanone ~. 
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Figure A68. 2,2- and 2,6-Di-n-butylcyclohexanones II and 56. 
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Figure A69. 2-n-Butyl-2,6-dimethylcyclohexanones ill and 148. 
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Figure A70. 2-Benzylcyclohexanone 57 (lH). 
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Figure A71. 2-Benzylcyclohexanone II (Be). 
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Figure A72. 2,2- and 2,6-Dibenzylcyclohexanones 58, 59, and II (lH). 
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Figure A73. 2,2- and 2,6-Dibenzykyclohexanones ~, 59, and 21. (13C). 
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Figure A74. 1-n-Butylcyc1ohexanol ill (lH). 
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Figure A75. I-n-Buty1cyc1ohexanol 137 (13e). 
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Figure A76. Butylidenecyclohexanone ill and I-n-butylcyclohexene ill. 
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Figure A77. 1-n-Butyl-1-methoxycyc1ohexane 136 (lH). 
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Figure A78. I-n-Butyl-l-methoxycyc1ohexane 136 (13e). 
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Figure A79. I-n-Butyl-l-methoxy-2-methylcyc1ohexane ll2,. 
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Figure A80. 1-n-Butyl-1-methoxy-2,6-dimethylcyclohexane ill and 
1-n-butyl-2,6-dimethylcyclohexanol ill. 
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Figure A81. 2-Cyclohexen-l-one 139 and 2-ethyl-6-methylcyclohexanones 
ill andill.. 
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Figure A82. 3-Phenylpropanoic acid ill· 
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Figure A83. o-Valerolactone 71, methyl 5-bromovalerate 74, 6-valerolactone 
polymer/oligomer 72, and 5-bromovaleric acid ll. 
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Figure A84. [)-Valerolactone polymer/oligomer 72. 74, and 71. 
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Figure A86. Ethyl and methyl pimelates .22. and pimelic acid 68. 
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Figure A89.trans-l-Phenyl-l-propene 83. 3-phenyl-l-propene 84. 1:L lill. 
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Figure A90. 3-Phenylpropyl sulfate 82. 
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Figure A91. 1,3-Butadienyl-l-sulfate 85. vinyl sulfate 86. and Jg. 
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Figure A95. 2-Phenoxy-l-ethyl sulfate 91. 
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Figure A98. Tetralin 184. acyclic trimer 188. and o-xylene. 
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Figure A99. Acyclic dimer 189. alcohol 190. 184, and o-xylene. 
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Figure A102. 2-n-Propylphenol 193. 2-methylphenetole 194. and o-cresol. 
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Figure AI04. 2,6-Di-n-propylanisole 164, 6-methyl-2-n-propylanisole 165, 
6-ethyl-2-n-propylphenetole 166, and 2,6-dimethylanisole. 
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Figure AIOS. 2-(y-Chloro-n-propyl)-6-methylanisole 171, 
acyclic dimer ill, 
2,6-di(y-chloro-n-propyl)anisole 173, 
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[2.0.2.0] methoxymetacyclophane 170, and 2,6-dimethylanisole. 



- -II') -::c Q) r...: I..D 0 

o~ 
r...: r...: 

0: .... ~ .... ~ 

~ ~A 
'-' '-' '-' 

~I II')NC"II..D~ 
NM.o::tt--M 
NNNM'If 

'0.0 ~.oU"OQ) 

Figure AI06. 2-(y-Hydroxy-n-propyl)-6-methylanisole 174 and 
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Figure AI0S. 2-Ethyl-6-methylphenol 180, cyclic monomer 177, 
cyclic dimer 178, and elimination product ill· 
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APPENDIX B: GC REfENTION TIMES 

Table Bl. GC retention times for acyclic C3-CS ketones. 

Column temperature: 155 OC 
Flow rate: 20 mUmin 

Min Min 
0 0 

~ 1.8 ~ 4.0 
106 

0 0 

~ 2.3 ~ 4.2 
105 

0 0 

Ar 2.5 ~ 4.9 
125 

0 
0 

~ ~ 2.8 5.4 
41 121 

0 0 

~ 2.8 ~ 5.9 
42 

0 

~ 0 

3.2 ~ 6.2 
127 120 

0 0 

~ 3.4 ~ 7.3 
126 119 

0 rr 4.0 
112 



Table B2. GC retention times for acyclic C3-C9 ketones. 

Column temperature: 150 oc; 
Row rate: 15 mUmin 

Min 
acetone 2.5 

!Qi 3.1 
3-methyl-2-butanone 3.5 

41 3.7 
3-pentanone 3.7 

Min 
127 4.1 
ill 5.5 
106 5.5 

2-hexanone 5.9 

0 

~ 7.3 
43 

42 8.1 

0 

~ 15.3 
99 
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Table B3. GC retention times for acyclic CS-C12 ketones and byproducts. 

Column temperature: 140 DC 
Row rate: 20 mUmin 

Min 
3-pentanone 4.4 

ill 5.1 
112 6.0 

6.9 

o 

~ 9.6 

10.7 

Myc( 
broad, 5.5-11.5 

ill 
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Table B4. GC retention times for acyclic C4-ClO ketones and bypro ducts. 

Column temperature: 125 DC 
Flow rate: 20 mUmin 

122 

114 115 

105 
3-methyl-2-butanone 

o 

Vly 
111 
112 

o 

~ 
113 

117 

Min 
3.0 
4.0 

6.5 

7.5 

8.2 

broad,5.0-18.0 

15.0-17.0 

17.0-18.5 



Table B5. GC retention times for acyclic CS-C12 ketones. 

Column temperature: 220 DC 
Flow rate: 20 mUmin 

Min 
41 1.4 

106 1.7 
43 2.2 

0 

~ 2.5 
107 

0 
~n-C9H19 11.3 

101 

Column temperature: 200 DC 
Flow rate: 15 mUmin 

43 
42 

Af 
100 

99 

Min 
2.7 
2.8 

4.4 

4.5 
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Table B6a GC retention times for cyclohexanones and byproducts. 

Column temperature: 220 oc: 
Flow rate: 20 mUmin 

Min Min 
0 0 

6 2:5 6<' 4.5 
ill 

0 0 0 

0- 3.0 
'l)' /--6' 

4.6 
49 132 133 
0 0 

6< 3.3 6 4.6 
52 139 

0 0 o O(D)HO 'tf ---6' 
3.4 6.2 

50 II 134 .ill 137 

Her OEt 0 0 

6 3.4 
V/--er-

6.3 
138 89 62 63 

0 0 

'0< 3.6 
()) 

6.3 
II 61 
0 0 

D< 3.8 

o-".c.H, 

6.5 
65 

~~ 0 

CY' 4.0 9.0-11.0 
60 136 

0 0 ()<. ".c. H, ",C4 H, 'l:r ".c. H, 
n-C4 H9 17.0 

55 ~ 
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Table B6b. GC retention times for cyclohexanones and bypro ducts. 

Column temperature: 190 OC 
Row rate: 20 mUmin 

Column temperature: 210 OC 
Row rate: 20 mUmin 

Min 
4.7 
5.3 
6.7 
8.0 

9.5-10.5 

19.5-21.0 

Min 
53 4.4 
65 5.0 

{f ---6 
6.2 

Mer 
liQ. 12.1 
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