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2 H, J = 12, uAB = 27.0), 4.51 (AB, 2 H, J = 12, UB = 44.1), 4.67 
(d, 1 H, J = lo), 4.80 (s, 1 H), 7.27 (m, 10 H). 

Diesters 40a,b. These compounds were prepared by the 
method already described for (f)-36. 

From faster eluting ester: [~]"OD -22.4' (c, 0.020 in CHCl,); 
IR (CHCl,) 1740 cm-'; 'H NMR (CDClJ b 1.05 (d, 3 H, J = 7), 
1.13 (s, 3 H), 1.18 (8 ,  3 H), 1.20 (d, 3 H, J =7), 1.32 (s, 3 H), 1.63 
(m, 1 H), 2.62 (m, 1 H), 3.40 (s, 3 H),  3.67 (9, 3 H), 3.68 (br 8 ,  1 
H), 3.75 (m, 1 H), 4.34 (AB, 2 H, J = 12, um = 38.8), 4.56 (AB, 
2 H, J = 12, vm = 45.9), 4.78 ( 8 ,  1 H), 7.2-7.4 (m, 10 H). 

From slower eluting ester: [(Y]"OD -12.8' (c, 0.018 in CHC13); 
IR (CHCl,) 1740 cm-'; 'H NMR (CDClJ d 1.04 (d, 3 H, J = 7), 
1.09 (3 H, s), 1.21 (d, 3 H, J = 7), 1.38 (s, 3 H), 1.40 (8, 3 H), 1.62 
(m, 1 H), 2.61 (m, 1 H), 3.40 (s, 3 H), 3.66 (s, 3 H), 3.69 (br 9, 1 
H), 3.74 (m, 1 H), 4.34 (AB, 2 H, J = 12, um = 22.8), 4.48 (AB, 
2 H, J = 12, uAB = 53.9), 4.75 (1 H, s), 7.2-7.4 (m, 10 H). 

Ester Aldehyde 1. The same procedure was used as was used 
to prepare (*)-l. 

From the diester 40 with [a lZ0~ -22.4': (-)-l; [ ( u ] 2 0 ~  -27.0' 
(c, 0.022, in CHCl,). 

From t!ie diester 40 with [e]20D -12.8': (+)-I; [ a I m ~  +27.0' 
(c, 0.020 in CHC1,). 

Acknowledgment. This work was supported by a re- 
search grant from the United States Public Health Service 
(AI15027). R. Pilli thanks  the Brazilian National Science 
Foundation (CNPq) and U. Badertscher thanks the Swiss 
Nat iona l  Science Foundat ion  for fellowship support .  
Single-crystal X-ray analysis of compounds 27c and 32 

were carried out by Dr. Frederick Hollander and Mr. Greg 
Michelson, of the Berkeley College of Chemistry X-ray 
facility. 

Registry No. (*)-l, 95513-72-7; 1 (enantiomer l ) ,  95587-20-5; 
1 (enantiomer 2), 95587-21-6; 2, 79027-28-4; 3, 92817-88-4; 4, 
95513-73-8; 5, 72507-50-7; 6a, 95513-74-9; 6b, 95513-75-0; 6c, 
95513-76-1; 7a, 95513-77-2; 7b, 95513-78-3; 7c, 95513-79-4; 8, 
94942-09-3; 8 triol, 94842-97-4; 9,86654-54-8; 9 triol, 95671-21-9; 
10, 71885-51-3; (E)-ll, 95513-80-7; (2)-11, 95513-81-8; 12, 
92817-93-1; 13, 72507-39-2; 14, 95513-82-9; 15, 95587-22-7; 16, 
95513-83-0; 17,95587-23-8; 18,95513-84-1; 19 (isomer 11, 95513- 
85-2; 19 (isomer 2), 95587-24-9; 20, 95513-86-3; 21, 95587-25-0; 
22a, 92817-41-9; 22b, 92817-42-0; 22c, 92817-43-1; 25a, 95513-87-4; 
25b, 95513-88-5; 25c, 95513-89-6; 26a, 95587-26-1; %6b, 95587-27-2; 
26c, 95587-28-3; 27a, 95513-90-9; 27b, 95588-26-4; 27c, 95587-29-4; 
28a, 95587-30-7; 28b, 95513-91-0; 28c, 95587-31-8; 29,95513-92-1; 

95531-28-5; 35,95513-96-5; 36,95513-97-6; 36 free acid, 95513-98-7; 
37,95513-99-8; 39 (homer l), 95514-00-4; 39 (homer 2), 95587-33-0; 
40 (isomer l), 95514-01-5; 40 (isomer 2), 95587-34-1; (S)-(+)-3- 
hydroxy-2-methylpropanoic acid, 26543-05-5; (E)-1-(benzyl- 
oxy)-2-methyl-3-propanol, 63930-49-4; (S)-3-[(tert-butyldi- 
phenylsily1)oxyl-2-methylpropanoic acid, 95514-02-6; methyl 
(S)-3- [ (tert-butyldiphenylsilyl)oxy]-2-methylpropanoate, 95514- 
03-7; (S)-3-[(tert-butyldiphenylsilyl)oxy]-2-methylpropanol, 
95514-04-8; 2-methylpropane-1,3-diol, 2163-42-0; 2-methyl- 
propane-1,3-diol diacetate, 55289-53-7; (RS)-3-acetoxy-2- 
methylpropanol, 95514-05-9; mesityl oxide, 141-79-7; 2,4-di- 
methylpent-2-enal, 623-36-9; (R)-(-)-0-methylmandelic acid acyl 
chloride, 34713-98-9; erythronolide A, 26754-37-0. 

30,95587-32-9; 31,95513-93-2; 32,95513-94-3; 33,95513-95-4; 34, 

Generation, Alkylation, and Silylation of Directed Enolates Formed by 
Reaction of Ketenes and Organolithium Reagents' 

Lynn  M. Baigrie, Dieter Lenoir, Hani R. Seikaly, and Thomas  T. Tidwell* 

Department of Chemistry, University of Toronto, Toronto, Ontario, Canada M5S 1Al 

Received August 2, 1984 

Symmetrical ketenes R2C=C=0 [& = t-Bu2 (l), Eh (21, (CH,), (3), (CH& (4)] were reacted with organolithium 
reagents R'Li to give directed enolates R,C=C(OLi)R' which were alkylated with Me1 or silylated with Me3SiC1. 
The silylation results for 2-4 were compared to those for reaction of ketones R2CHCO-n-Bu (16-18) with Me,SiCl 
and either i-PrzNLi, KH, or EgN. These latter conditions usually favored different regioisomers from the ketene 
route. Reaction of 1 with t-BuLi gave the previously inaccessible enolate t-Bu,C=C(OLi)-t-Bu (25), which on 
reaction with Me1 gave a mixture of the 0-methylation product 27 along with some C-methylation product and 
with Me3SiCl gave the silyl enol ether 26. The vinyl ethers 26 and 27 are among the first substituted tri-tert- 
butylethylenes which have been reported. 

T h e  generation of ketone enolates,2 and their alkylation, 
~ i l y l a t i o n , ~  and acylation continue among the most  im- 
por tan t  of synthetic organic transformations. One of the 

(1) Reported in part in preliminary communications: Tidwell, T. T. 
Tetrahedron Lett. 1979,20. 4615-4618. Lenoir, D.; Seikaly. H. R.; Tid- 
well, T. T. Ibid. 1982,23,4987-4990. 

(2) (a) Caine, D. In "Carbon-Carbon Bond Formation"; Augustine, R. 
L., Ed.; Dekker: New York, 1979; Vol. 1, pp 85-352. (b) d'Angelo, J. 
Tetrahedron 1976,32,2979-2990. (c) Jackman, L. M.; Lange, B. C. Ibid. 
1977,33,2737-2769. (d) House, H. 0. 'Modem Synthetic Reactions", 2nd 
ed.; Benjamin: Menlo Park, CA, 1972. 

(3) (a) Fleming, I. Chimia 1980,34, 265-271. (b) Fleming, I. Chem. 
SOC. Rev. 1981, 10, 83-111. (c) Fleming, I. Compr. Org. Chem. 1979, 3, 
541-686. (d) Hudrlik, P. F. In 'New Synthetic Applications of Organo- 
metallic Reagents in Organic Synthesis"; Seyferth, D., Ed.; Elsevier: 
Amsterdam, 1976; pp 127-159. (e) Rasmussen, J. K. Synthesis 1977, 
91-110. (f) Colvin, E. W. 'Silicon in Organic Synthesis"; Butterworths: 
London, 1981. (9) Weber, W. P. "Silicon %agents for Organic Synthesis"; 
Springer-Verlag: New York, 1983; Chapters 12-16. 
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most extensively studied problems in this  area concerns 
the  selective generation of specific regioisomeric enolates. 
I n  some cases conditions of kinetic or equilibrium control 
have been found under which there  is a significant pref- 
erence for a particular enolate, a n d  sometimes mixtures 
of enol acetates or silyl ethers have been prepared and  
separated into t h e  individual regioisomers as precursors 
for specific e n o l a t e ~ . ~ ~ ~  

T h e  reactivity of ketenes has  been t h e  object of recent 
interest  in this laboratory: and we were at t racted t o  t h e  
possibility t ha t  these intermediates might be useful in the  
generation of specific enolates, particularly species not  
readily available by other methods. 

(4) Kabir, S. H.; Seikaly, H. R.; Tidwell, T. T. J. Am. Chem. Soc. 1979, 
101, 1059-1060. 
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In our experienceg the most convenient of the known5J0J1 
preparative methods for simple aliphatic ketenes such as 
2-4 has been the reaction of a-bromoacyl bromides with 
activated zinc in THF." The ketenes can be codistilled 
with THF at reduced pressure and stored in THF solution 
at  -78 "C, but the yields of ketenes from this procedure 
as determined by trapping with aniline (eq 5)11" were im- 
proved when the ketene solution obtained was filtered to 
remove the zinc salts and the distillation was omitted 
(Table I). 

RzCBrCOBr R,C=C=O - RzCHCONHPh 
( 5 )  

Ketenes 2-4 generated by debromination of a-bromoacyl 
bromides were added to 4 equiv of n-BuLi in THF at -78 
"C to give enolates (eq 6) which were trapped with Me1 
to give the methyl ketones 5-7 or with Me,SiCl to give silyl 
ethers 8-10 (eq 7 and 8) (yields based on starting di- 
bromide). 

Zn PhNH, 

OLI 

(6) 
n-BuLi 1 

R&=C=O - R&=C-n - BU 

17) 
P" Me1 R 

RZC=C-n-Bu - MeCReC-n-Bu  

5, R2=Et2, 35%, 6,  R ~ = ( C H Z ) ~ ,  28%,  7 ,  Rza1CH2)5, 30% 
OL I OSiMe3 

( 8 )  
I Me,SiCI 1 

R&=C-n-Bu - R&=C-n - B U  

8 ,  R2.Etz,58%e: 9, Rz*(CHz)4, 38%; 10, R z = 1 C H z ) 5 , 6 0 %  

The ketene dimers 11-13 were also formed as bypro- 
ducts with both Me1 and Me,SiCl trapping, with the yields 
shown determined for the latter reaction. In the Me1 
trapping other products were formed that while not fully 
characterized appeared to be dimethylated ketones and 
di-n-butylcarbinols. These latter materials could result 
from equilibration of the monoalkylated ketones with 
unreacted enolate (eq 9) and further reaction of the re- 
sulting enolate and ketone with Me1 and n-BuLi, respec- 
tively, whereas the dimers arise from thermal reactions. 
Enolate addition to ketenes is another knownI2 reaction 
that could contribute to the rather low yields of 5-10. 

Table I. Yields of Anilides Obtained (Equation 5) 
vield, % 

Rz T, "C" ketene distilled in situ mp, "C 
Et 40 62 82 120-125 
(CH214 -10 35 87 159-160 

20 66 90 143-146 

a Temperature of the reaction with zinc. 

Ketenes have long been ~ t u d i e d ~ , ~  but it appeared to us 
that the reactions of ketenes with organolithium reagents 
to give enolates (eq 1) ought to be a more widely utilized 
procedure than has hitherto been the case. There have 
been scattered reports of such reactions, including the 
addition of phenyllithium to diphenylketene to give the 
enolate which was trapped as the enol benzoate by benzoyl 
chloride (eq 2).7s Other examples include the reaction of 
PhLi with di-tert-butylketene (1) (eq 3),7b the reaction of 
bis(trimethylsily1)ketene with n-BuLi (eq 4),7c,d and the 
corresponding reaction of bi~(trimethy1germyl)ketene.~~ 

R,C=C=O + R'Li - R2C=C(OLi)R' (1) 

(1) PhLi 

(2) PhCOCl 
Ph2C=C=0 - Ph2C=C(OzCPh)Ph (2) 

(1) PhLi 
t-Bu,C=C=O t-Bu,CHC(=O)Ph (3) 

(2) H20 1 
(1) n-BuLi 

(Me3SiI2C=C=O - (Me,Si),CHC(=O)-n-Bu 
(2) H2O 

(4) 

The goal of the present study was to test if reactions of 
symmetrically substituted ketenes with organolithium 
reagents could be utilized for the preparation of inter- 
mediates not available by other routes. 

Results and Discussion 

The ketenes 1-4 were chosen for initial study. Ketene 
Is has the advantage of being a persistent species even in 
the presence of air and can be distilled, purified by gas 
chromatography, and is slow to react with water.8 

L 3 4 

(5) Staudinger, H. "Die Ketene" Enke: Stuttgart, 1912. (b) 
"Chemistry of Ketenes, Allenes and Cumulenes"; Patai, S., Ed.; Inter- 
science: New York, 1980. (c) Hanford, W. E.; Sauer, J. C. Org. React. 
(N.Y.) 1946,3, 108-140. (d) Borrmann, D. "Methoden der Organische 
Chemie"; Georg. Thieme Verlag: Stuttgart, 1968; Vol. 7, Part 4. (e) 
Lacey, R. N. In "Chemistry of the Alkenes"; Patai, S., Ed.; Wiley: New 
York, 1964. (0 Kagan, H. B. Ann. Chim. (Paris) 1965, I O ,  203-212. (9) 
Brady, W. T. Chapter 8 in ref 5b. 

(6) (a) Anders, E.; Ruch, E.; Ugi, I. Angew. Chem., Int. Ed. Engl. 1973, 
12, 25-29. (b) Wynberg, H.; Staring, E. G. J. J. Am. Chem. SOC. 1982, 
104, 166-168. (c) Salz, U.; Ruchardt, C. Tetrahedron Lett. 1982, 23, 
4017-4021. (d) Kresze, G.; Runge, E.; Ruch, E. Liebigs Ann. Chem. 1972, 
756,112-127. (e )  Turro, N. J.; Ito, Y.; Chow, M.-F.; Adam, W.; Rodriques, 
0.; Yany, F. J. Am. Chem. SOC. 1977, 99, 5836-5838. (0 Wheland, R.; 
Bartlett, P. D. Ibid. 1970,92,6057-6058. (9) Bartlett, P. D.; McCluney, 
R. E. J. Org. Chem. 1983,48, 4165-4168. (h) Kato, T. Acc. Chem. Res. 
1974, 7, 266-271. 

(7) (a) Beel, J. A.; Vejvoda, E. J. Am. Chem. SOC. 1964, 76, 906-807. 
(b) Schaumann, E.; Walter, W. Chem. Ber. 1974, 107, 3662-3673. (c )  
Woodbury, R, P.; Long, N. R.; Rathkr, M. W. J. Or#. Chem. 1978,44378. 
(d) Lebedev, 9. A.; Ponomarev, 9. V.; Lutaenko, I. F. Zh. Obahch. Khim. 
1972.42. 647-651. - - - - ,  ~- I - - ~  

(8) Newman, M. S.; Arkell, A.; Fukunaga, T. J. J. Am. Chem. S O ~ .  
1960,82, 2498-2501. 

n 
U 

"+: R 

0 

11, R =  Et ,  40% 
12, R ,  R = ( C H z ) I ,  50% 
13, R,R=(Ct+),, 22% 

R OLI OLI 
I I  I I 

MeCRzC-n -Bu  t RZC=C-n-Bb * MeCRzC=CH-n-Pr t 

0 
I /  

R Z C H C - n - B u  (9) 

Ketene 4 was also reacted with MeLi and with PhLi, and 
the product enolates were trapped with Me,SiCl to give 

(9) The treatment of substituted malonic acids with trifluoroacetic 
anhydride followed by pyrolysis (ref 10) is limited to volatile ketenes and 
dehydrohalogenation of unhindered aliphatic acyl chlorides usually does 
not proceed to completion. 

(10) Duckworth, A. C. J. Org. Chem. 1962,27, 3146-3148. 
(11) (a) McCarney, C. C,; Ward, R. S. J, Chem. Soc., Perkin Trans. 

I 1976,1600-1003. (b) Smith, W. C.; Norton, D. G. "Organic Syntheses"; 
Wiley: New York, 1963; Collect. Vol. 4, pp 348-350. 

(12) Jeffrey, E. A.; Meisters, A.; Mole, T. J. Organometal. Chem. 1974, 
74, 373-384. 
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Table 11. Silyl Ethers Obtained from Reaction of Ketones 
with Base and Me3SiC1 

relative yield of silyl 
ethers 

ketone basen 8-10 19-21 
Et&HCO-n-Bu i-Pr,NLi 0 (8) 80/20 (19) 
16 KH 18 32 I50 

Et3N 18 41 j 4 1  

@cc-,-8. i-PrzNLi 10 45/45 ( 2 0 ) d  
KH 60 30/ 10 

17 Et3N 20 35/35 eco.n-Bu i-PrzNLi 0 (10) 40/60 (21) 
KH 0 75/25 

18 Et3N 0 80120 

a Conditions: i-PrzNLi in DME at -78 "C; KH in THF at 25 "C; 
Et3N in DMF at reflux. E and Z stereochemistry assigned to the 
isomers with the lower and higher field vinyl lH NMR absorption, 
respectively, as in ref 13b,c, and Heathcock, C. H.; Buse, C. T.; 
Kleischick, W. A,; Pirrung, M. C.; Sohn, J. E.; Lampe, J. J. Org. 
Chem. 1980, 45, 1066-1081. e9 and 20E had identical retention 
times on all columns tested, analyzed by 'H NMR. dVinyl hydro- 
gen absorptions identical, structures tentatively assigned by com- 
parison of VPC retention times to 21 E / Z  (2 has shorter retention 
time on all columns tested). 

the silyl ethers 14 and 15 in 52 and 42% distilled yields, 
respectively, based on a-bromoacyl bromides. 

OSiMe3 OS i Mea 

mMe 

14 15 

The yields of these reactions are modest but they do 
provide specific routes for the generation of silyl ethers and 
ketones derived from regiochemically defied enolates. For 
comparison reaction of the ketones 16-18 by standard 
enolization ~ o n d i t i o n s l ~ ~ ~ ~  were compared, as shown in 
Table 11. These procedures gave the less substituted silyl 
enol ethers 19-21 as the major regioisomer in every case 
but one, whereas generation of the enolates from the 
ketenes gave exclusively the more substituted regioisomer 
in every case. 

Me3SiO RzcHh n-Pr 
Me3SiO R2cHvn- Pr 

E z 
19. R P .  E t  

A recent example of a synthetic sequence for regiose- 
lective generation of enol silyl ethers is shown in eq 
Preparation of a silyl ether with an exocyclic double bond 
has been reported in one case by the sequence of eq ll,14b 
and acid-catalyzed acetylation did give an exocyclic enol 
acetate in 47% yield (eq 12).'" However the general utility 
of these procedures for the selective preparation of specific 
regioisomers comparable to the ketene reactions has not 
been established. 

(13) (a) Brown, C. A. J. Org. Chem. 1974,9@, 3913-3918. (b) House, 
H. 0.; Czuba, L. J.; Gall, M.; Olmstead, H. D. Ibid. 1969,34,2824-2836. 
(c) Corey, E. J.; Gross, A. W. Tetrahedron Lett. 1984, 26, 495498. 

(14) (a) Kato, M.; Mori, A,; Oshino, H.; Enda, 3.; Kobayashi, K.; Ku- 
wajima, I. J. Am. Chem. Soc. 1984,106, 1773-1778. (b) Coates, R. M.; 
Sandefur, L. 0.; Smillie, R. D. Ibid. 1975,97, 1619-1621. (c) House, H. 
0.; Bare, T. M. J. Org. Chem. 1968,33, 943-949. 

OH 
I ( 1 )  n - B u L i  

[ I )  R ' C I C M q B r  I [  (2)HzO 
R2CHCSiMe3 (3) H2,Ra N i  RzCHCCH=CHR' (2) R.I * 

SiMe3 
OSiMe3 
I 

R ~ C H C = C H C H R ' R '  (10) 

OSiMe3 
Me3SiOzC &?qJ+ (11) 

0 

, - B u - - ( 3 - $ C H 3  - t - B u a o A c  (12) 

Reaction of di-tert-butylketene (1) with tert-butyl- 
lithium in THF did not occur at -70 "C but at 25 OC in 
this solvent the products 22-24 were obtained as 7,46, and 
30% of the volatile product, respectively (eq 13). The 
ketone 24 evidently arises from the known15 reaction of 
THF with t-BuLi forming CH2=CH2 which adds to t-BuLi 
to give neohexyllithium which reacts with 1. 

0 
(11 t -BuLi  II 

t -BuzC=C=O (x t -Bu2CHC-t-Bu t ~ - B u ~ C H C H O  t 
22 23 

~ - B u C H ~ C H ~ C C H - ~ - B U ~  fl (13) 

24 

When the reaction of 1 and t-BuLi was conducted in 
hexane solvent the ketone 2216 comprised 73% of the 
product, along with 17% 23 and 10% unreacted 1. 

When Me3SiC1 was added to the reaction product of 1 
and t-BuLi in hexane only 22 and 23 were isolated after 
hydrolysis, with no evidence of any silylated derivatives. 
However when the hexane was evaporated from the solu- 
tion of the preformed enolate 25 and THF was added then 
reaction with Me,SiCl gave the silyl ether 26 in 70% yield 
(eq 14). 

t-Bu,C=C(OLi)-t-Bu - Me,SiCl 

25 
t-Bu,C=C(OSiMe3)-t-Bu (14) 

This reaction of 1 with t-BuLi is the only known route 
to enolate 25. Thus reaction of ketone 22 with either KH 
or i-Pr,NLi followed by Me3SiC1 gave only unreacted 22, 
and earlier efforts to enolize 22 with ~-BuOK/~-BUOD"~ 
were also unsuccessful. Attempts to enolize t -  
BuzCHCOzEt with either i-Pr,NLi or KH, or t-  
Bu2CHC02CEt3 using KNH,, also 

Reaction of 25 in THF with methyl iodide gave a mix- 
ture of the products 27 and 28 resulting from 0- and C- 
alkylation, in yields of 20 and 16%, respectively (eq 15). 
The tendency of 25 for 0-alkylation is remarkable and 
evidently reflects the greater steric retardation of C-al- 
kylation relative to 0-alkylation in this highly crowded 
enolate. When HMPA was added to the reaction mixture 

26 

(15) (a) Jung, M. E.; Blum, R. B. Tetrahedron Let t .  1977, 18, 
3791-3794. (b) Bartlett, P. D.; Stiles, M. J. Am. Chem. SOC. 1956, 77, 
2806-2814. 

(16) (a) Dubob, J. E.; Bouslru, M. C .  R. Acad. Sci. Paris 1969,268,1-4. 
(b) Lion, C.; Dubois, J.-E. Tetrahedron 1981,37,319-323. (c) Abruscato, 
G. J.; Tidwell, T. T. J. Org. Chem. 1972, 37, 4151-4156. 

(17) (a) Tidwell, T. T. Tetrahedron 1978,34,1855-1868. (b) Dubois, 
J. E.; Zhang, B. L.; Lion, C. Ibid. 1981,37, 4189-4194. ( c )  Newman, M. 
S.; Funkunaga, T. J. Am. Chem. SOC. 1963,85, 1176-1178. 
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the formation of 28 was surpressed entirely and only 27 
was formed. 

Baigrie e t  al. 

a stirred solution of 54 mmol of n-BuLi in 34 mL of hexane and 
100 mL of THF a t  -78 "C. After 0.5-h stirring a solution of 
Me3SiC1 (7.5 g, 70 "01) and EGN (7 g, 70 mmol) in 5 mL of THF 
was added through a filter tube by N2 pressure and the reaction 
mixture warmed to 25 "C and stirred 2 h. The solvent was then 
evaporated, 25 mL of pentane was added, the mixture was filtered 
through a fine sintered glass tube, and the solvent was again 
evaporated to leave 2.31 g of an oil from which was distilled (85 
"C, 1 torr) 10 (1.8 g, 7.5 mmol, 55%) pure by VPC. 

The preparations of 2 and 3 and the reactions of these ketenes 
with n-BuLi, and of 4 with MeLi and PhLi, were carried out by 
analogous procedures. For the alkylation experiments neat Me1 
(6 equiv) was substituted for the Me3SiC1 solution. Physical 
properties of the products are listed separately. 

Enolate Generation wi th  KH. In a typical procedure a 
suspension of KH in THF was added to a solution of cyclopentyl 
n-butyl ketone (17,0.58 g, 3.7 mmol) in THF with stirring at  25 
"C until gas evolution ceased. The yellow enolate solution was 
then treated with a solution of 5 mmol of Me,SiCl and 5 mmol 
of EGN in 10 mL of THF added through a fritted glass filter tube. 
Aqueous THF was added to the resulting mixture which was then 
poured into water and extracted with pentane, and the pentane 
layer was dried over MgSO, and evaporated. VPC separation 
(SE-30) of the resulting oil showed the presence of starting ketone 
17 as 10% of the volatile material, a single peak for 9 and 20E, 
and a peak for 202. The ratio of 9 (60%) and 20E (30%) was 
determined from the relative intensity of the lH NMR signal of 
20E a t  8 4.37. 

Enolate Generation with i-Pr2NLi. To a magnetically stirred 
solution of 20 mL of DME and 5 mg of Ph3CH was added 7 mL 
of 1.1 M MeLi (8 mmol) in Et20 a t  0 OC. To the resulting red 
solution was successively added via a syringe 0.8 g (8 mmol) of 
i-Pr2NH and 1.09 g (7 mmol) of cyclopentyl n-butyl ketone (17) 
until the red color was discharged. The yellow enolate solution 
was stirred at  0 "C for 15 min and then a mixture of Me3SiC1 (1.08 
g, 10 mmol) and Et3N (1.01 g, 10 mmol) in 5 mL of DME was 
added via a filter tube. After 15-min stirring the solution was 
washed with cold NaHC03, dried, and analyzed by VPC as de- 
scribed in the KH procedure. 

For reaction of 16 and 18 i-Pr2Li was generated from n-BuLi 
in hexane and THF without Ph3CH, and the reagents were added 
in THF a t  -78 "C, followed by 2 h stirring a t  25 "C. 

Silylation with Et3N/Me3SiC1. To a solution of 10 mmol 
of Me3SiC1 and 20 mmol of Et3N in 10 mL of DMF was added 
17 (1.0 g, 7 "01) and the mixture was refluxed 72 h. After cooling 
to 25 "C the solution was diluted with 15 mL of pentane and 
washed with cold NaHC03 solution, cold 0.5 N HC1 solution, and 
then cold NaHC03 again. The solution was then dried over 
Drierite, evaporated, and analyzed as described in the KH pro- 
cedure and reported in Table 11. 

Ketene Dimers. The products from treatment of a-bromoacyl 
bromides with zinc followed by Me3SiC1 and workup as described 
above were fractionated by distilling off material a t  1 torr and 
80 "C. The residue was mainly the knownz2 dimers as analyzed 
by the IR band at 1755 cm-' and the 'H NMR spectra. On 
dissolving the oily residues in pentane the crystalline dimers 12 
[mp 68-70 "C (lit.22a mp 70-70.5 "C)] and 13 [mp 160-164 OC 
(lit.22c*d mp 164-165 "C)] were obtained. Dimer 1lZzb is a liquid 
at  25 "C: IR (CC14) 1750 cm-' (C=O); 'H NMR (CClJ 8 0.95 (t, 
12, J = 7 Hz, 4 Me), 1.68 (q, 8, J = 7 Hz, 4 CHJ. 

Di-tert-butylketene (1)8 (0.50 g, 3.2 mmol) in 10 mL of pentane 
was added to a solution of t-BuLi (6.4 mmol) in 4 mL of pentane 
stirred a t  0 "C. The mixture was stirred at  25 "C for 12 h and 
then 2 mL of water was added. The pentane layer was separated, 
dried, evaporated, and analyzed by VPC (SE-30,160 OC) to contain 
unreacted 1 (lo%), ketone 2216c (73%),  and di-tert-butylacet- 
aldehyde (23: 17%). 

Addition of 1 (0.350 g, 2.27 mmol) to t-BuLi (3.40 mmol) as 
above was followed by 24-h reflux, removal of the pentane at  1 
torr, and addition of 15 mL of THF to the solid residue cooled 

Me1 
25 - 

t-Bu2C=C(OMe)-t-Bu+ Me-t-Bu,CC(=O)-t-Bu (15) 
27 28 

The reaction of 1 with n-BuLi followed by Me3SiC1 also 
produced the silyl ether 29. When 1 was reacted with 
MeLi followed by hydrolysis 30 was obtained as the only 
product. 

t-Bu2C=C(OSiMe3)-n-Bu t-Bu2CHCOCH3 
29 30 

In summary the reactions of ketenes with organolithiums 
have proved to be of value for a number of different 
purposes. These include the convenient preparation of 22 
by the route of eq 13, and the formation of the hitherto 
inaccessible 26, 27, and 28. There is continuing interest 
in the study of such crowded compounds16"J8 and ketenes 
promise to be of further utility in this area. 

The reactions of the less crowded ketenes 2-4 do not 
proceed in excellent yields, evidently because of competing 
dimerization and oligomerization. However procedures 
have been devised for the one pot formation and further 
reaction of directed enolates in reasonable yields and 
complete regiochemical selectivity, and these enolates are 
usually not the isomer favored from direct ketone enoli- 
zation under either kinetic or equilibrium control. The 
ketene route also offers advantages over an analogous 
alkylation of ketenimines to give ketones,lg as this requires 
first preparing precursor dihydro-1,3-oxazines, and also 
precludes trapping of intermediate enolates as they are not 
intermediates in the reaction. 

Experimental Sectionzo 
All reactions were carried out in flame- or oven-dried glassware 

under a nitrogen atmosphere. Solutions were transferred with 
syringes or double-tipped needles by using a positive pressure of 
nitrogen; transfer of KH was carried out in a glove bag. T H F  
was distilled from the sodium ketyl of benzophenone. a-Brom- 
oacyl bromides were obtained from the corresponding commer- 
cially available acids (Aldrich) by reaction with Br2/P as has been 
reported." Me3SiC1 was distilled from CaH2 under N2 and E h N  
was distilled from LiAlH,. n-BuLi in THF was obtained by 
evaporating the hexane from Aldrich n-BuLi in hexane at -78 
"C and adding THF. Ketones 16-18 were obtained by reaction 
of n-BuLi with the appropriate carboxylic acid.21 

Zinc Debromination of a-Bromoacyl Bromides. In a typical 
procedure a-bromocyclohexanecarbonyl bromide (3.7 g, 14 mmol) 
was added dropwise to a stirred suspension of 2 g (0.03 mol) of 
Zn dust (activated by HC1) a t  0 "C. After 0.5 h stirring at 0 "C 
the IR of the crude solution showed an intense band a t  2100 cm-' 
(C=C=O) and a weak band at 1800 cm-' attributed to the dimer 
13. The green solution was cooled to -78 O C  and the precipitated 
ZnBr2 was allowed to settle. The solution was transferred slowly 
by N2 pressure via a double-tipped needle to a flask containing 

(18) (a) Krebs, A.; Rtiger, W.; Ziegenhagen, B.; Hebold, M.; Hardtke, 
I.; Muller, R.; Schtitz, M.; Wietzke, M.; Wilke, M. Chem. Ber. 1984, 117, 
277-309. (b) Krebs, A.; Riiger, W.; Nickel, W.-U.; Wilke, M.; Burkert, 
U. Ibid. 1984,117,31C-321. (c) Ermer, 0. Angew. Chem., Int. Ed.  Engl. 
1983,22,998-IOOO. (d) Loerzer, T.; Gerke, R.; Ltittke, W. Tetrahedron 
Lett. 1983, 24, 5861-5864. (e) Lenoir, D.; Malwitz, D.; Meyer, B. Ibid. 
1984, 25, 2965-2968. (0 Cullen, E. R.; Guziec, F. S., Jr.; Murphy, C. J. 
J. Org. Chem. 1982, 47, 3563-3566. 

(19) (a) Meyers, A. I.; Smith, E. M.; Jurjevich, A. F. J.  Am. Chem. SOC. 
1971,93, 2314-2316. (b) Meyers, A. I.; Smith, E. M.; Ao, M. S. J. Org. 
Chem. 1973,38,2129-2136. (c) Lion, C.; Dubois, J. E. Tetrahedron 1973, 

(20) 'H and 13C NMR spectra were run on Varian T-60 and CFT-20 
instruments, respectively. IR spectra were measured using a Nicolet 5DX 
FT instrument. Elemental analyses were by Galbraith or the Stanford 
Microanalysis Laboratory. 

29, 3417-3423. 

(21) Jorgenson, M. Org. React. (N.Y.) 1970, 18, 1-97. 

(22) (a) Walborsky, H. M. J.  Org. Chem. 1953,18,702-706. (b) Turro, 
N. J.; Neckers, D. C.; Leermakers, P. A,; Seldner, D.; DAngelo, P. J. Am. 
Chem. SOC. 1966,87,4097-4100. (c) Hill, C. M.; Hill, M. E. Zbid. 1953, 
75, 2765-2766. (d) Walboisky, H. M.; Buchman, E. R. Ibid.  1953, 75, 
6339-6340. 



Reaction of Ketenes and Organolithium Reagents 

with an ice bath. Then Me3SiC1 (0.85 g, 7.8 mmol) was added 
and the solution stirred 2 h, evaporated, and 10 mL of pentane 
added. After filtration through a fine sintered glass tube the 
pentane waa evaporated to give 0.76 g of an oil that was analyzed 
by VPC (OV-101 column, 150 "C, bicyclohexyl as internal 
standard) to consist of 26 (1.5, mmol, 70%). A similar reaction 
of 1 with n-BuLi gave 29 in 84% yield. 

To a solution of 1 (0.50 g, 3.2 mmol) in 10 mL of pentane a t  
0 "C was added t-BuLi (3.2 mmol) in 2 mL of pentane and the 
solution was stirred 1 h a t  0 "C and then ovemight at 25 "C. The 
pentane was evaporated and the residual yellow solid was cooled 
to 0 "C. THF (15 mL) containing HMPA (1.16 g, 6.48 m o l )  was 
added followed by Me1 (9.6 mmol) and the solution was stirred 
overnight a t  25 "C, poured into water, extracted with pentane, 
dried over Drierite, and evaporated. Purification by VPC (OV-101 
column, 100 "C) gave 27 (0.29 g, 39%). When the HMPA was 
omitted in this procedure the separated product (Carbowax 20 
M, 150 "C) consisted of 27 (0.16 g, 20%) and 28 (0.12 g, 16%). 

Dropwise addition of t-BuLi (20 mmol in 10 mL of pentane) 
to 1 (2.0 g, 13 mmol) in 20 mL of T H F  a t  0 "C was followed by 
2-h stirring a t  25 "C, addition of 10 mL of saturated NH4Cl 
solution, and extraction with ether which was dried and evapo- 
rated. Separation by VPC (SE-30 column, 160 "C) indicated the 
presence of 22,23, and 24 as 7,46, and 30% of the volatile product, 
respectively. 

Characterization of Products.23 5: IR (CC14) 1720 cm-' 
(M); 'H NMR (CClJ 6 0.85 (broad t, 9, J = 7 Hz, 3 Me), 0.6-1.0 
(m, 2, CH2CH2CH3), 1.10 (s,3, quatemary Me), 1.2-1.8 (m, 6, 3CH2 
6 to G-o), 2.30 (t, 2, J = 7 Hz, CH2CO). Anal. Calcd for CllHZ0 
(170.29): C, 77.58; H, 13.02. Found: C, 76.69; H, 13.42. Mass 
spectrum 170 (M'). 

6: IR (CCl,) 1706 cm-' (C=O); 'H NMR (CClJ 6 0.6-2.0 (m, 
15), 1.20 (s,3, quatemary Me), 2.40 (t, 2, J = 7 Hz, CH2CO). Anal. 
Calcd for CllHzoO (168.20): C, 78.51; H, 11.98. Found C, 78.19; 
H, 12.16. 

7: IR (film) 1710 cm-' (C=O); 'H NMR (CC14) 6 0.9-1.8 (m, 
17), 1.00 (s,3, quaternary Me), 2.40 (t, 2, J = 7 Hz, CHZCO). Anal. 
Calcd for C12Hz20 (182.31): C, 79.05; H, 12.16. Found C, 78.25; 
H, 12.07. Mass spectrum M+ 182.1676, calcd 182.1669. 

8: IR (film) 1670 cm-' (C=C); 'H NMR (CC14) 6 0.12 (s, 9, 
OSiMe3), 0.9-2.0 (m, 19). Anal. Calcd for C13H280Si (228.44): 
C, 68.35; H, 12.35. Found: C, 68.54; H, 12.12. 

9: IR (film) 1670 cm-' (C=C); 'H NMR (CC14) 6 0.12 (s, 9, 
OSiMe3), 0.6-2.0 (m, 17); mass spectrum M+ 226.1768, Cl3HX0Si 
requires 226.1753. 

10: IR (film) 1670 cm-' (C=C); 'H NMR (CC14) 6 0.15 
(OSiMed, 0.91 (t, 3, J = 7 Hz, Me), 1.1-1.6 (m, 10,5 CH2), 1.8-2.2 
(m, 6, BCH,C=C); mass spectrum M+ 240.1926, Cl4HZ8OSi re- 
quires 240.1908. Anal. Calcd C, 69.92; H, 11.73. Found C, 69.70; 
H, 11.78. 

14: IR (CC14) 1670 cm-' (C=C); 'H NMR (CC14) 6 0.11 ( 8 ,  9, 
OSiMe3), 1.3-1.6 (m, 6, (CH2)3), 1.68 ( 8 ,  3, Me), 1.8-2.2 (m, 4, 
(CHd2 W); 13C NMR (CDClJ 6 0.38, 17.82,26.76, 27.14, 27.78, 
29.38, 117.82, 137.36; mass spectrum M+ 198.1432, C11H2,0Si 
requires 198.1438. 

15: IR (CC14) 1670 cm-' (C=C); 'H NMR (CC14) 6 -0.09 ( 8 ,  
9, OSiMe3), 1.3-1.7 (m, 6, (cH2)3)$ 2.0-2.4 (m, 4, (CH2), C=C), 
7.22 (8, 5, Ph); 13C NMR (CDC13) 6 0.21, 26.78, 27.36, 27.67, 28.08, 
29.76, 101.67,120.72,127.02,127.57,129.15,138.80; mass spectrum 
M+ 260.1598, Cl6HZ40Si requires 260.1596. 

19(E): IR (film) 1656 cm-' (C=C); 'H NMR (CC14) 6 0.14 (s, 
9, OSiMe3), 0.8-1.0 (m, 9, 3 Me), 1.0-1.6 (m, 6, 3CHzMe), 1.7-2.2 
(m, 3, CHzC=CCH), 4.49 (t, 1, J = 7 Hz, C=CH); mass spectrum 

(23) The trimethylsilyl enol ethers tended to decompose after a few 
days in glaas containers and usually did not give satisfactory elemental 
analysis if mailed to the analyst, so were characterized by mass spec- 
trometry. The branched ketones 5-7 and 28 gave consistently low values 
for carbon, even on repeated analysis. 
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M+ 228.1908, C13H280Si requires 228.1909. Anal. Calcd (M, 
228.44): C, 68.35; H, 12.35. Found: C, 68.68; H, 12.23. 

19(Z): IR (film) 1672 cm-' (C=C); 'H NMR (CC14) 6 0.14 (s, 
9, OSiMe3), 0.8-1.0 (m, 9,3Me), 1.0-1.6 (m, 6, 3CHzMe), 1.7--2.2 
(m, 3, C=CCH), and 4.30 (t, 1, J = 7 Hz, C=CH). Anal. Found: 
C, 68.56; H, 12.17. 

20(E): 'H NMR (CC14) 6 0.14 (9, 9, OSiMe3), 0.8-1.1 (m, 5, Et), 
1.4-1.7 (m, 8, (CHZ),), 1.8-2.2 (m, 3, CH&=CH), 4.37 (t, 1, J = 
7 Hz, C=CH); mass spectrum (obtained on an E /Z  mixture) Mf 
226.1716, Cl3HX0Si requires 226.1753. 

20(2): 'H NMR (CC14) 6 0.15 (s, 9, OSiMe3), 0.8-1.1 (m, 5, Et), 
1.4-1.7 (m, 8, (CH2)J, 1.8-2.2 (m, 3, CH,C=CH), 4.34 (t, 1, J = 
7 Hz, C=CH); mass spectrum, see 20(E).  

21(E): 'H NMR (CC14) 6 0.12 (s, 9, OSiMe3), 0.8-2.1 (m, 20), 
4.34 (t, 1, J = 7 Hz, C=CH); mass spectrum (obtained on an E/Z 
mixture) M+ 240.1918, C14H280Si requires 240.1908. 

21(2): 'H NMR (CC14) 6 0.12 (s, 9, OSiMe3), 0.8-2.2 (m, 201, 
4.27 (t, J = 7 Hz, C=CH); mass spectrum, see 21(E). 

24: IR (CC14) 1710 cm-' (C=O); 'H NMR (CC14) 6 0.86 (s, 9, 
t-BuCH,), 1.02 (s, 18, t-Bu,CH), 1.2-1.5 (m, 2, t-BuCH,), 2.1-2.5 
(m, 3, CHCOCH,); 13C NMR (CDC13) 6 28.0, 33.4, 38.2, 39.1,46.7, 
69.8 (CO not observed); mass spectrum 169 (Mf - t-BuCH,). 

26: IR (CC14) 1687 cm-' (weak, C=C); 'H NMR (CC14) 6 0.25 
(s, 9, OSiMeJ, 1.23, 1.28, 1.32 (each s, 9, t-Bu); 13C NMR (CDC13) 
4.9,34.3, 36.4, 37.7, 38.0,41.2,42.4, 138.5, 159.8; mass spectrum 
195 (M+ - Me3SiO). 

27: IR (CDClJ 1685 cm-' (weak, C=C); 'H NMR (CDCl,) 6 
1.16,1.28,1.32 (each s, 9, t-Bu), 3.50 (s, 3, OMe); 13C NMR (CDC13) 
6 29.53,31.91,32.83,35.63,38.64, 39.95,64.47, 107.35, 139.27; mass 
spectrum 226 (M'). Anal. Calcd for C15H300 (226.40): C, 79.58; 

~~ ~~ 

H, 13.36. Found: C, 79.90; H, 13.24. 
28: IR (CDC13) 1669 cm-' (C=O); 'H NMR (CDCl,) 6 1.03 (9, 

18,.t-Bu), 1.17 (e, 9, t-BuCO), 1.40 (s, 3, Me); 13C NMR (CDC13) 
6 18.31. 29.97. 30.56. 35.70. 40.82. 62.8 (no simal observed for . v  

C=O);'CI mass spectrum 171 (M' - C4H7). 
29: 'H NMR (CC14) 6 0.16 (8,  9, OSiMe3), 0.8-1.7 (m, 7, n-Pr), 

1.26 (s,9, t-Bu trans to OSiMe3),% 1.30 (s,9, t-Bu cis to OSiMe3),% 
2.1-2.4 (m, 2, C=CCH2); 13C NMR (CDC1,) 6 -3.91, 11.21, 22.54, 
30.98, 33.39, 34.27, 37.91, 45.98, 148.95; mass spectrum M+ 
284.2529, C17H360Si requires 284.2535. 

30lSc 'H NMR (CC14) 6 1.05 (s, 18, t-Bu,), 2.11 (s, 3, MeCO), 
2.37 (s, 1, CHCO). 

Acknowledgment is made t o  t h e  donors of the  Petro- 
leum Research Fund, administered by the  America1 
Chemical Society, and t o  t h e  Natura l  Sciences and En- 
gineering Research Council of Canada for support of this 
research. 

Registry No. 1, 19824-34-1; 2, 24264-08-2; 3, 29713-50-6; 4, 
22589-13-5; 5, 74326-61-7; 6, 32524-97-3; 7, 95999-27-2; 8, 
74326-62-8; 9, 95999-28-3; 10, 95999-29-4; 11, 3898-61-1; 12, 
5011-61-0; 13, 950-21-0; 14, 64639-28-7; 15, 95999-30-7; 16, 
19781-29-4; 17,6636-80-2; 18,5445-35-2; (E)-19,74326-63-9; (2)-19, 
74326-64-0; (E)-20, 95999-31-8; (2)-20, 95999-35-2; (E)-21, 
95999-32-9; (2)-21,95999-36-3; 22,24534-83-6; 23, 2987-13-5; 24, 
85576-53-0; 25, 85576-54-1; 26, 85576-55-2; 27, 95999-33-0; 28, 
81931-83-1; 29,95999-34-1; 30,35378-08-6; EtzCBrCOBr, 26074- 
53-3; (CHz)4CBrCOBr, 95999-37-4; i-Pr2NLi, 4111-54-0; KH, 
7693-26-7; Et3N, 121-44-8; Et2C=C(OLi)n-Bu, 95999-39-6; 
( CH2)4C=C(OLi)n-Bu, 95999-40-9; (CH,),C=C (OLi) n-Bu, 

3400-41-7; (CH&CHCONHPh, 2719-26-8; (CH,),C=C(OLi)Me, 
95999-42-1; (CH,),C=C(OLi)Ph, 95999-43-2; i-Pr2NH, 108-18-9; 
(CH,)&BrCOBr, 95999-38-5. 

95999-41-0; EtZCHCONHPh, 6832-96-8; (CH2)4CHCONHPh, 

(24) Jackman, L. M.; Sternhell, S. "Applications of Nuclear Magnetic 
Resonance Spectroscopy in Organic Chemistry", 2nd ed.; Pergamon Press: 
New York, 1969; pp 185-225. 


