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Jasco DIP 370, using a water-jacketed cell connected to the 
thermostat. 

Racemic 2 (6.00 g, 19.1 mmol) was suspended in 100 mL of 
anisole (from Aldrich, used without further purification) together 
with 0.14 g (0.45 mmol) of (+)-2. The suspension was heated at 
ca. 90 O C  to complete dissolution of the solid (possible undissolved 
particles were filtered away on fluted filter paper) and then slowly 
cooled in the thermmtat at 40 OC. The solution showed an optical 
rotation aD = +0.21 (I = 10 cm). Seeds of (+)-2 (15 mg) were 
added under constant stirring (100 rpm). The solution became 
opalescent, and crystallization of the (+)-enantiomer proceeded 
slowly. The optical rotation of the solution varied with time as 
shown in the figure. After 3 h, when LXD = -0.18/-0.20, the 
suspension was rapidly filtered by suction in a preheated Buchner 
funnel with fiter paper (general-purpose fiter paper with medium 
filtration speed; the use of fritted disks, 16-40 pm, did not allow 
the complete recovery of the crystals) to give, after the residue 
was dried under vacuum, 0.27 g of the dimethyl ether 2 with [ a ] ~  
= +135 (89% optical purity based on the rotation of the (+)-2 

Racemic (*)-2 (0.27 g, 0.86 mmol) waa then added to the 
remaining solution, which was heated at ca. 90 "C to complete 
dissolution of the solid (possible u n b l v e d  particlea were filtered 
away). The solution was again thermostated at 40 "C and seeded 
with 15 mg of (-)-2. After 3 h, fitration and drying aa above gave 
the (-) enantiomer. The same cycle of operation was carried out 
five times, yielding a total of 1.35 g of (+)-2 and 1.25 g of ( 4 - 2  
having optical purity of ca. 90% (see Table I). 

A single crystallization from toluene gave 1.05 g of (+)-2 and 
0.98 g of (-)-2 with optical purity >98%. 
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Simple diastereoselectivity of several important categories of aldol reactions of persubstituted enolates has 
been investigated for sterically least biased cyclic and acyclic ketone and aldehyde enolates, 1-4, and has been 
found to be useful for the stereoselective construction of quaternary carbon centers. The @pea of reactions examined 
involve the reaction of lithium, borinate, borate, trialkoxytitanium, trichlorotitanium, and zirconium (Cp2ZrCl) 
enolates, and the reactions of enol silyl ethers under high pressure, fluoride catalysis, and Lewis acid catalysis. 
In contrast to the less substituted metal enolatea, uncatalyzed reactions of persubstituted metal enolatea proceeded 
in a sense anticipated from the conventional Zimmerman-Traxler chair transition state (TS) model. The 
fluoride-catalyzed reaction of the cyclic enolate la showed stereoselectivity consistent with the open extended 
TS, while enolates 2a-4a showed anomalous behavior. The selectivity of the Lewis acid mediated aldol reaction 
of enol silyl ethers was found to be dependent on the Lewis acid used, and the BF3.EhO-mediated reaction of 
2a and 3a showed maximum selectivity in a sense predicted by the chair TS. The stereostructures of the aldols 
have been determined by single-crystal X-ray analysis or by chemical correlations. 

In the past decade, aldol reaction of substituted enolates 

for the stereocontrolled construction of chiral centers.' 
Through accumulated knowledge of numerous varieties of 
stereochemical observations, some useful inferences as to 

basis of the data obtained for the reactions of trisubstituted 

Scheme I). The aldol reaction of persubstituted enolates 

carbonyl group and is expected to provide a powerful 
method for stereocontrolled construction of quaternary 
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transition-state (TS) geometries2 have been drawn on the OM 
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enolates (i.e., either one of RZ and RE in A is hydrogen: 

(Le., RZ, RE # H) creates a quaternary carbon next to the 

RE 
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(2) (ai Evans, D. A.; Nelson, J. 'V.; 'Taber, T. R. Topics in Stereo- 
chemistry; Eliel, E. L., Wilen, 5. H., Eds.; Wiley Interscience: New York, 
1983; Vol. 13, p 1. (b) Heathcock, C. H. Comprehemiue Carbanion 
Chemistry; Buncel. E., Durst, T., Eds.; Elsevier: New York, 1984; Vol. 
5B, p 177. (c) Heathcock, C. H. Asymmetric Synthesis; Morrison, J. D., 
Ed.; Academic Preas: New York, 19% Vol. 3, Chapter 2. (d) Mukaiyama, 
T. Org. React. 1982, 28, 203. 
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(3) Martin, S. F. Tetrahedron 1980, 36, 419. 
(4) For our own interesta, Bee: Nakamura, E.; Seikiya, K.; Arai, M.; 

Aoki, S. J. Am. Chem. SOC. 1989, 111, 3091, Shimada, J.4.; Hashimoto, 
K.; Kim, B. H. Nakamura, E.; Kuwajima, I. J. Am. Chem. Soc. 1984,106, 
1759. 
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investigated,"" and correlation between the enolate ge- 
ometry and the product stereochemistry in these reactions 
has been established only in a few reac t ion~ .~J~*~  Accord- 
ingly, the general validity of the standard TS models in 
the reactions of persubstituted enolates has yet to be 
thoroughly addressed. 

It is also important to note that the stereochemical 
behavior of the persubstituted enolates will serve as a 
yardstick for the evaluation of the existing TS models, 
since, for any of them to provide truly reasonable pictures 
of the TSs of the aldol reaction, they must also offer ra- 
tional accounts for these reactions, as well as for those of 
the less substituted counterparts with which they have 
been so successful. In fact, we have previously pointed 

that some of the conventional protocols for pre- 
dicting stereoselection fail when applied to persubstituted 
enolates. We thus strongly felt that the stereochemistry 
of the aldol reaction of persubstituted enolates be inves- 
tigated in detail. We describe herein the first systematic 
investigation of the simple diastereoselectivity of the 
persubstituted enolates of ketones and aldehydes pos- 
sessing a variety of metal countercations. The four major 
categories of aldol reactions, classified according to their 
simple diastereoselectivity, have been examined: the re- 
actions of metal enolates whose stereoselectivity is de- 
termined largely by the stereochemistry of the starting 
enolates, those which are consistently erythro-selective 
irrespective of the enolate geometry, the fluoride-catalyzed 
aldol reaction, and the Lewis acid promoted aldol reactions 
of the enol silyl ethers. 

The aldol reaction of dialkylboron (borinate) enolatesI4 
represents the most important, well-defined class (referred 
as class I in the following text), whose diastereoselectivity 
is controlled by the double-bond geometry of the starting 
enolate.lS Synthetically versatile lithium enolates also 
show similar diastere~selection.'~J~ A chairlike transi- 
tion-state model (B) proposed by Zimmerman and Trax- 
le@ has been well accepted to account for the correlation 
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of the E and 2 geometry of the enolate to the threo and 
erythro stereochemistry in the aldol product (Scheme I, 
path a). 

I t  was found in the early 1980s that the aldol reaction 
of zirconium (CpzZrC1),lg titanium,12*20 and dialkoxyboron 
(borateP enolates (class 11) produce erythro aldols irre- 
spective of the enolate geometry.22 This selectivity has 
been rationalized by geometry-dependent change of the 
TS. Thus, an E enolate (Rz = H) reacts via a boat TS to 
give the erythro aldol (path b), whereas a 2 enolate (RE 
= H) reacts via a chair TS to give the same diastereomer 
(path a, Scheme I). Evans et al.lga attributed the origin 
of the behavior of their zirconium enolates to the steric 
effect of the bulky Cp ligand on the metal. Studies on 
trichlorotitanium enolates,12 on the other hand, led us to 
conclude that it is the intrinsic properties of these enolates 
that makes the E enolate prefer the boat TS.I3 This ar- 
gument also implies that a boat TS may be generally fa- 
vored for any metal enolate without unfavorable steric 
effects, and has been supported by the recent theoretical 
calculations on the aldol reactions of various enolates in 
the gas phase.23.24 Pressure effects on the TS geometries 
has been recently reported for the aldol reaction of enol 
silyl ethemZ5 

The third category involves the enolate generated by the 
reaction of enol silyl ethers with a naked fluoride 
In many cases, especially with sterically demanding eno- 
lates, the reaction exhibits erythro selectivity regardless 
of the enolate geometry, and this has been ascribed to an 
extended open TS (D).27 Recent experimental" as well 
as theoretical informationz3 suggests that an alternative 

(5) Fellmann, P.; Dubois, J.-E. Tetrahedron 1978, 34, 1349. 
(6) Yamamoto, K.; Tomo, Y.; Suzuki, S. Tetrahedron Lett. 1980,21, 

2861. 
(7) (a) Heathcock, C. H.; Hagen, J. P.; Jarvi, E. T.; Pirrung, M. C.; 

Young, S. D. J. Am. Chem. SOC. 1981,103,4972. (b) Heathcock, C. H.; 
Pirrung, M. C.; Young, S. D.; Hagen, J. P.; Jarvi, E. T.; Badertscher, U.; 
Mbki, H.-P.; Montgomery, S. H. J. Am. Chem. Soc. 1984,106,8161. (c) 
Heathcock, C. H.; Montgomery, S. H. Tetrahedron Lett. 1985,26,1001. 

(8) Hirai, K.; Owano, Y.; Fujimoto, K. Tetrahedron Lett. 1982, 23, 
4021. 

(9) (a) Seebach, D.; Bose, M.; Nafe, R.; Schweizer, W. B. J.  Am. Chem. 
Soc. 1983,105,5390. (b) Hber ,  R.; Laube, T.; Seebach, D. J. Am. Chem. 
SOC. 1985,107,5396. (c) Hber ,  R.; Schweizer, W. B.; Seiler, P.; Seebach, 
D. Chimia 1986,40,97. (d) Seebach, D.; Hber ,  R. Chem. Lett. 1987,49. 

(10) Tamaru, Y.; Hioki, T.; Kawamura, S.; Satomi, H.; Yoshida, Z. J. 
Am. Chem. SOC. 1984,106, 3876. 

(11) Nakamura, E.; Yamago, S.; Machii, D.; Kuwajima, I. Tetrahedron 
Lett. 1988, 29, 2207. 

(12) Nakamura, E.; Shimada, J.; Horiguchi, Y.; Kuwajima, I. Tetra- 
hedron Lett. 1983,24,3341. Cf.: Murphy, P. J.; Procter, G.; Russel, A. 
Tetrahedron Lett. 1987,28,2037. 

(13) Kuwajima, I.; Nakamura, E. Acc. Chem. Res. 1985, 18, 181. 
(14) (a) Mukaiyama, T.; Inoue, T. Chem. Lett. 1976, 559, Inoue, T.; 

Mukayama, T. Chem. Lett. 1977,153. (b) Kuwajima, I.; Kato, M.; Mori, 
A. Tetrahedron Lett. 1980,21, 4291. 

(15) (a) Masamune, S.; Choy, W.; Kerdesky, F. A. J.; Imperiali, B. J. 
Am. Chem. SOC. 1981,103,1566. (b) Evans, D. A.; Nelson, J. V.; Vogel, 
E.; Taber, T. R. J. Am. Chem. SOC. 1981,103,3099. 

(16) Dubois, J. E.; Fellmamm, P. Tetrahedron Lett. 1975, 1225. 
(17) (a) Kleschick, W. A.; Bme, C. T.; Heathcock, C. H. J. Am. Chem. 

SOC. 1977,99,247. (b) Heathcock, C. H.; Buse, C. T.; Kleschick, W. A.; 
Pirrung, M. C.; Sohn, J. E.; Lampe, J. J. Org. Chem. 1980, 45, 1066. 

(18) Zimmermann, H. E.; Traxler, M. D. J. Am. Chem. Soc. 1957,79, 
1920. 

(19) (a) Evans, D. A.; McGee, L. R. Tetrahedron Lett. 1980,21,3975. 
See also ref la. (b) Yamamoto, Y., Maruyama, K. Tetrahedron Lett. 
1980,21,4607. 

(20) Reetz, M. T.; Peter, R. Tetrahedron Lett. 1981,22,4691. 
(21) (a) Hoffmann, R. W.; Ditrich, K. Tetrahedron Lett. 1984, 25, 

1781. Hoffmann, R. W.; Ditrich, K.; Frkh, S. Liebigs. Ann. Chem. 1987, 
977. (b) Hoffmann, R. W.; Ditrich, K.; Froch, S. Tetrahedron 1986,41, 
5517. (c) Gennari, C.; Colombo, L.; Poli, G. Tetrahedron Lett. 1984,25, 
2279. (d) Gennari, C.; Colombo, L.; Poli, G. Tetrahedron Lett. 1984,25, 
2283, Gennari, C.; Colombo, L.; Scolastico, C.; Todeschini, R. Tetrahe- 
dron 1984,40,4051. 

(22) Tin enolates also give erythro aldols irrespective of the enolate 
geometry. (a) Yamamoto, Y.; Yatagai, H.; Maruyama, K. J.  Chem. Soc., 
Chem. Commum. 1981,162. Yamamoto, Y.; Yatagai, H.; Maruyama, K. 
Sil. Cer. Tin. Lead Compd. 1986,9,25. (b) Mukaiyama, T.; Stevens, R. 
W.; Iwasawa, N. Chem. Lett. 1982, 353, Harada, T.; Mukaiyama, T. 
Chem. Lett. 1982,467. (c) Nakamura, E.; Kuwajima, I. Tetrahedron Lett. 
1983,24,3347. (d) Stereoselectivity changes depend on temperature. See: 
Shenvi, S.; Stille, J. K. Tetrahedron Lett. 1982,23, 627. 

(23) (a) Li, Y.; Paddon-Row, M. N.; Houk, K. N. J.  Am. Chem. SOC. 
1988, 110, 3684. (b) Li, Y.; Paddon-Row, M. N.; Houk, K. N. J. Org. 
Chem. 1990,55,481. (c) Recent theoretical studies suggested the exist- 
ence of another boat TS C'. However, both of the boat TSs C and C' lead 
to the same diastereoselectivity. 
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(24) Gennari, C.; Todeschini, R.; Beretta, M. G.; Favini, G.; Scohtico, 
C. J. Org. Chem. 1986,51,612. 

(25) Yamamoto, Y.; Maruyama, K.; Mataumoto, K. J.  Am. Chem. Soc. 
1983,105,6983. 

(26) (a) Noyori, R.; Yokoyama, K.; Sakata, J.; Kuwajima, I.; Naka- 
mura, E.; Shimizu, M. J. Am. Chem. SOC. 1977,99,1265. (b) Nakamura, 
E.; Shimizu, M.; Kuwajima, I.; Sakata, J.; Yokoyama, K.; Noyori, R. J. 
Org. Chem. 1983, 48, 932. (c) Reference 13. (d) Reference 7a. 

(27) (a) Noyori, R.; Nishida, 1.; Sakata, J. J.  Am. Chem. Soc. 1981,103, 
2106. (b) Noyori, R.; Nishida, I.; Sakata, J. J.  Am. Chem. SOC. 1983,106, 
1598. (c) Noyori, R. Selectivity-a Coal for Synthetic Efficiency; 
Bartmann, W., Trost, B. M., Ede.; Verlag Chemie: Wheinheim, 1984; p 
121. 
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Table I. Stereomelectivity of the Aldol Reaction of Metal Enolatee (eqe 2,3) 
entrv enolate M R conditions ewthro:threo ( A A C V  % yieldb 

1 1 Li P h  THF/hexane, -72 OC, 5 s 9 9 1  86 

4 B(OCHzCH20) Ph THF/hexane/CH2C12, -72 OC, 2 h 12:88 (0.80) 57 
5 B(OMeh P h  THF/C8Hl2, 4 kbar, 3 h 3 9 9 7  (>1.40) -5od 
6 Ti(OiPr), Ph hexane, -72 "C, 1 h 5 9 5  (1.19) 94 
7 TiCl, P h  CHZC12, -72 "C, 5 1288 (0.80) 2 9  

2 B B u ~  P h  EhO, -72 OC, 2 h 0.599.5 (2.13) 6oC 
3 B B u ~  "Pr EhO, -72 OC, 2 h 3:>97 (>1.40) 31e 

8 TiCl, "Pr CH2C12, -72 OC, 5 min 9 9 1  (0.93) 56 
9 Cp,ZrCl Ph THF/hexane, -72 OC, 1 h 17:83 (0.64) 56 

10 &Me3 P h  CH2C12, 50 OC, 6 days, 13 kbar 45:55 (0.13) 50 

12 2 (97% Z) Li Ph THF/Et20, -72 OC, 10 s 4555 76 
13 B B u ~  P h  E t O ,  -72 OC, 1.5 h, 0 "C, 0.5 h 94:6e (> l . l l )  30 
14 CpzZrC1 Ph THF/EhO, -72 OC, 3 h 8 6 1 6  (0.73) 68 

16 3 (86% E) Li Ph THF/Et20, -72 OC, 5 s 17233 71 
17 BBuz P h  EhO, -72 OC, 1.5 h, 0 OC, 0.5 h 3:97h (>1.40) 41 
18 CpzZrC1 P h  THF/EhO, -72 OC, 3 h 9:91i (0.93) 56 

20 4 (94% E) Li P h  THF/EhO, -72 OC, 5 4 0 6 e  30 

11 SiMe3 "Pr CH2C12, 60 OC, 6 days, 13 kbar 4357 (0.19) 22 

15 Cp,ZrCl "Pr THF/EhO, -72 OC, 1 h 86:W (0.73) 34 

19 CpzZrC1 "Pr THF/Et20, -72 OC, 1 h 15:8P (0.70) 19 

21 BBuz P h  EhO, -72 OC, 1.5 h, 0 OC, 0.5 h 33:67k (>0.28) 34 
22 Cp,ZrCl P h  THF/EtZO, -72 "C, 3 h 31:69 (0.32) 35 

OProduct ratios were determined by 'H NMR except in entries 3,8,11,15, and 19, wherein ratios were determined by capillary GLC. The 
ratios in entries 12-19 were corrected for the isomeric purity of the starting enol silyl ether (see text). The energy difference is shown only 
for the kinetically controlled reactions. *Isolated yield of the mixture of products except in entries 6, 9, 15, 19, and 20, wherein that was 
determined by quantitative 'H NMR analysis. cReference 12. dReference 21b. eUncorrected ratio: 91:9; f84:16; 884:16; 1882; f 22.78; 
j 27:73. The ratios are uncorrected owing to the lack of the data for the Z enolate isomers. 

open TS (E), which is energetically close to D, must also 
be considered for the reaction of sterically less demanding 
enolates. 

D E 

Lewis acid mediated aldol reaction of enol silyl ethersa 
represents the fourth category.*% Despite its remarkable 
power as a method for the C-C bond formation, the level 
and the sense of its stereoselectivity often vary, except in 
a single variant of the reaction,35 that is the Me,SiOTf- 
catalyzed reaction with acetals. 

In the present investigation, simple diastereoselectivities 
of these four categories of the reactions have been exam- 
ined for several representative members of persubstituted 
ketone and aldehyde enolates, and several useful conclu- 
sions have been drawn from the experimental observations. 

(28) Mukaiyama, T.; Narasaka, K.; Banno, K. Chem. Lett. 1973,1011. 
Mukaiyama, T.; Banno, K.; Narasaka, K. J. Am. Chem. SOC. 1974, 96, 
7503. Mukaiyama, T. Angew. Chem., Int. Ed. Engl. 1977,16,817. 

(29) Chan, T. H.; Aida, T.; Lau, P. W. K.; Goys, V.; Harpp, D. N. 
Tetrahedron Lett. 1979, 4029. 

(30) (a) Heathcock, C. H.; Flippin, L. A. J. Am. Chem. SOC. 1983,105, 
1667. (b) Heathcock, C. H.; Hug, K. T.; Flippin, L. A. Tetrahedron Lett. 
1984,25,5973. (c) Heathcock, C. H.; Davidsen, S. K.; Hug, K. T.; Flippin, 
L. A. J. Org. Chem. 1986, 51, 3027. 

(31) Gennari, C.; Bernardi, A.; Colombo, L.; Scolastico, C. J. Am. 
Chem. Soe. 1985,107,5812. Palazzi, C.; Colombo, L.; Gennari, C. Tet- 
rahedron Lett. 1986,27,1735. Gennari, C.; Beretta, M. G.; Bemardi, A.; 
Moro, G.; Scolastico, C.; Todeschini, R. Tetrahedron 1986, 42, 893. 
Gennari, C.; Colombo, L.; Bertolini, G.; Schimpema, G. J.  Org. Chem. 
1987,52, 2754. 

(32) be t s ,  M. T.; Jung, A. J. Am. Chem. SOC. 1983,105,4833. 'Reetz, 
M. T.; Kesseler, K.; Jung, A. Tetrahedron 1984,21, 4327. 

(33) Dubois, J.-E.; Axiotia, G.; Bertounesque, E. Tetrahedron Lett. 
1984,25,4655. 

(34) Mukaiyama, T.; Kobayashi, S.; Murakami, M. Chem. Lett. 1985, 
447. Kobayashi, S.; Murakami, M.; Mukaiyama, T. Chem. Lett. 1985, 
1535. 

(35) Murata, S.; Suzuki, M.; Noyori, R. J. Am. Chem. SOC. 1980,102, 
3248, Murata, S.; Suzuki, M.; Noyori, R. Tetrahedron 1988, 44, 4259. 

Results 
Generation of Enolates. Aiming at  maximizing the 

stereoselectivity of the aldol reaction, recent studies have 
commonly been conducted for enolates possessing sterically 
demanding substituents on the organic moiety of the 
molecules. To the contrary, with a view to obtain infor- 
mation on the intrinsic properties of persubstituted metal 
enolates, we have chosen to examine the least sterically 
biased cyclic and acyclic enolates 1-4. The enolate I ,  

e; + T H Y  
1 2 3 4 .:M=SiMe 

which has often been examined as a cyclic prototype, is 
readily available as its silyl ether (la) by thermodynamic 
silylation of 2-methyl~yclohexanone~ followed by spinning 
band distillation. The 2 and E enol silyl ethers 2a and 
3a, prepared by the published procedures,37a differ only 
in the position of a methyl group; therefore, any extraneous 
steric effect are avoided. The former has been obtained 
in 97% geometrical purity, and the latter in 83-8690 purity 
after purification by spinning band distillation. The E 
aldehyde enol silane 4 (94% geometrical purity) was pre- 
pared by stereoselective conjugate addition of MezCuLi 
to metha~rolein~'~ and was examined in order to gain in- 
formation on the steric effect of the a'-substituent (R' in 
A). There is currently no stereoselective way available for 
the preparation of the 2 isomer of 4. 

These enol silyl ethers have been converted to lithium,38 
b ~ r i n a t e , ' ~ ~  and trichlorotitanium12 enolates by direct 

(36) (a) Miller, R. D.; McKean, D. R. Synthesis 1979,730. (b) House, 
H. 0.; Czuba, L. J.; Gall, M.; Olmstead, H. D. J. Org. Chem. 1969,34, 
2324. 

(37) (a) Kato, M.; Mori, A.; Oshino, H.; Enda, J.; Kobayashi, K.; Ku- 
wajima, I. J. Am. Chem. SOC. 1984, 106, 1773. (b) Horiguchi, Y.; Ma- 
thuzawa, s.; Nakamura, E.; Kuwajima, I. Tetrahedron Lett. 1986, 27, 
4025. (c) Mathuzawa, S.; Horiguchi, Y.; Nakamura, E.; Kuwajima, I. 
Tetrahedron 1989, 45, 349. 

G.; Hudrik, P. F. J. Am. Chem. SOC. 1968,90,4464. 
(38) Stork, G.; Hudrik, P. F. J. Am. Chem. SOC. 1968,90,4462. Stork, 
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transmetalation, and to borate,2l triisopropoxytitanium,m 
and zirconiumlg enolates by the reaction of the corre- 
sponding lithium enolate with appropriate metal chlorides 
in THF/hexane. The fluoride-mediated= and the Lewis 
acid mediated aldol reactions% have been carried out as 
previously d e s ~ r i b e d . ~ ~ ~ * ~ ~ ~  

In the present article, Noyori's erythro/threo nomen- 
c l a t ~ r e ~ ' ~ ~ ~  for the description of the aldol products has 
been employed. 

Aldol Reaction of Reactive Metal Enolates. The 
aldol reactions of class I and I1 metal enolates were ex- 
amined first (eqs 1 and 2)' and the results are summarized 
in Table I. Not unexpectedly, the tetrasubstituted eno- 
lates were often found to react more slowly than the tri- 
substituted counterparts. Some diastereomeric ratios have 
been corrected for the geometrical purity of the starting 
enolates assuming the equal reactivities of the E and 2 
enolates. This assumption appears reasonable in the light 
of the steric similarity of the substituents RE and RZ and 
has been borne out by the qualitative similarity of the 
reaction rates observed for each pair of E and 2 enolates. 
Uncorrected values are shown as footnotes in the table. 
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out by appropriate control experiments (eq 3). Lithium 

1 )  U BmITHF 

Ph 2) - W W H F  -72 o c  + & +  y (3) qpc 78 71 8. 

aldolate 10a of 94% diastereomerically purity was pre- 
pared by treatment of 7a with either BuLi or LDA, and 
it was quenched with acetic acid after various intervals. 
The aldolate underwent rapid equilibration, and the dia- 
stereomeric purity of the recovered material dropped to 
72-7490 even after 5 s (Table 11, entries 1 and 3). The 
threo aldol predominated after 10 min to 1 h (entries 2 and 
5). The isomerization reaction was notably faster when 
10a was prepared with BuLi. It is probable that diiso- 
propylamine involved in an aldolate aggregate retards the 
isomerization. In the light of the rapid isomerization from 
the erythro to the threo isomer, the 45:55 ratio in entry 
12 can be taken to indicate that the lithium 2 enolate (2, 
M = Li) is also kinetically erythro-selective like other metal 
enolates in Table I. 

Fluoride-Catalyzed Aldol Reaction of Enol Silyl 
Ethers. The results of the aldol reaction of enol silyl 
ethers la-4a (-72 "C in THF, eq 4) in the presence of 
tetrabutylammonium fluoride (TBAF)" are summarized 
in Table 111. Strangely, the E and 2 acyclic enolates 2a-4a 
(entries 3-7) showed the same sense of diastereoselectivity 
as has been observed for the metal enolates in Table I. In 
contrast, the enol silyl ether of 2-methylcyclohexanone la 
was erythro selective (entries 1 and 2), as has been ex- 
pected from the conventional extended TS (D). 

7 Wm) 8 (thr.0) 

a: R' - Me, R - Ph b R' Me, R - Pr e: R' - H. R - Ph 

Several features are worthy of note: (1) All reaction 
showed stereoselectivity consistent with the chair TS 
model of the aldol reaction: the 2 enolates gave erythro 
aldols and the E enolates threo aldols. The seemingly 
anomalous case in entry 12 has been shown to be due to 
rapid equilibration (vide infra). Thus, the class I1 per- 
substituted E enolates 1 and 3 exhibited a high level of 
threo selectivity (entries 4-9) as opposed to the erythro 
selectivity of the corresponding trisubstituted E enolates. 
(2) The Bu2B borinate enolate 1 shows excellent threo 
selectivity (entries 2 and 3), while corresponding cyclo- 
hexanone enolate is only 67% threo  elective.'^^ The aldol 
reaction of the borinate enolates creates quaternary centers 
with high diastereoselectivity (entries 2,3,13, and 17). (3) 
The reactivities of borate enolates (entries 4 and 5) have 
been found to be dependent on the metal ligand. Thus, 
dimethylborate enolate2lC (entry 5) is inert to benzaldehyde 
at room temperature, while a cyclic borate (entry 4) reacted 
even at -72 OC. The different levels of diastereoselectivity 
may in part be a pressure effect. (4) Aldehyde enolate 4 
shows lower threo selectivity than ketone enolates 1 and 
3. (5) Unlike a cyclohexanone enolate,= the aldol reaction 
of enol silyl ether 1 under high pressure was nonselective, 
probably due to competing chair and boat pathways as 
proposed by Y a m a m ~ t o . ~ ~  

The anomalously low selectivity of the lithium enolates 
in entries 12 and 20 in Table I was suspected to be due 
to rapid e q ~ i l i b r a t i o n . " ~ ~ ~ ~  This expectation was borne 

(39) For other stereochemical descriptions: (a) Masamune, S.; Ali, S. 
K.; Snitman, D. L.; Garvey, D. 5. Angew. Chem., Znt. Ed. Engl. 1980,19, 
557. (b) Seebach, D.; Prelog, V. Angew. Chem., Int. Ed. Engl. 1982,22, 
654. 

Although the fluoride-catalyzed aldol reaction is rever- 
sible for some specific combinations of reactants,2h the 
reactions in Table I11 has been confirmed to be kinetically 
controlled. Thus, the stereochemistry of the threo silyl 
aldol adduct 9, 10, and 11 was found to be stable under 
the reaction conditions (eqs 5 and 6,  Table IV). 

1 )  cat. TBAF/THF 

2) aq. HCM.IF 
"Pr - 6b (51 

8 (97% Ww) 

mavwyddQI ab 

F'% 
TBAFmmdX 

TBAF38" 54% (=#reo) 

lkn200Clh 

-78%2h 87% ( O e K t n L j  

-Z)D2h 

10 (erythro) 11 (threo) 

b: M -SiM%, R -  Ph 
c: M - Sib!%, R - Pr 

a: M - Li, R - Ph 

a: R' -Me R- Ph 
b:R'=hb,R-"R 

(40) Majewski, M.; Gleave, D. M. Tetrahedron Lett. 1989, 30, 5681. 
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Table 11. Equilibration of Lithium Aldolate 10a at -72 OC 
in THF (ea 3) Starting from a 94:6 Mixture of 7a and 8a 

Li base time 7a:Ba % recoverv 
1 BuLi 5s 72:28 50 
2 BuLi 10 min 2575 30 
3 LDA 5 s  74:26 75 
4 LDA 10 min 62:38 56 
5 LDA 2 h  5967 67 

Lewis Acid Mediated Aldol Reaction. Three typical 
Lewis acids, SnC14, T i c 4 ,  and BF,*EtO, were chosen for 
the studies of the reaction of enol silyl ethers la-4a with 
benzaldehyde (eq 7, Table V), and the reactions were 

(1) M H O  MXn(" yph + .'J$ R'Y R' Ph (7) 
-72 g: 
CHpCIg 

(2) H20 7 ") 8 (mno) 

carried out as described by Heathc~ck.~~ '  As has been 
often found in this reaction, the observed substrate- and 
reagent-dependent change of the diastereoselectivity was 
quite complex. The cyclic enolate la gave a 1:l mixture 
of diastereomers regardless of the Lewis acids used. The 
nature of the Lewis acid influenced little the sense of the 
selectivity of the acyclic ketone enolates 2a and 3a but 
exerted a great effect on the level of the diastereoselection. 
Thus, in the presence of BF3.Et20, the maximum selec- 
tivities of 84% erythro and 80% threo selectivities have 
been obtained for the 2 and the E enolates (entries 6 and 
9), respectively. It is puzzling that the sense of diaster- 
eoselection with 2a and 3b formally conforms to the the 
chair TS model. In addition, the reaction of the aldehyde 
E enolate (4a) was found erythro-selective, providing ad- 
ditional complications to the the understanding of the 
stereoselectivity of this reaction. 

Structure Determination of the Products. The 
stereochemistry of the aldols obtained in the present 
studies cannot be determined by the conventional 'H 
NMR protocol relying on the H-H coupling between 
protons a- and @- to the carbonyl group,% since the aldol 
products lack the crucial a proton. 

The structure of the threo aldol derived from 2- 
methylcyclohexanone enolate 1 and benzaldehyde has been 
determined by an X-ray crystal structure analy~is.~' 
Stereochemical assignment of the aldol obtained from 1 
and butyraldehyde was made by analogy. 

Stereostructures of the aldols obtained by the reaction 
of the acyclic ketone and aldehyde enolates with benz- 
aldehyde were determined by chemical correlation. As 
shown in Scheme 11, the threo and erythro aldehyde ad- 
ducts 7c and & were converted to the corresponding acids, 
then to @-lactones, 15 and 20, and finally to the trisub- 
stituted 16 and 21, respectively. The stereo- 
structures of the lactones and the trisubstituted olefins 
were assigned on the basis of the 13C NMR high-field shift 
(steric compression effectla of the starred carbons cis to 
the phenyl group. Correlation between the ketone adduct 
7a and the aldehyde adduct 7c has been achieved as shown 
in eq 8 addition of methyllithium to the THP ether of 
the aldehyde adducts 12 followed by oxidation with py- 
ridinium chlorochromate (PCC) gave a protected aldol 
identical by 200-MHz 'H NMR with the THP ether of 7a. 

~~~ ~ 

(41) Nakamura, E.; Kuwajima, I.; Willard, P. G. Acta Crystallogr. C ,  

(42) Adam, W.; Baeza, J.; Liu, J.-C. J. Am. Chem. SOC. 1972,94,2000. 
(43) Breitmaier, E.; Voelter, W .  Carbon-I3 NMR Spectroscopy, 3rd 

in press. 

ed.; Verlag Chemie: Wheinheim, 1987. 

Scheme 114 .,q 12:R' -H,p=THP 

1 4 : R ' = O H , p - H  3 0 

ph 13:R'-C+I,p=THP 

16 16 

20 21 

a (a) Dihydropyran/PTS; (b) KMnO,; (c) H30+; (d) PhS02C1/ 
EbN; (e) 110 "C toluene. 

Structures were assigned to the butyraldehyde adducts 7b 
and 8b by analogy. 

7. 12  

Discussion 
In the preceding paragraphs, we have shown that ste- 

reoselective aldol addition of persubstituted enolates 
represents a viable method for the synthesis of molecules 
possessing quaternary chiral carbon centers. Recent de- 
velopments of stereoselective syntheses of persubstituted 
e n o l a t e ~ ~ * ~ - " ~ ~ ~  broadens the synthetic utility of this aldol 
route. Besides the practical utility, the diastereoaelectivity 
of persubstituted enolates provides information about the 
TS of the aldol reactions. 

In Table VI is summarized in the general trend of the 
observed diastereoselectivities of the persubstituted metal 
enolates (entries 3-5), together with the data for the cor- 
responding trisubstituted ones (entries 1 and 2)." For the 
class I enolates both tri- and persubstituted enolates react 
via the classical Zimmerman-Traxler TS regardless of the 
enolate geometry. In the reaction of the class I1 enolates, 
on the other hand, tri- and persubstituted enolates show 
different stereochemical behavior. Thus, while the former 
gives erythro aldols regardless of the enolate geometry, the 
latter conforms to the conventional Zimmermann-Traxel 
protocol. We believe, as proposed earlier,12J3 that this is 
testimony that the substituent Rz (when RZ # H) cis to 
the enolate oxygen destabilizes the boat TS relative to the 
chair TS. Therefore, the results may be summarized that 
every enolate possessing Rz # H, irrespective of its formal 
E,Z geometry, reacts via a chair TS. The reason behind 
the effect of RZ may be related to the conformation of the 
starting metal enolatesN and/or to the interactions in the 
TS.23 Houk's recent ab initio calculations quantitatively 
confirmed the destabilizing effect of Rz in the TS. 

The implication of the RZ effect may be also useful to 
understand the observed levels of the selectivity of the class 
I enolates in general. We have previously suggested that 
the generally lower selectivity of class I, E enolates is due 
to erosion of the chair preference itself (i.e., leak to the boat 
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Table 111. TBAF-Catalyzed Aldol Reaction of Enol Silyl Ethers 
entry enol silyl ether R TBAF (mol %) time (h) erythro:threo 7:8 (AAG') % yield 

1 la  "Pr 15 2 W14 (0.73) 49 
20 la  "Pr 28 15 8812 (0.80) 30 
3 2a (97% Z) Ph 20 0.5 6436bS (0.23) 97 
4 2a "Pr 20 2 68:32b" (0.30) 60 
5 3a (83% E )  Ph 20 0.5 2971bC (0.36) 68 
6 4a (94% E )  "Pr 20 2 22:7abf (0.51) 65 
7 4a Ph 20 2 3565 (0.25) 68 

Uncorrected ratio: c6337; d67:33; '35:65; f3070. 
Carried out in the presence of 5 equiv of Me3SiF. Corrected for the isomeric purity of the starting enol silyl ethers (see text). 

Table IV. Configurational Stability of the Silyl Aldols in 
the Presence of TBAF at -72 "C (e s  6) 

silyl aldol (1O:ll) 
R = Ph b (94:6) 60 9O:lO 
R = Ph b (9:91) 87 11:89 
R = "Pr c (982) 53 93:7 
R = "Pr c (23:77) 41 1585 

% recovery (as aldols 7 and 8) 7:8 

Table V. Stereochemistry of the Lewis Acid Mediated 
Aldol Reaction 

e yythro:threo 
entry enol silyl ether Lewis acid (AAG*) 70 yield 

1 la  SnCl, 
2 la  TiC14 

4 2a (97% Z) SnC1, 
5 2a TiCl, 

7 3a (83% E )  SnC1, 
8 3a TiC1, 

IO 4a (94% E )  SnCl, 
11 4a TiCl, 

3 la  BFa-EhO 

6 2a BF3.EhO 

9 3a BF,*EtzO 

12 4a BF,yEtzO 

5842 (0.03) 
5842 (0.03) 
4852 (0.03) 

6832"s' (0.30) 
8416°*d (0.67) 
48:5Pva (0.03) 
33:67Of (0.28) 
208008 (0.56) 
77:23 (0.48) 
55:45 (0.08) 
76:24 (0.46) 

5644"b (0.10) 

73 
84 
80 
50 
67 
89 
76 
86 
84 
74 
34 
64 

Corrected for the isomeric purity of the starting enol silyl eth- 
ers. buncorrected ratio: b56:44; '67:33; ds4:16; e49:51; f3961; 
8 31:69. 

TS) rather than the ''loosenessn of the chair TS. The Houk 
calculationsa supported this view by showing that the the 
boat preference of a prototype BH2 borinate enolates er- 
odes in the presence of either Rz or an axial ligand on the 
boron atom. The sharp contrast between the excellent 
threo selectivity with Bu,B borinate enolate 1 (199% 
threo) and the poor selectivity with the cyclohexanone 
enolate (76% threo)lsb attests to the large steric effect of 
RZ. In other words, for a given metal countercation, the 
aldol reaction of persubstituted enolates would more rig- 
orously conform to the chair TS than the less substituted 
enolate and should be generally useful for the stereose- 
lective synthesis of quaternary centers. 

The present studies have confirmed that the size of the 
a'-substituent R1 affects the diastereoselectivity. Occu- 
pying a pseudo-axial position, the enolate ligand R' in the 
Zimmerman-Traxler TS (B) confers enhanced diastereo- 
selection. It follows therefore that stereoselectivity should 
decrease in the reaction of aldehyde enolates even in the 
presence of Rz. All aldehyde metal enolates 4 examined 
indeed showed lower threo-selectivity than the corre- 
sponding ketone enolates (Table I, entries 20-22). In a 
related, yet contrasting context, enhanced diastereoselec- 
tivity of ketone enolates having bulky a'-substituents (e.g., 
R1 = tert-butyl) has been The Houk 
calculations23b also supported these experimental obser- 
vations. 

(44) Bloch, B.; Gilbert, L. Tetrahedron Lett. 1986,30,3511. 

Table VI. Stereoselectivity of the Aldol Reaction of Metal 
Enolates 

M = Li, M = B(OR)*, 
enolate BBuz TiX3, Cp2ZrC1 

entry (general structure) (class I) (class 11) 

erythro erythro 

threo erythro 

1 j..l/ (2) 

4 (E)  

+ (2) erythro erythro 

4 threo threo % (E)  

5 Hy ( E )  
threo threo 

The erythro-selective fluoride-catalyzed reaction of the 
enol silyl ether of 2-methylcyclohexanone (la) (Table 111, 
entries 1 and 2) is consistent with the open extended TS 
(F, X = The 2-methyl group exerts gauche steric 

&! 
F 

effect with the R group of the aldehyde, thereby lowering 
the selectivity relative to the unsubstituted cycohexanone 
enolate (X = H). The behavior of the acyclic enol silyl 
ethers 3a-5a, however, cannot be rationalized by such 
extended TS (Table 11, entries 3-7). In view of the evi- 
dence against cyclic TSs presented elsewhere,ll the ob- 
served E+threo/Z+erythro selectivity is likely to be due 
to contribution of an additional open TS, skew TS (E) 
(vide supra). Detailed discussion of the contribution of 
these diastereomeric TSs D and E, however, must pres- 
ently remain too speculative. A practical advantage of the 
fluoride methodology resides in its erythro selectivity of 
the cyclic enolate 1, which is complementary to the threo 
selectivity of the corresponding metal enolates (Table I, 
entries 1-9). 

The Lewis acid mediated reactions of persubstituted 
enol silyl ethers showed a stereochemically complex be- 
havior. Nevertheless, they excelled in yield relative to 
other aldol reactions, and often showed acceptable levels 
of stereoselectivity. The aldol reaction of acyclic enol silyl 
ethers 2a and 3a, especially the BF3-mediated reaction 
(Table V), calls for the chair TS. However, it is difficult 

(45) Denmark, S. E.; Henke, B. R. J.  Am. Chem. SOC. 1989,111,8032. 
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to find reasons why BF3, with its smaller number of vacant 
coordination sites and with less acidity, could make a more 
ordered chair TS than other two Lewis acids. Further 
complication arises from the stereochemical reversal on 
going from the ketone E enolate (3) to the aldehyde E 
enolate (4). It is probable that the reaction mechanism 
vary as the Lewis acid and the structure of the enol silyl 
ether are varied. For instance, stabilization of the putative 
cationic intermediate G would be much less for aldehyde 
enol silyl ethers than for ketone counterparts, and would 
consequently affect the selectivity of the reaction. It may 
also be relevant to note that the BF3-mediated reaction 
predominantly affords silylated aldols, while TiC14-me- 
diated one gives titanium aldolates ('H NMR analysis). 
It is clear that the Lewis acid changes the mechanistic 
details, though the overall mechanistic framework may 
remain the same. 

W M o ,  MXnW OSMe, 

RAH ' AR1 - [ R U R I  1 ') 

0 

Conclusion. The aldol reaction of persubstituted 
enolates often show simple diastereoselectivity better de- 
fined than that of the trisubstituted enolates. It is par- 
ticularly notable that all reactive metal emlates examined 
conformed to the Zimmerman-Traxler T S  model re- 
gardless of the identity of the metal atom. This stands 
in contrast to the chemistry of less substituted metal 
enolates, among which E isomers of some metal enolates 
react via a boat TS. Destabilization of the boat TS by the 
presence of RZ in the persubstituted enolates is probably 
the reason behind this experimental observation. It is also 
in good accordance with the recent theoretical calculations 
for the aldol reactions in the gas phase. The fluoride- 
catalyzed and the Lewis acid catalyzed reactions have been 
found to exhibit much less defined stereochemical be- 
havior. The Lewis acid mediated reaction, however, pro- 
vides a reliable high-yield process with reasonable selec- 
tivity, and have good practical synthetic utility for the 
synthesis of quaternary carbon centers. In summary, 
combined use of these reaction conditions enables the 
synthesis of both of the two possible diastereomers of 
a,d-dialkyl+hydroxy ketones and aldehydes in good to 
excellent selectivity with predictable stereochemistry. 

Experimental Section 
General. All reaction conditions dealing with air- and mois- 

ture-sensitive compounds were carried out in a dry reaction vessel 
under nitrogen. Liquid samples were introduced either neat via 
a microsyringe or in an organic solvent via a hypodermic syringe. 
Solid samples were weighed into a vessel in a nitrogen-filled bag. 
Routine chromatography was performed on silica gel using ethyl 
acetate and hexane as eluant. Medium-pressure liquid chroma- 
tography (MPLC) was performed on a Merck Lober column under 
pressure using the same solvent mixture. 

IR spectra were recorded on Hitachi 260-10 or JASCO IR-800 
instrument; absorptions are reported in cm-'. 'H NMR spectra 
was taken at  60 MHz on Hiatchi R-24B instrument, and at 200 
MHz on JEOL FX-200 instrument, which was also used for 13C 
NMR spectra at M) MHz. Spectra are reported in part per million 
from internal tetramethylsilane. Gas chromatographic analysis 
was performed on a Shimadzu 4BM machine equipped with a 
OV-1 (25 m) or OV-17 (25 m) glass capillary column. High-res- 
olution mass spectra was obtained from a Shimazu 9020-DF 
GC/MS system equipped with an OV-1 (7 m) capillary column. 
Microanalysis were performed on a Perkin-Elmer 240 instrument. 

Material. Unless otherwise noted, materials were obtained 
from commercial suppliers and were used without purification. 
Ethereal solvents were distilled from benzophenone ketyl im- 
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mediately under nitrogen before use. Acetonitrile and methylene 
chloride were distilled successively from P205 and KzCOs and 
stored over molecular sieves. Hexane was distilled from L d H 4  
under nitrogen and stored over potassium mirror. Chlorotri- 
methylsilane and hexamethylphosphoric triamide (HMPA) were 
distilled from CaH2, and stored over CaHz and molecular sieves, 
respectively. CuBr.Me2S complex was prepared as described& 
and stored under nitrogen. 

Tic4 ,  SsCl,, and BF3.0Eh were distilled under nitrogen and 
stored under nitrogen. ZrC12Cp was sublimed under reduced 
pressure and stored under nitrogen. Di-n-butylboryl trifruoro- 
methaneaulfonate (BuzOTf) was prepared as deacribedmb and used 
immediately. Triisopropoxytitinium chloride was prepared as 
describedm and used as a 1.64 M hexane solution. Boryl chloride 
was prepared as described2lC and used as a ca. 4 M methylene 
chloride solution. Tetrabutylammonium fluoride (TBAF), which 
is available as the trihydrate (Aldrich), was dried over Pz06 (3640 
OC, 0.5 " H g ,  over night) and used as it was or as a THF solution. 
Fluorotrimethylsilane was prepared as de~cribed'~ and used as 
a ca. 5 M hexane solution. Carbonyl compounds were distilled 
before use. 

Enol Silyl Ethers: 2-Methyl-l-(trimethylsiloxy)-l-cyclo- 
hexene (1). The product obtained by silylation of 2-methyl- 
cyclohexanone with Me3SiC1/NaI/EbN in C H 3 C P  was purified 
by distillation through a spinning-band column to obtain a sample 
of 96% isomeric purity (83 OC (21 " H g ) ;  GLC analysis on OV-1, 
110 "C). 
(Z)-3-Methyl-2-(trimethylsiloxy)-2-pentene (2). Enol silyl 

ether 2 was prepared from tiglic acid by a published 
Isomeric purity of 2 was 97% as judged by GLC analysis (OV-17, 
100 "C). 
(E)-3-Methyl-2-(trimethylsiloxy)-2-pentene (3)?7c To a 

stirred suspension of 7.4 g of CuBr.Me2S (36 mmol) in 240 mL 
of THF was added 45 mL of MeLi (72 mmol,1.6 M in ether) at  
0 OC. After being stirred for 15 min at this temperature, the 
reaction mixture was cooled to -72 OC, and 21.5 g of HMPA (120 
mmol) in 20 mL of THF was added followed by 5.1 g of 3- 
methylbuten-2-one (60 "01) and 13.0 g of chlorotrimethylsilane 
(120 mmol) over 40 min. The resulting solution was stirred for 
2 h at this temperature and was gradually warmed to room tem- 
perature over 2 h. Triethylamine (12.1 g, 120 mmol), 0.3 mL of 
a pH 7.4 phosphate buffer, and 500 mL of pentane were added, 
and the reaction mixture was filtered though a pad of Celite, and 
the filtrate was washed with water and dried over NaaO,. The 
solvent was removed under reduced pressure, and the oily product 
was purified by distillation to obtain a sample of 72% isomeric 
purity (bp 130-159 OC; GLC analysis on OV-17 100 "C). The oil 
was purified by distillation though a spinning-band column to 
obtain a sample of 86% isomeric purity (GLC analysis on OV-17). 

(E)-2-Met hyl- 1- (trimet hy1siloxy)- 1-butene ( 4)?7a To a 
stirred suspension of 1.0 g of CuBr-Me2S (5 mmol) in 100 mL of 
THF was added a 2.9 M ether solution of MeMgBr (21 mL, 60 
mmol) and 17.9 g of HMPA (100 mmol) at  -72 OC. To this 
solution was added a mixture of 3.5 g of methacrolein (50 mmol) 
and 10.9 g of chlorotrimethylsilane (100 mmol) in 40 mL of THF 
over 1.5 h at -72 OC. The resulting solution was g r a d d y  warmed 
to room temperature over 15 h, diluted with pentane, and 
quenched by addition of ca. 1 mL of a pH 7.4 phosphate buffer. 
The reaction mixture was filtered though a pad of Celite, and the 
filtrate was washed with water, 1 N HCl, saturated aqueous 
NaHC03, and saturated brine and dried over NaaO,. The solvent 
was removed under reduced pressure, and the oily product was 
purified by distillation (120-134 OC) to obtain a 5.2 g of 4 as 
colorless liquid in 66% yield. Isomeric purity of 4 was 94% as 
judged by GLC analysis (OV-l,90 OC): IR (neat) 1665,1225,1168, 
878, 842; 'H NMR (200 MHz, CDC13) 0.16 (8,  9 H), 0.97 (t, J = 
2.1 Hz, 3 H), 1.59 (s, 3 H), 1.89 (9, J = 2.1 Hz, 3 H), 6.01 (s, 1 
H). 

General Procedure of the Aldol Reaction. Aldol Reaction 
of Dibutylboron Enolate with Benzaldehyde. To a solution 
of 60.3 mg of Bu20Tf (0.22 mmol) in 0.5 mL of ether was added 

(46) House, H. 0.; Chu, C.-Y.; Willkins, J. M.; Umen, M. J. J .  Org. 
Chem. 1975, 40, 1460. Lipshutz, B. H.; Whitney, S.; Kozlowaki, J. A.; 
Breneman, C. H. Tetrahedron Lett. 1986,27,4273. 

(47) Newkirk, A. E. J. Am. Chem. SOC. 1946,68, 2736. 
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43.1 mg of (E)-3-methyl-2-(trimethylsiloxy)-2-pentene (3) (0.25 
mmol, 83% E) at -72 OC, and the solution was allowed to warm 
to 0 "C and was stirred for 20 min at this temperature. Volatile 
materials were removed in vacuo at room temperature, and 0.5 
mL of ether was introduced. The solution was cooled to -72 "C, 
and 21.2 mg of benzaldehyde (0.2 mmol) was added. After being 
stirred at this temperature for 1 h, the solution was allowed to 
warm to 0 "C over 0.5 h. The resulting solution was quenched 
by addition of 4 mL of a pH 7.4 phosphate buffer. After the 
solution was extracted with ether, the combined organic extracts 
were concentrated in vacuo, and the crude oily product was treated 
with 0.2 mL of 30% H202 in 0.6 mL of MeOH for 2 h. After usual 
workup (extraction with ether, washing extracts with saturated 
NaHCO, and brine, drying over MgS04, and concentration in 
vacuo), the crude oily product (46.4 mg) obtained was subjected 
to 'H NMR analysis; the aldol products were formed as a 82:18 
of the threo and erythro isomer. Silica gel chromatography (10% 
ethyl acetate/hexane) afforded the aldol products in 41% yield 
(16.9 mg, 0.08 mmol) as a mixture of the isomers. 
(3RS ,1'RS )-3-( (Hydroxyphenyl)methyl)-3-methyl- 

pentan-%-one (7a): IR (neat) 3450,1695,1490,1455,1420,1380, 
1355,1220,1125, 1085,1055,1020,960,900,760,705,640,585; 

1.10 (s, 3 H, CH,), 1.35-1.60 (m, 1 H, CH2CH3), 1.85-2.10 (m, 1 
'H NMR (200 MHz, CDCl3) 0.87 (t, J = 7.6 Hz, 3 H, CH&H,), 

H, CH2CH,), 2.08 ( ~ , 3  H, COCHJ, 2.85 (d, J = 3.0 Hz, 1 H, OH), 
4.86 (d, J = 3.0 Hz, 1 H, CHOH), 7.31 (8,  5 H, C&); NMR 
(50 MHz, CDC13) 8.3 (91, 16.8 (91, 26.3 (t), 27.4 (q), 55.2 (s), 77.4 

(C13H1802): c ,  H. 
(d), 126.5 (d), 126.6 (d), 126.7 (d), 139.5 (s), 214.0 (8). Anal. 

(3RS ,1'SR )-3-( (Hydroxyphenyl)methyl)-3-met hyl- 
pentan-2-one (8a): IR (CHCl,) 3610,3480,1700,1495,1460,1420, 
1385,1355,1125,1085,1060,1040,1020,1005,960,895,585; 'H 

(8 ,  3 H, CH,), 1.15-1.40 (m, 1 H, CH2CH3), 1.60-1.85 (m, 1 H, 
NMR (200 MHz, CDCl3) 0.80 (t, J = 7.6 Hz, 3 H, CH&H,), 1.09 

CHZCHB), 2.22 (9, 3 H, COCHS), 2.73 (d, J = 4.1 Hz, 1 H, OH), 
4.95 (d, J = 4.1 Hz, 1 H, CHOH), 7.31 (9, 5 H, C&); "C NMR 
(50 MHz, CDCl3) 8.7 (q), 15.3 (q), 27.7 (q), 29.7 (t), 56.4 (s), 78.2 
(d), 127.6-127.8 (d, overlapping three signals), 140.5 (s), 215.0 (9). 
Anal. (C13H1802): C, H. 

Aldol Reaction of Lithium Enolate with Benzaldehyde. 
To a solution of 203 mg of 2-methyl-l-(trimethylsiloxy)cyclohexene 
(1) (1.1 mmol) in 2 mL of THF was added a 1.53 M hexane 
solution of BuLi (0.72 mL, 1.1 mmol) at 0 "C, and the solution 
was stirred for 30 min. The solution was cooled to -72 "C, and 
106 mg of benzaldehyde (106 mg, 1.0 mmol) was added. After 
the solution was stirred for 5 s, 0.7 mL of 10% v/v of acetic acid 
in THF followed by saturated aqueous sodium bicarbonate was 
added and the mixture was allowed to warm room temperature. 
After usual workup, oily crude product was obtained (299 mg). 
The crude oil product was subjected to 'H NMR analysis; the aldol 
products were formed as a 91:9 of the threo and erythro isomer. 
Silica gel chromatography (17% ethyl acetate/hexane) afforded 
the aldol products in 86% yield (188 mg, 0.86 mmol). 

(2RS,l'RS)-2-( (Hydroxyphenyl)methyl)-2-methylcyclo- 
hexanone (5a): IR (neat) 3425 (br), 1700,1450, 1045,705; 'H 
NMR (200 MHz, CDC13) 1.07 (s, 3 H, CH3), 1.20-2.71 (m, 8 H), 
3.08 (d, J = 3.4 Hz, 1 H, OH), 5.08 (d, J = 3.4 Hz, 1 H, CHOH), 
7.29 (s, 5 H, CBH5). Anal. (C14H1802): C, H. 

(2RS,l'SR)-2-( (Hydroxyphenyl)methyl)-2-methylcyclo- 
hexanone (sa): IR (CClJ 3510,1690,1450,1040,710; 'H NMR 
(200 MHz, CDC13) 1.18 (s,3 H, CH3), 1.47-1.86 (m, 5 H), 1.86-2.10 
(m, 1 H), 2.29-2.46 (m, 1 H), 2.63-2.71 (m, 1 H), 3.97 (br s, 1 H, 
OH), 4.97 (br s, 1 H, CHOH), 7.31 (s. 5 H, CaHs). Anal. 
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to estimate the yield of the aldol products as 57% yield 
(threo:erythro = 8812). 

Aldol Reaction of Triisopropoxytitanium Enolate with 
Benzaldehyde. To a solution of 203 mg of 2-methyl-l-(tri- 
methylsi1oxy)cyclohexene (1) (1.1 mmol) in 2 mL of THF was 
added a 1.53 M hexane solution of BuLi (0.72 mL, 1.1 mmol) at 
0 OC, and the solution was stirred for 30 min. The solution was 
cooled to -72 OC, a 1.64 M hexane solution of TiC1(OiPr3) (0.67 
mL, 1.1 mmol) was added, and the solution was stirred for 2 h. 
Solvent was removed in vacuo (at -72 to 25 "C), 2 mL of hexane 
was added, and the solution was cooled to -72 "C. Benzaldehyde 
(106 mg, 1.0 mmol) was added, and the solution was stirred for 
1 h. The reaction was quenched by consecutive addition of ca. 
5 mL of saturated NH4F and 3 mL of ether, and the resulting 
solution was stirred for 30 min at room temperature. After usual 
workup, oily crude product was obtained (313 mg). The crude 
oil product was subjected to 'H NMR analysis; the aldol products 
were formed as 955 of the threo and erythro isomer. Silica gel 
chromatography (17% ethyl acetate/hexane) afforded a diaste- 
reomeric mixture of the aldol products in 94% yield (206 mg, 0.94 
mmol). 

Aldol Reaction of Trichlorotitanium Enolate with II- 
Butyraldehyde. To a solution of 553 mg of a-methyl-l-(tri- 
methylsi1oxy)cyclohexene (1) (3.0 mmol) in 6.6 mL of CH2C12 was 
added a 568 mg of TiC14 (3.0 mmol) at room temperature, and 
this solution was stirred for 30 min. The solution was cooled to 
-72 OC, and 324 mg of n-butyraldehyde (4.5 mmol) was added. 
After being stirred for 5 min, the solution was quenched by 
addition of water (3 mL). After usual workup, oily crude product 
was obtained (530 mg). The crude oil product was subjected to 
GLC analysis; the aldol products were formed as 91:9 mixture 
of the threo and the erythro isomer (OV-1, 150 "C). Silica gel 
chromatography (10% ethyl acetate/hexane) afforded the aldol 
products in 56% yield (313 mg, 1.7 mmol). 

(2RS,l'RS)-2-( (Hydroxypropy1)met hy1)-f-methylcyclo- 
hexanone (5b): IR (neat) 3430 (br), 1690,1450,1115; 'H NMR 

H, CH,), 1.17-2.09 (m, 10 H), 2.16-2.34 (m, 1 H), 2.41-2.61 (m, 
1 H), 2.48 (d, J = 5.3 Hz, 1 H, OH), 3.77-3.90 (m, 1 H, CHOH). 
Anal. (ClIHm02): C, H. 

(2RS,l'SR)-2-( (Hydroxypropyl)methyl)-2-methylcyclo- 
hexanone (6b): IR (neat) 3425 (br), 1700,1455,1120; 'H NMR 

H, CH,), 1.22-2.08 (m, 10 H), 2.20-2.37 (m, 1 H), 2.41-2.65 (m, 
1 H), 3.32 (d, J = 3.6 Hz, 1 H, OH), 3.71-3.86 (m, 1 H, CHOH). 
Anal. (CllH2,,O2): C, H. 

Aldol Reaction of ZrCp2C1 Enolate with Benzaldehyde. 
To a solution of 9.5 mg of (E)-2-(trimethylsiloxy)-3-methyl-2- 
pentene (3) (0.055 mmol, 83% E) in 0.15 mL of THF was added 
a 1.57 M ether solution of MeLi (34 pL, 0.053 mmol) at 0 "C. The 
solution was cooled to -72 "C, and a 0.46 mL of THF solution 
of 17.0 mg of ZrClzCp2 (0.058 mmol) was added, and the solution 
was stirred for 1 h at room temperature. The solution was cooled 
to -72 OC, and 5.3 mg of benzaldehyde (0.050 mmol) was added. 
After being stirred for 3 h, the solution was quenched by addition 
of 0.1 mL of saturated NH4Cl. After the precipitates were removed 
by passing through a pad of Celite, usual workup afforded a crude 
oil (15.6 mg). The crude oil was subjected to 'H NMR analysis; 
the aldol products were formed as a 7822 mixture of the threo 
and erythro isomer. Silica gel chromatography (15% ethyl ace- 
tate/hexane) afforded the aldol products in 56% yield (5.8 mg, 
0.028 mmol). 

Duplication of the reaction using using 203 mg of 2-methyl- 
l-(trimethylsi1oxy)cyclohexene (1) (1.1 mmol), 0.72 mL of 1.53 
M BuLi in hexane (1.1 mmol), 323 mg of Cp2ZrC12 (1.1 mmol), 
and 106 mg of benzaldehyde (1.0 mmol) afforded the aldol 
products 5a and 5b in 56% yield (121 mg, 0.56 mmol). 

Aldol Reaction Enol Silyl Ether with Benzaldehyde under 
High Pressure. A solution of 184 mg of a-methyl-l-(tri- 
methylsi1oxy)cyclohexene (1) (1.0 mmol) and 106 mg of benz- 
aldehyde (1.0 mmol) in 1.64 mL of CH& in a Teflon vessel waa 
pressurized at 13 kbar of hydrostatic pressure for 6 days at 50 
"C. The reaction was cooled and depressurized, and solvents were 
removed in vacuo. The crude products were stirred with 0.2 mL 
of 1 N HCl in 4 mL of THF for 1 h at room temperature. After 
usual workup, oil crude product was obtained (212 mg). The crude 

(200 MHz, CDClJ 0.93 (t, J = 7.0 Hz, 3 H, CHZCHJ, 1.11 (8 ,  3 

(200 MHz, CDClJ 0.93 (t, J 6.9 Hz, 3 H, CH,CH,), 1.17 ( ~ , 3  

- -  
(Cl4H1802): C, Ha 

Aldol Reaction of a Borate Enolate with Benzaldehyde. 
To a solution of 36.9 mg of 2-methyl-l-(trimethylsiloxy)cyclo- 
hexene (1) (0.2 mmol) in 0.2 mL of THF was added a 1.51 M 
hexane solution of BuLi (132 pL, 0.2 m mmol) at 0 "C, and the 
solution was stirred for 30 min. The solution was cooled to -72 
"C, and a 4 M CH2C12 solution of (OCH2CH20)BC1 (55 pL, 0.22 
mmol) was added, and the solution was stirred for 2 h. Benz- 
aldehyde (21.2 mg, 0.2 mmol) was added. After being stirred for 
30 min, the solution was quenched by addition of triethanolamine 
(40 pL) and water (1 mL) and was stirred for 30 min. After usual 
workup, oily crude product was obtained (46 mg). Tetrachloro- 
ethane was added, and this mixture was analyzed by 'H NMR 



2106 J.  Org. Chem., Vol. 56, No. 6, 1991 Yamago e t  al. 

aldehyde (0.20 mmol) in 0.8 mL of CHzClz was added 37.9 mg 
of TiC1, (0.20 mmol) at -72 O C .  After being stirred for 4 h, the 
solution was quenched by addition of 0.5 mL of saturated NaH- 
COB. After usual workup, oily product was obtained (50.1 me). 
The crude product was subjected to 'H NMR analysis; the aldol 
product was formed as a 4060 of the threo and erythro isomer. 
Silica gel chromatography (13% ethyl aceate/hexane) afforded 
the aldol product in 88% yield (38.3 mg, 0.18 mmol). 

BF3.0Et2-Mediated Aldol Reaction of Enol Silyl Ether 
with Benzaldehyde. To a solution of 10.6 mg of benzaldehyde 
(0.10 mmol) and 14.2 mg of BF,.OEt, (0.10 mmol) in 0.4 mL of 
CH2Clz was added 19.0 mg of (E)-Bmethyl-1-(trimethylsil- 
oxy)-1-butene (4) at -72 O C .  After being stirred for 4 h, the 
solution was quenched by addition of 0.25 mL of saturated 
NaHCOB. The solution was extracted with ether, and the extracts 
were dried over MgSO,, and solvent was removed in vacuo. The 
crude oil was treated with 0.2 mL of 30% v/v of 1 N HC1 in THF 
for 30 min at room temperature. After usual workup, the crude 
product was subjected to 'H NMR analysis; the aldol product was 
formed as a 21:79 of the threo and erythro isomer. Silica gel 
chromatography (10% ethyl acetate/hexane) afforded the aldol 
product in 64% yield (12.2 mg, 0.06 mmol). 

( 2 M ,  1'RS)- 1- (( Hydroxypheny1)met hyl)d-met hyl- l-bu- 
tanal(7c): IR (neat) 3400,1725,1500, 1460,1385,1205,1270, 
1110,1090, 1040,980,915, 780,740,710; 'H NMR (200 MHz, 

1.1-1.8 (m, 2 H, CHzCH3), 4.85 (s, 1 H, CHOH), 7.32 (s,5 H, C a d ,  
9.71 (s, 1 H, CHO). 

(2RS,l'SR)-l-( (Hydroxyphenyl)methyl)-2-methyl-l-bu- 
tanal (8c): IR (neat) 3400,1715,1490, 1450,1380,1200,1105, 
1025,1000,910,745,700; 'H NMR (200 MHz, CDCl,) 0.83 (t, 3 
H, J = 7.6 Hz, CH2CH3), 1.01 (s, 3 H, CHJ, 1.1-1.8 (m, 2 H, 

CHO). 
The aldolatea 7c and 8c slowly decompose at room temperature. 

Therefore, they are fully characterized after silylation by chlo- 
rotrimethylsilane and triethylamine in the presence of catalytic 
amount of 4-(dimethy1amino)pyridine in THF. 

Duplication of the reaction using 0.792 g of 4 (5.0 mmol), 2.65 
g of benzaldehyde (25 mmol), and 0.71 g of BFgOEh (5.0 mmol) 
afforded the silylated aldol products in 43% yield (556 mg, 2.1 
mmol). 
(2RS , l 'RS)- 1-( ((Trimethylsi1oxy)phenyl)methyl)-2- 

methyl-1-butenal: IR (neat) 1710,1440,1240,1110,1080,1060, 

H, Si(CH3)3), 0.78 (t, J = 7.6 Hz, 3 H, CH2CH3), 0.98 (s,3 H, CHS), 
1.0-2.0 (m, 2 H, CHzCH3), 4.71 (8,  1 H, CHOSiMe3), 7.1-7.7 (m, 
5 H, C6H5), 9.67 (8,  1 H, CHO). Anal. (Cl5HHOzSi): C, H. 

(2RS, 1'SR )- 1- (( (Trimet hylsi1oxy)phenyl)met hy1)-2- 
methyl-1-butenal: IR (neat) 1710,1440,1350,1240,1080,1060, 

Si(CH3)3), 0.74 (t, J = 7.6 Hz, 3 H, CH2CH3), 0.92 (a, 3 H, CH,), 
1.1-2.0 (m, 2 H, CHzCH3), 4.77 (s, 1 H, CHOSiMe,), 7.26 (m, 5 
H, C6H5), 9.65 (8 ,  1 H, CHO). Anal. (Cl5HUOzSi): C, H. 
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CDCl3) 0.85 (t, 3 H, J 7.6 Hz, CHZCH,), 1.06 (8,  3 H, CH3), 

CHZCHJ, 4.95 (8,  1 H, CHOH), 7.32 (8, 5 H, C&), 9.70 (8, 1 H, 

1020,865,830,735,685; 'H NMR (200 MHz, CDCls) -0.03 ( ~ , 9  

860, 830, 735, 690; 'H NMR (200 MHz, CDCl3) -0.05 (8, 9 H, 

product was subjected to lH NMR analysis; the aldol products 
were formed as a 55:45 of the threo and erythro isomer. Silica 
gel chromatography (16% ethyl acetate/hexane) afforded the aldol 
products in 50% yield (109 mg, 0.50 "01). 

Fluoride-Catalyzed Aldol Reaction of Enol Silyl Ether 
with n-Butyraldehyde. To a solution of 3.6 mg of n-butyr- 
aldehyde (0.05 mmol) and 3.1 mg of TBAF (0.01 mmol) in 0.3 
mL of THF was added 9.5 mg of (E)-3-methyl-2-(trimethylsil- 
oxy)-kpentene (3) (0.055 mmol) at -72 OC. After being stirred 
for 2 h, the solution was quenched by addition of 0.1 mL of water. 
The solution was extracted with ether, the extracts were dried 
over MgS04, and solvent was removed in vacuo. The crude oil 
was treated with 30% v/v of 1 N HCl in THF for 15 min at room 
temperature. After usual workup, an oily product was obtained 
(6.2 mg). The crude product was subjected to GLC analysis; the 
aldol producta were formed as 60:40 of the h e 0  and erythro isomr 
(OV-17, 130 "C). Silica gel chromatography (15% ethyl ace- 
tate/hexane) afforded the aldol products in 65% yield (5.6 mg, 
0.03 mmol). 
(3RS,l'RS)-3-Ethyl-4-hydroxy-3-methylheptan-2-one (7b): 

IR (neat) 3425, 1700, 1465, 1420, 1385, 1360, 1225, 1115, 1080, 

1.11 (s,3 H, CH3), 1.2-1.9 (m, 7 H), 2.13 (8, 3 H, COCH,), 3.73 
(dd, J = 9.6, 2.4 Hz, 1 H, CHOH). Anal. (CloHmO2): C, H. 
(3RS,l'SR)-3-Ethyl-4-hydroxy-3-methylheptan-2-one (8b): 

IR (neat) 3430, 1700, 1465, 1420, 1385, 1360, 1285, 1225, 1100, 
1080, 1010, 975, 900, 850, 785, 705, 580; 'H NMR (200 MHz, 

3 H, (CHZ),CH3), 1.12 (8,  3 H, CHJ, 1.2-1.9 (m, 7 H), 2.16 (s,3 
H, COCHS), 3.77 (dd, J = 9.7, 1.7 Hz, 1 H, CHOH). Anal. 

1015,975,900,855,785,590; 'H NMR (200 MHz, CDC13) 0.83 
(t, J = 7.6 Hz, 3 H, CH2CH3), 0.92 (t, J = 7.0 Hz, 3 H, (CH&CHd, 

CDCl3) d 0.80 (t, J = 7.6 Hz, 3 H, CHZCHJ, 0.95 (t, J = 6.9 Hz, 

(C10HNOZfi C, H. 
Fluoride-Catalyzed Aldol Reaction in  the Presence of 

TMSF. To a solution of 144 mg of n-butyraldehyde (2.0 mmol) 
and 177 me of TBAF (0.56 mmol) in 2 mL of THF was added 
2.0 mL of l.97 M hexane solution'of TMSF (10 mmol) at 0 OC, 
and the solution was cooled to -100 "C. 2-Methyl-l-(tri- 
methylsi1oxy)cyclohexene (1) (406 mg, 2.2 mmol) was added, and 
the solution was warmed to -72 OC and was stirred for 15 h. The 
reaction was quenched by addition of 10 mL of hexane followed 
by 4 mL of water. The water layer was extracted with ether, the 
combined extracts were dried over MgS04, and solvent was re- 
moved in vacuo. The crude oil was treated with 4 mL of 30% 
v/v of 1 N HC1 in THF for 20 min at room temperature. After 
usual workup, an oily product was obtained (238 mg). The crude 
product was subjected to 'H NMR analysis; the aldol producta 
were formed as 1288 of the threo and erythro isomer. Silica gel 
chromatography (13% ethyl acetate/hexane) afforded the aldol 
producb in 30% yield (109 mg, 0.59 mmol). 

SnC,-Mediated Aldol Reaction of Enol Silyl Ether with 
Benzaldehyde. To a solution of 10.6 mg of benzaldehyde (0.10 
m o l )  and 26.1 mg of SnC& (0.10 mmol) in 0.4 mL of CHZClz was 
added 20.7 mg of (E)-2-methyl-l-(trimethylsiloxy)-2-pentene (3) 
(0.12 mmol) at -72 OC. After being stirred for 4 h, the solution 
was quenched by addition of 0.25 mL of saturated NaHCO,. After 
usual work up, oily product was obtained (21 mg). The crude 
product was subjected to 'H NMR analysis; the aldol product was 
formed as a 51:49 of the threo and erythro isomer. Silica gel 
chromatography (14% ethyl acetate/hexane) afforded the aldol 
product in 75% yield (15.4 mg, 0.08 mmol). 

TiCl,-Mediated Aldol Reaction of Enol Silyl Ether with 
Benzaldehyde. To a solution of 44.2 mg of 2-methyl-1-(tri- 
methylsi1oxy)cyclohexene (1) (0.24 mmol) and 21.2 mg of benz- 


