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The asymmetric aldol addition is among the most powerful
reactions in synthetic organic chemistry and has been extensively
studied over the past 15 yedrsThe strategies foreagent-
controlledasymmetric induction fall into three broadly defined
classes (Chart 1): (1) asymmetric modification of the enolate
with chiral acyl auxiliaries A), (2) asymmetric modification
of the enolate with chiral metalloid auxiliarie®), and (3)
asymmetric modification of the aldehyde with chiral Lewis acids

(C). Each of these strategies has yielded spectacular success, SN Lo
and each has unique advantages and disadvantages. The chiral o~

auxiliary approaches are extremely general and give high

selectivities by virtue of the highly ordered nature of the Scheme 2 )
transition structures (closed) which results from the structure o "LDA’F'"’ c 0
of R*/L* and the organizational features of the metal'f#t:2 H.C~ “OCH L L n-BuSSnCHz)J\OCHg
Unfortunately, these reactions have yet to be made catalytic. ¢ 3 2. n-BuySnCl 1
The chiral Lewis acid approach takes advantage of the Mu- 52-66%
kaiyama aldol reactiohof enoxysilane derivatives and is 1. SiCl, (6 equiv) ) o
demonstrably catalytic and often diastereo- and enantioselective. 20°C nc i
However, these reactions are less general and the selectivity is 2. distil ClySiCH,”~ ~OCH,4
most likely dominated by van der Waals interactions which (20 °C/5 mmHg) 1
guide the matching of enantiotopic faces in open transition 60-65% [53.41,d,J=3.9|53.64,s 8278,s 3375
statesh* $3.65, d, J=3.9
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We set for ourselves the goal of inventing a new type of aldol
addition reaction which involves the ordered preassembly of
enolate, aldehyde and chiral agent for maximum asymmetric
influence and which would be catalytic in the chiral reagent.
The formulation of this concept, Scheme 1, requires a metal

enolate moiety capable of expanding its valence by two and a

chiral Lewis base G*. The basis of this proposal for ligand-
promoted aldehyde additions finds precedent in our recently
disclosed asymmetric allylations (crotylations) with allylic
trichlorosilane®. We wish to report that the corresponding
trichlorosilyl enolates are highly reacie agents for the aldol
reaction and that their additions can be asymmetrically
catalyzed by chiral phosphoramides

While substantial literature exists on the generation and
reactions of trichlorostannland trichlorotitanium enolates,
the chemistry of trichlorosilyl enolatésis embryonic by
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1. SiCl, (3 equiv) / 0 °C
2. distill (78 °C/ 11 mm)
78% 3

<— 5.28-5.30(m)

comparisorf. For the initial studies, the use of isolated, purified
trichlorosilyl enolates was deemed essential, and we followed
the general procedure of Baukov and Lutsefk8cheme 2.
Thus, from methyl tributylstannylacetat&)¥° we could obtain
the trichlorosilyl ketene acet&P2 as a distillable liquid (bp 25
°C/5 mmHg)* which thermally isomerized to methyl
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Table 1. Aldol Reactions of2 with Pivalaldehyde: Solvent and
Additive Effect$
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Table 3. Catalytic Asymmetric Aldol Reactions & Survey of
Promoters

entry solvent promoter, equiv  conversion/tififé/min entry aldehyde  promoter, equiv  product P égeld°), %
1 tolueneds none 18/120 1 PhCHO 5(0.1) R)-4a 20 (88)
2 CD.Cl, none 50/120 2 PhCHO 6(0.1) S-4a 33(87)
3 THF-dg none 69/120 3 PhCHO 7(0.1) 9-4a 23 (91)
4 CD.Cl, HMPA (0.1) 100K3 4d PhCHO 6(0.1) S-4a 38 (94)
- - 5 PhCHO 6(1.0) ©S-4a 53 (84)
2 Reactions monitored b4 NMR (500 MHz) at—80°C. ® Percent 6 t-BUCHO 5(0.1) R)-4f 26 (76)
consumption of pivalaldehyde. 7 t-BUCHO 6(0.1) S-4f 40 (78)
. . 8 t-BuCHO 7(0.1) S)-4f 49 (75)
Table 2. Preparative Aldol Reactions @ o t-BUCHO 7(0.1) ©-4f 50 (78)
OSiCl, 1. CHaGla /0 C o o 10 t-BuCHO 7(1.0) S)-4f 62 (77)
H2C” "OCHs  R1” "Re 0.1 M R1/!\/U\OCH3 2 All reactions performed at-78 °C/0.1 M. " Determined by chiral
2. sat. aq. NaHCO, R2 HPLC. ¢ Chromatographically homogeneous matefi&@low addition
2 4 of aldehyde.
R! R? product yield® % Scheme 3
phenyl H 4a 98 osiCls Q OoH
benzyl H 4b 94 * L 145,96 (0.1 equiv) R’
(E)-k(]:innaﬁnlll H 43 89 R™H CH,Cl,/0.1M /-78 °C
2-phenethy H 4 96 3
cyclohexyl H de 96 1 2. sat. ag. NaHCO43 8
tert—butyl H Af feled R’ = phenyl: 95% yield; anti/syn, 65/1; ee (anti-8a) 93%
phenyl methyl 49 oy R'= (E)-cinnamyl: 94% yield; anti/syn, >99/1; ee (anti-8b) 88%

a All reactions carried out at a 1.0 mmol scdlé/ields of analytically
pure material® Reaction run at 20C. 9 Reaction run at 20C/0.5 M
with 10 mol % of HMPA.
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trichlorosilylacetatéd Similarly, 1-((tributylstannyl)oxy)cyclo-

hexené? underwent clean metathesis to the trichlorosilyl enolate

of cyclohexanoned) (bp 76-78 °C/11 mmHg)ge:11
The ketene acetd reacted spontaneously with a number of
aldehydes at-80 °C (VT-NMR observation). Only pivalal-

benzaldehyde were initially disappointing with enantioselec-
tivities <40% ee. No improvement was observed with changes
in solvent (THF, toluene) or temperature 40, 0 °C). The
enhanced selectivity (53% ee, entry 5) obtained with 1.0 equiv
of 6 confirmed that the background reaction was competitive
even at—80 °C.

The results with pivalaldehyde are also in accord with that
hypothesis. For all of the promoters examined, the enantio-
selectivity was superior, although interestingly the best selectiv-
ity (50% ee) was obtained witll. The intervention of the
nonpromoted pathway with pivaladehyde was suggested as well
by the improved selectivity observed with 1.0 equiviqentry
10).

Preliminary results from the reaction of enoxychlorosil@ne
show that the chiral Lewis base promoted aldol addition has

dehyde reacted slowly enough to be followed spectroscopically. significant synthetic potential, Scheme 3. In combination with
The results in Table 1 show a solvent effect on the rate of benzaldehyde anil_cinnamaldehyde, thanti aldol products

reaction at-80°C. However, most exciting is the acceleration

8 were obtained in excellent diastereoselectivity-(89/1) and

observed with a catalytic amount of HMPA (entries 2 and 4). very good enantioselectivity (883% ee)® with catalytic

The preparative utility of the unpromoted reactions was ,mounts (10 mol %) of promotes:
demonstrated by the survey of aldehydes shown in Table 2. . _(, ) . P ) ) .
The aldol addition productd were obtained analytically pure While it is not possible to construct rational transition state
in excellent yield. The range of substrates attests to the Structures for the promoted aldol additions, our working
generality of the reaction and the compatibility of branched and hypothesis is a classic chairlike arrangement of reactive partners
highly enolizable aldehydes. No evidence of 1,4-type addition assembled around a hexacoordinate siliconate species. Methods

with cinnamaldehyde was observed.
acetophenone gave the acetate adduct (with HMPA &CJ0

Remarkably, even for in situ generation of trichlorosilyl enolates, exploration of

modulated chlorosilyl enolates, and optimization of promoter

The demonstration of catalysis by HMPA clearly presaged structure are currently under investigation.

the use of chiral phosphoramides. The promdte(s,>2 6,
and7) shown in Chart 2 were all surveyed with both benzal-
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(9) For reports on the preparation of other chlorosilyl enolates, see: (a) and full characterization df, 2, 3, 4a—g, (9-4a, (9-4f, 6, 7 (—)-anti-

Walkup, R. D. Tetrahedron Lett.1987 28, 511. (b) Walkup, R. D;
Obeyesekere, N. U.; Kane, R. Rhem. Lett199Q 1055. (c) Kaye, P. T.;
Learmonth, R. A.; Ravindran, S. Synth. Commuril993 23, 437.

(10) Zapata, A.; Aclia A. C. Synth. Commurl984 14, 27.

(11) All. compounds described herein were fully characterized by
spectroscopic and analytical methods. See the supporting information.

(12) (a) Pereyre, M.; Bellegarde, B.; Mendelsohn, J.; Valade]. J.
Organomet. Cheml968 11, 97. (b) Yasuda, M.; Katoh, Y.; Shibata, I.;
Baba, A.; Matsuda, H.; Sonoda, N. Org. Chem1994 59, 4386.

8a, and (+)-anti-8b (25 pages). See any current masthead page for
ordering and Internet access instructions.
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(13) The absolute configuration of-§-anti-8a has been determined to
be (R,1'S) by X-ray analysis of the 4-bromobenzoate derivative. This will
be described in a full account.



