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Abstract: In the presence of a catalytic amount of Li&limeth- 1) MX, (0.25 equiv)

ylsilylesters ¢-DMS-esters)L smoothly reacted with various alde- ) + PheHO DMF, 30 C,5h Q  oH
hydes at 30 °C to give aldols in good to high yields. On the othEto)K/S'HMez 2) 2 M HCl 1O Ph
hand, the aldol reaction with ketones was effectively promoted | (1.2 equiv) 2a 3aa

MgCl, rather than by LiCla-Enones also underwent the metal
chloride-promoted addition dfat the carbonyl carbon @rcarbon.  mx,, yield (%): none, 61; LiCl, 95; MgCly, 82; CaCl,, 81; BusNCl, 68;

Key words: aldehydes, aldol reactions, ketones, Michael addition. LiBr, 70; LIOTT, 69.

a-silylesters Scheme 1

Bu,NCl, LiBr, and LIOTf showed lower catalytic activity
The Mukaiyama-aldol reactions of silyl enolates providéhan these metal chlorides.

regio- and stereoselective methods for C—C bond formgnder catalysis by LiCk-DMS-esterla added smoothly
tion and functionalizatioh Since the pioneering work by tg aromatic and aliphatic aldehyd2a-h to afford the
Mukalyama et al?, Lewis a.C|d CataIyStS have frequen.tlycorrespondingg_hydroxyestergaa_ah in good to h|gh
been used for the synthetically valuable transformationge|ds (entries 1-8 in Table 13.The aldol reaction with

It |S.aISO well known that fluoride ion SourceS_ WOI‘I_( adc took p|ace 0n|y at the a|dehyde Carbony| (entry 3) In
Lewis base catalysts to promote the aldol reaction via nigre case of chiral aldehy@g, moderatesyn (Cram-type)
cleophilic activation of silyl enolat€sin recent years, selectivity was observed (entry 7). The stereochemical
however, much attention has been focused on the devgltcome withs-alkoxyaldehydeh (dr = 57:43) indicates
opment of other Lewis base-catalyzed systefii$n this  that the present reaction system is not suitable for chela-
context, we have reported that the aldol reaction of dion control (entry 8). The use of hydroxy-substituted
methylsilyl enolates derived from ketones is accelerat@fbnzaldehydegi—j resulted in low yields oBai—aj even

by chloride ion sources such as alkali and alkali earm‘]en an increased amountlgfwas emp|oyed (entries 9,
metal chloride$:.” The known Lewis base-catalyzed sys10). The aldol reaction & competed with the reduction
tems including the fluoride ion-catalyzed ones are usefyf 2j to 2-hydroxybenzyl alcoho#j. Such a side reaction
for the reaction with aldehydes, while there are few sugas not observed witBj, and an increased amount of
cessful examples of the use of ketones as electrofifiiles.ic| improved the yield 084j. In these cases, the acidic
We herein disclose thatdimethylsilylestersd-DMS-es-  hydroxy groups ofi,j would cause the protodesilylation
ters) work as enolate equivalents under catalysis by megal1a. The DMS ether thus formed fro& would be
chlorides to achieve an efficient aldol reaction of Simpleonverted into4 by intramolecular hydride transfer
ketones and-enones as well as aldehydgs. (Scheme 2)a-DMS-esterslb,c, substituted at the-car-
Initially, the reaction of ethyl DMS-acetatda) with bon,_showed similar reactivities to aldehydgs asldid
benzaldehyde2) was selected to examine the catalyti¢entries  11-20). Unfortunately, the reaction @b
activity of metal salts and BMCI.* As previously report- proceeded with low diastereoselectivity.

ed by us;'® la reacted spontaneously wigta in DMF  ynlike benzaldehyde, cyclohexanora) never under-
(30 °C, 5 h). An acidic, desilylative work-up followed bywent the addition ofla in the absence of a promoter
purification by silica gel column chromatography géve (30 °C, 24 h, Scheme 3). An equimolar amount of LiCl or
hydroxyester3aa in 61% yield. A catalytic amount of CaCl, induced the aldol reaction; however, the rate-accel-
MgCl,, LiCl, or CaC} effectively promoted the aldol re- erating ability was not high enough to realize a successful
action under the same conditions. Particularly, the use gfjol reaction. In contrast, MgQvas found to be an ef-
LiCl achieved a quantitative yield daa. In contrast, fective promoter. The use of a catalytic amount of MgCl
resulted in a lower yield of the desired prodéaa. The
rate-accelerating abilities of BNCI and Mg(OTf) were
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Tablel LiCl-Catalyzed Addition ofi-DMS Esters to Aldehydés CHO O OH
. ) la HcCI
1) LiCl (0.25 equiv) :
o] O OH +
DME, 30 la + 2i —> -, —>—> EtO
SiHMe, + R3CHO 3 | es
EIO& " 2 2mrcl EtO R HO
RY R2? R! R? l 3ai
la:R'=R?=H 3
1b:R! = Me, R2 = H HCI

1c:R'=R?=Me

OH
Entry 1 Aldehyde 2 3 Yield (%)° ©\/\
OH

R3 (syn:anti) 4
1 la 2a Ph 3aa 95 Scheme 2
2 1la 2b  4-MeO-GH, 3ab 96
3  1la 2c  4-MeC(O)-GH,  3ac 77 o 1 ghXAF (138 %ﬁuzi?h O OH
4 1la 2d  (E)-PhCH=CH 3ad 95 (leezuiv)* é 2 2MHO EtoJ\/O
5 la 2e Ph(CH,), 3ae 79 o 6aa
6 la 2o iPr 3af 89 MX,, yield (%): none, 0; LiCl, 35; MgCly, 88; MgCl,*, 59; CaCly, 35;
P m weoHeh  wg  ss(e29 Bl < 3 0T 13
8 la 2h MeCH(OBn)CH  3ah 76 (57:43) Scheme 3
9 1la 2 2-HO-GH, 3ai 51%¢66°
0 1a 4 4HO-GH, 3 40 831 methylsilyl enolates? The presence of a hydroxy group

in the substrate lowered the reaction efficiency (entry 6).
1  1b 2a  Ph 3ba 97 (69:31) The aldol reaction with 1,3-dicarbonyl compounds such
as 2,4-pentanedione and ethyl 3-oxobutanoate did not
occur at all. These results are probably due to the deproto-
13  1b 2e  Ph(CHy), 3be 75 (54:46) nation of the activated methylene bg, which not only
consumesla but also reduces the electrophilicity of the
carbonyl carbon.

15 1b 2 4-HO-GH, 30j 75°1(63:3)  ¢-DMS-esterlb as well asla reacted smoothly with

16 1c 2a  Ph 3ca 97 kgtonesSa,t_) to give the corrgsponding aIdoIs_ in high
yields (entries 7, 8). The reaction whh resulted in low

17 Ic 2d  (E)-PhCH=CH 3cd 95 diastereoselectivity. Sterically demanding DMS-edter

was less reactive to ketones (entries 9, 10). The products

derived fromlc were easily decomposed by the acidic

19 1c 2t i-Pr 3cf 86 work up. A neutral aqueous work up provided silyl ethers

7c in moderate yields.

12 1 2d (E)-PhCH=CH  3bd 98 (56:44)

14 1b 26 i-Pr 3bf 92 (53:47)

18 1c 2e Ph(CH,), 3ce 77

20 1c 2 4-HO-GH, 3cj 77

aUnless otherwise noted, all reactions were performednth60 1) MgCl, (1.0 equiv)
mmol), 2 (0.50 mmol), and LiCl (0.13 mmol) in DMF (1 mL) at 30 ° o) DMF, 30 C, 24 h
for 5 h. For general procedure, see ref. 12. la + Mt Bu

b Isolated yield.

2) 2 M HCI

¢ The relative configuration was not determined. > o
d Alcohol 4 was obtained in 44% yield.
€ With 2.0 equiv ofla. O OH EtO
fwith 1.0 equiv of LiCl. )k +
EtO t-Bu HO t-Bu
cis-6ag, 57% trans-6ag, 16%

The MgCl-promoted aldol reaction dia was applicable

to both aromatic and aliphatic ketones (entries 1-5 8theme4
Table 2). The reaction with ketors required slightly

higher temperature for its complete conversion (entry S)e further examined the reaction tf with a-enoness
4-tert-Butylcyclohexanone5g) underwent equatorial at- (Table 3). The MgGpromoed reaction dfa with chal-
tgck ofla pr(_eferentially (Scheme_4§.The present reac- -yne ga) gave aldoBaa in high yield (entry 1). The cor-
tion stands in sharp contrast with the TBAF-catalyzegisnonding Michael adduct was not formed at all. The use

reaction Qf ethyl trimethylsilyla_cetat_e with simple ke—o_f CaCl}, instead of MgGlled to a slightly higher yield of
tones, which causes deprotonative silylation to ketone tri-
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Table2 MgCl,-Promoted Addition ofi-DMS Esters to Ketonds  Table3 Addition of a-DMS Esterla with a-Enone8

1) MgCl, (1.0 equiv) 1) MCl,, DMF
o) DMF, 30 T o) 30C,24h O R* OH
L ta T )J\)v
R3J\R4 2) 2 M HCl or H,0 R3/\)J\R4 2) 2 MHCl EtO g3
5 8 9a
O OH O  OSiHMe,
R4 R4 Entry MCI -Enone 8 9a Yield (%)°
EtO) ;% EO 3 y " ¢ 0)
R R R3 R4
R! R? R! R?
6 7 1 MgCl, 8a Ph Ph 9aa 89
Entry 1 Ketone5 6 Yield (%)® 2 caCl, 8a Ph Ph 9aa 92
R® R*
3 LiCl 8a Ph Ph 9aa 7
1o la s (CHYs 6aa 88 4 cac,b 8 Ph  Me 9ab 55
2 la S Ph Me — 6ab 90 5 caChb 8 H Me  9ac 60
3 a5 Ph Bt G 93 6 cachb 8 Me Ph  9ad 78
4 la 5d 4-MeO-GH, Me 6ad 96 7 cacl, 8e Me -Bu 9ae o
5 1a % N-CuiHas Me 6ae 59,95 @ Unless otherwise noted, all reactions were carried outW(@h75
30 °C for 24 h. The reaction mixture was treated with 2 M HCI (1 m
7 1b 5a (CHy)s 6ba 91 in entries 1-8) or §D (1 mL in entries 9 and 10) for 5 min.
b |solated yield.
8 1b 5b Ph Me 6bb 88! ¢ Yields of the recovere8: 20% (entry 3), 39% (entry 4), and >90%
(entry 7).
9 1c 5a (CHy)s 7ca 50
10 1c 5b Ph Me 7cb 57 1) 1b (1.5 equiv)
(@] CaCl, (1.0 equiv)

2Unless otherwise noted, all reactions were carried outM(h75 /\)J\
mmol), 5 (0.50 mmol), and MgGI(0.50 mmol) in DMF (1.0 mL)ta  Ph Ph
30 °C for 24 h. The reaction mixture was treated with 2 M HCII1 m 8a

in entries 1-8) or O (1 mL in entries 9 and 10) for 5 min. 0 Ph OH

b - O Ph O
Isolated yield. / )K)\)J\
°Ats0°C. EtO Ph * EtO Ph
d Diastereomeric ratio = 45:55. :

9ba, 27%, dr = 64:36 10ba, 64%, dr = 84:16

9aa, while LiCl was less effective than MgCGind CaCl o oH
(entries 2 and 3). Otharenonesb—d also underwent the o as above _
CaCl-promoted aldol reaction to gi@ab—9ad in moder- Ph/\)J\ EtO Ph
ate to good yields (entries 4-6). With the aid of Lewi

acids and bases, silyl enolates argllylesters react with

a-enones generally at th@-carbon in a conjugate o
manner-*16The present reaction df provided a novel 9 as above )\)}\
example of the aldol reaction withenoneg:*’ Unfortu- MR4 Eto R

nately, a-enone 8e, bearing atert-butyl group on the
. 8d: R=Ph 10bd, 73%, dr = 90:10
carbonyl carbon, was unreactivelm(entry 7). 8 R = 1-BU 10be. 67%. dr = >05:5

The chemoselectivity of the Cagpromoted reaction of
1b heavily depended on theenone used (Scheme 5).
The reaction witl8a gave a mixture of aldé@ba and the
Michael adductlOba in high yield.a-Enone8b under-

DMF, 30 C, 24 h
2) 2 M HCI, 30 €, 5 min

9bb, 91%, dr = 60:40

Scheme 5

sult, theseu-silylesters bearing a sterically more crowded
silicon center were found to be much less reactivelhan

went only the aldol reaction leading %bb. In contrast, The difference in reactivity sudgests that the present reac-
the use oBd,e afforded onlyl0Obd,be with high anti-se- ion sr|10 d 'ncll den c“l/(le())/ hu'lgcgact' at'on@DpMS-es-
lectivity. These results indicate that a bulky group on t {aers as tl;e Le uste uThe Ipes:sl catallvt'(l activities of metal
carbonyl carbon d and a small group on tiflecarbon in- bromid dyt il f[) 50 lead t t{]I VIt hanisti
duce the Michael reaction rather than the aldol reaction?' 0M!des and trilates aiso fead 1o theé same mechanistic
] R i aspect because a chloride ion (a hard base) has higher si-
To gain mechanistic insight, we carried out the metgdphilicity than bromide and triflate ions (softer badés).
Chlorlde—CataIyzed reactions of ethyl trlmethyISIIyIacetatWe attempted to observe the active Species generated

and ethyl diisopropylsilylacetate wita and5a. As are- from LiCl and1a by *H NMR and3C NMR analyses.
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However, the signals dfa did not shift in the presence of

(8

Denmark, S. E.; Fan, Y. Am. Chem. Soc. 2002, 124, 4233.

LiCl. The present reaction may involve reversible forma- (9) Oisaki, K.; Suto, Y.; Kanai, M.; Shibasaki, ¥ Am. Chem.

tion of a transient active species such as a chloride io

bound silicate.

The low rate-accelerating ability of BNICI (Scheme 1

oy

and Scheme 3) suggests that the metal ion of a metal chlo-

ride also plays an important role for the present reactio
In addition, the fact that Mgg&bromotes the aldol reac-
tion with 5a more effectively than LiCl and Cal3eems

I’](.

11)

to signify the role of the magnesium ion as Lewis acid.
When simple ketones are used as electrophiles, simulta-

neous activation of bothand ketones may be required for

a successful aldol reaction to compensate their low elec-

trophilicity.*®

In conclusion, we have demonstrated th&tMS-esterd

work as stable enolate equivalents in the presence of inex-

pensive, disposable metal chlorides such as LiCl, MgCl
and CaCJ. The aldol reaction df proceeds efficiently un-

der very mild conditions and it is applicable to a variety of
aldehydes and ketones. The reaction mechanism would

involve nucleophilic activation of by a chloride ion al-
though the participation of metal ions in promoting the

present reaction is also important.
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