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Abtboct: l-P~~yl-2:3,6:7-dibcncoJubcryl salti S, tficiimtly catalyze the ddol ret&m Mwttn silyl end trlurs and btmddthydt 

with moabtt diasttrtostkctiviry. Cmsswtr txptrimnts with doubly lab&d sRy1 end tthtrs, kinttic and sttrtochtmical studits 

kknl@ SC as tht catalyst rathtr thm u Ltwis acidic R$iX sptcits in this m@mWoa 

The Mukalyama aldol reaction between enolsilane derivatives and aldehydes is one of the most versatile 

synthetic methods for carbon-carbon bond formation. 1 For the last two decades the scope and utility of thii 

transformation has been extended by the employment of various Lewis acids, such as BF3sOEt2, SnCL+, 

Sn(OTf)z, fluoride ions. derivatives of Ti(IV) and Zr(Iv), derivatives of Yb(III), various lanthanide salts. 

ruthenium, and rhodium complexes. In addition, Mukaiyama, et al. have reported that triphenylcarbenium ions 

(trltyl salts) are efficient catalysts for this process. 2 An important preparative and mechanistic feature of the trityl 

salt-mediated aldol tea&on is that it proceeds madily at -78 Oc in a cadyric~hio~ A proposed catalytic cycle is 

shown in Scheme I. Addition of a silyl enol ether 1 to a trityl-activated 

aldehyde 2 produces t&y1 aldolate 3 with release of R3SiX. Subsequent 

exchange between the 3 and R3SiX is required to produce the silyl 

aldolate 4 and to regenerate the trityl catalyst. While thii cycle is 

plausible, the p&se nature of the catalytic species in these reactions has 

newex ken established. In particular, we were cognizant that the genera- 

tion of R3Sii may provide a shunt to a purely silyl-mediated pathway 

that does not involve trityl-ion catalysis.g~‘l Since our interest in his 

reaction is the design of choral uityl salts as novel asymmetric catalysts, 4 
3 

WC sought to clarify the mechanistic details of this transformation. 
To explain the production of silyl ether products in a trityl salt-mediated reaction. tluee plausible reaction 

pathways were considered. paths a-c, S&me IL In the ttityl-ion-catalyzed process, initial addition of 1 to 2 

generates silyloxocarbenium ion intermediate 1. Iu the fast route (path a) the R3SiX wkased into the reaction 

medium undergoes exchange (path d) with 3 to give 4. If the exchange process d is slow, then the R#iX-cat- 

alyzed reaction (path c). may compete effectively with tie trityl salt catalysis. The third route (path b) involves 

formation of a zwitterion (not shown) that may collapse to 4 by either dimct Intramolecular or intermolecular silyl 
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group transfer without the inter- 

mediacy of R3SiX. Three sets 

of experiments were carried out 

to distinguish these mechanistic 

scenarios: (1) double-label 

crossover experiments to estab- 
lish the intermediacy of R3SiX. 

(2) rate and (3) stereocbernicaJ 

studies to establish whether, if 
present, the R3SiX is kinetically 

significant5 

E=lrilyl 

For the test catalysts, two l-pbenyl-2:3,6:7-dibenxosuberyl salts, S+c104- and SWIY, were ptepated by 

@eatment of the corresponding dibenzosuberol 66 with pctchlorie acid and trifk acid in acetic anhydride, mp.78 

The dark-red salts could be obtained in analytically pure form by crystallization and must be stomd at -20 Oc in a 
dry box. The *3C NMR spectrum of 5+ClO4- showed an upfield shift of the carbeniutn carbon (g = 204.4 ppm) 

relative to those of trityl bisulfate (6 = 211 ppm) and 9- 

phenyl-9-fluorenyl fluorosulfottate (6 = 224.2 ppm).9 

Despite the apparently reduced positive charge 

(electtophilicity) at the carbenium center, 5+ salts served 

as a powerful catalysts for the al&l ma&n. 

For the crossover experiments, two silyl en01 ethers 7 and 8 with comparable steric and electronic 

properties were combined with benzaldehyde, Scheme 3. A 1: 1 mixture of 7 and 8 (0.56 equiv. of each) in 
CH2Cl2 was added to a solution of benxaldehyde in CH2Cl2 in the pmsence of 10 mol % of 5+C104- at -78 Y!. 

The reaction was complete in 5 min. and product composition was de&mked by GC ana1ysis.8Jo A mixture of 

scrambledsily1etberswasisolatedinaratioof2.1/1.8/1.3/1(9/10/11112). Controlexpuimentsshowed 

that neither the starting silyl enol ethers (7 and 8) nor the silylated aldol products (9 and 10) exchanged under 

similar reaction conditions. On rhe busis @these obsernxtkrs, the reaction p&way b involving in&xnwlucUlar 

silyl h-&r without release of R$iX was unambigawns~ preclnak~ In addition, the intermolecuk version of 

this pathway (bimolecular tnaction oftbe xwitterion) is unlikely due to unfavorable entropic and steric factors. 

Since the crossover experiment supported an aldokation mechanism that proceeds with intervention of 

R3SiX (path a). it was nectss~uy to establish whether an independent catalytic cycle involving this species was 

operative (path c). The possibility of a trityl-initiated/silyl-cata&xed process can be eliminated if tbe rate of 

exchange of 3 and R3SiX (path d) is faster than the mte of aldoliztion under R3SiX catalysis. This would nznove 

R3SiX from tbe reaction manifold (by forming 4) tbereby suppressing secondary catalysis. 
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Three independent lines of evidence lead to the conclusion that metathesis is faster than silyl catalysis. 

F&, neither tribal ether3 nor desilylated aldol ProductJ WCM deaJetbd in the ~thn berw#n benzaldebyde and ‘I 

in the: wee of 20 mol % each of S+ClO4- and 2,6di-reti-buty14methylpyridine at -78 Oc or upcm warming to 

ambient temperature. second, S&WXK%C&~ SDXECS RISC&I that ant antilsyn W~CS of silyl ether 9 were 

obtained when the al&l reaction was car&d oat nndcr TBSC104t~ (anti/syo-9,4.211) an&5+ClOq (antikyn-9, 

2.l/l) catalysis or un&r TBSCYH (anti&n-9.3.5/l) and HYl’f* (anti&n-9.2.411) catalysis. 

Finally, kinetic experiments. Figure 1, 

&monstrated a measurably diffemnt rate of reaction 

catalyzed by 5+OTf- compared to the corresponding 

don mediated by TBSCm (ttn = -70 min. vs. 20 

min.). If the !%YlY promoted process involved tri@l 

initiation followed by silyl catalysis, th: rate would be 

expectedtobetbesameaafortheTBSOT‘fcatalyzed 

pmcess.l2 Both T3SClO4 and 5+ClO4- promoted the 

aldol x~~tion at a dramatically faster rate than the 

corresponding triflates. Utlf~y. these leaction!j 

went to completion ia <l min which did not allow 
. .* 

dsfmmwation between a silyl attd trityr ion-catalyzed 

process. Therefore. the differeta diaereameric 

composition of the products provides the strongest 

evitice qyinst a TBSCiO4 promo&d pathway. 

Flgure1.KincticPIotsofCatal~RCIldjOllBetWCCll 
7audPbCHo. 

No 

so 

The relative rates of TBSOn and S+OTf- mediated mactions provide an intriguing diiotomy. Even 

though TBSOTf is generated in the reactioa cascade and even though it is a more effective promoter of the 

sldolization, it does not compete w&b 5+OTf catalysis! This appatent inconsistency is easily uudustood by 

invoking a rapid metatksis &on (path d) tbat moves tbt faster-acting silyl catalyst from the scene to create 

the final product 4 and regenerate the slower-acting trityl catalyst Since the s&&X species investigated hen: 

tmnedouttobeverypo~~forthe~l~nbetweenTBSeno1~andbeatzatdehyde,canfol 

survey of silyl group structaru and counter ion type will be essential for the rational design of chiral 

triarylcarbenium ion catalysts for tlze Mukaiyama aldol rr?actioIL If the silyl-mediated pathway takes over, the 

opportunity for asymmetrk catalysis is lost. 

Insuromary,fromthis~cinvestigationa~~~thatgUppOhgfbt!~~CYClCdepicDed 

in Scheme 1. ‘I&e experiments ut$lizhg doubly-labekd silyl enol ethers togetkz with -aI and kinetic 

studies provide a useful me&a&tic tool to dishguish t&y1 (and related specks) tktrn sibyl cxualysis. The 
development of cl&al ~~~~ ions related to 9 for an asymmetric variant of the MUyama aldol 

reactianiscurreartEyrmdawayandwin~teportedind~~. 
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