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Abstract: The cationic complex [Ru(salen)(NO)H30]SbF8 is intrinsically a powerful catalyst /or the Mukaiyama 

crossed-aldol reaction at 25’C in nitromethane solutions and at very low catalyst loadings but. for some reactions. electron 

transjer from the silyl enol ether to the ruthenium catalyst can occur which leads to catalyst deactivation. 

The Mukaiyama crossed-aldol reaction, involving the coupling of silyl enol ethers with aldehydes and ketones, is 

catalysed by a variety of Lewis acids.’ Among these catalysts are, TiCI,,’ halides of boron.s aluminum and tin.’ 

lanthanum chloride.” trityl salts,6 fluoride ions’ and a variety of lanthanide trifiates. a Of relevance to the present work 

is the use of the bis(l,3-trimethylsilyl)cyclopentadienyl ytterbium(III)chloride* and rhodium complexes.” Transition 

metal complexes provide potentially attractive Lewis acid catalysts because it should be possible to devise systems which 

are both air and water insensitive, which can be electronically tuned by ligand substitution and which have stable, 

defined geometries for stereochemical control. We report on the use of the transition metal complex. 

[Ru(salen)(NO)HsO$bFs as a catalyst for the Mukaiyama reaction. The purpose of this communication is two-fold. 

First, we wish to demonstrate how a normally electron-rich metal such as ruthenium(I1) can be converted into a Lewis 

acid by the appropriate choice of ligands. Second, we draw attention to a key element in the design of such Lewis acids. 

namely, the capacity of sibyl enol ethers to cause catalyst deactivation by electron transfer. The species 

[Ru(salen)(NO)HsO]+ possesses a strongly electron withdrawing NO+ ligand (u&r = 1889 cm-‘), a net positive charge and 

“hard” donor atoms of the salen Bgand. All of these elements will contribute to converting an intrinsically electron-rich 
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ruthenium atom into a Lewis acid. Moreover, aince the NO* and H,O ligandr are tmu to each other.” the strong trans 

influence of the NO* tipsad will labilixe the HsO ligand and allow for labile coordination of the l ldehydes and ketones 

which, upon coordination, become activated for the Mukaiyama reaction. The preparation and characterixation of this 

air rtable complex is described elsewhere. tt In nitromethane solutions the aquo group is found to exchange rapidly with 

weak ligands such as aldehydes and ketones.” 

Low catalyst loadings, ranging from 0.05 to 2 mol% in CDsNOs solutions at 25’C. convert many Mukaiyama partners 

cleanly to the crossed-aldol products. ‘s Some of the results are collected in Table I where, in all cases, the initial 

concentration of each substrate was I M. The catalysis of benxaldehyde with silyl enol ether 1 proceeds even when the 

ratio of catalyst to substrate is I : 2000 and many of the reactions listed in Table I are complete within 3 min of mixing. 

Although these catalyst loadings are at least an order of magnitude less than are commonly used for other catalysts and 

indicate that the present ruthenium complex is intrinsically a powerful catalyst, it is prone to deactivation by silyl esol 

ethers. This deactivation is generally observed when catalysis is slow. Thus, for example, using 2 mol% catalyst loading 

with the silyl enol ethers 1 or 2 and the substrates trimethylacetaldehyde, cyclopentanone or methyl ethyl ketone leads 

to about 50% conversion within 5 min. Thereafter catalysis ceased and was accompanied by an intensification of color 

of the catalysis solution and extensive desilylation of the silyl enol ethers was observed. At very low catalyst loadings 

(< 1 mol%) this catalyst inhibition is observed for ail of the ketone substrates listed in Table 1. We find that neither 

aldehydes nor ketones are the cause of the catalyst deactivation since allowing the catalyst to stand for days in the 

presence of aldehydes or ketones does not inhibit catalysis. 

Addition of 15 equivalents of the silyl enol ether 1 to the catalyst in CDsNOs at 25’C in the absence of ketone or 

aldehyde leads to an intensification of the color of the solution and the appearance of new signals in the ‘H NMR 

spectrum of the catalyst within 10 min of mixing. Over several hours the ‘H NMR signals of the catalyst continue to 

change and eventually a constant spectrum. indicating a variety of species, is observed. Because of the instability of the 

initially formed catalyst product and its conversion to a number of different species we have been unable to establish 

its exact composition. The deactivation of the catalyst, however, is accompanied by extensive desilylation of the silyl 

enol ether which is consistent with the formation of silyl enol ether radical cations’s and, by implication, the reduction 

of the catalyst. Thus it is probable that catalyst deactivation is caused by electron transfer from the silyl enol ether to 

the catalyst which we find is thermodynamically possible. 

Cyclic voltammetry of 1 in acetonitrile solutions gives a quasi-reversible wave which indicates an oxidation potential 

of +O.ggV versus Ag/AgCl. The oxidation potentials of CH,=C(OEt)OSiEtsand (CH,)sC=C(OEt)OSiEt, were estimatedI’ 

to be +O.gl and +1.27V. respectively versus Ag/AgCI. l6 Cyclic voltammetry of the [Ru(salen)(NO)H,O]sbFe species in 

CHSCN solutions indicates a reduction potential of -0.83 versus Ag/AgCl. Thus all of the silyl enol ethers are capable 

of reducing the catalyst.16 

The ability of silyl enol ethers to reduce Lewis acids has been noted before” and it was demonstrated that the SnCI, 

catalysed Michael-Mukaiyama reaction proceeds via a radical pathway. It is therefore conceivable that the catalytic 

reactions listed in Table 1 proceed by a radical coupling rather than by the generally assumed nucleophilic path. In order 

to resolve this issue we performed the cross experiment using CH,=C(OMe)OSiMes and (Me)sC=C(OMe)OSiMes to couple 

with benxaldehyde. Using one equivalent of benxaldehyde. one equivalent of each of the two silyl enol ethers and 0.5 

mol% catalyst at 5’C in CD,NOs solution, we found a I .5 : 1 preference for the coupling of the less sterically hindered 

substrate CH,=C(OMe)OSiMe,. Were the catalysis a radical process we would expect a preference for the coupling of the 

more substituted silyl enol ether. 

The ability of silyl enol ethers to reduce catalysts has important implications in the design of transition metal based 
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Table 1. Catalysis of the Mukaiyama Reec6oa by tRuWeaXNO)HsOlSWs.~ 
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Lewis acid catalysts. Catalysts with reduction potentials more positive than about -lV versus Ag/AgCl could lead to side 

reactions and to catalyst deactivation. Many of the traditional Lewis acids are also prone to reduction by silyl enol 

ethers” but it appears that for most of these cases the rate of the crossed-aldol reaction is much faster than the rate of 

electron transfer. A similar kioetic trade-off obtains for the present catalyst where, for some substrates, the rate of 

catalysis is much faster than electron transfer and for others it is competitive leading to catalyst deactivation. For the 

present catalyst the electron transfer deactivation can be circumvented in many cases by increasing the catalyst loading. 
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stirred for 15 min. The reaction mixture was diluted with water, extracted with CHsCls and the extract was 

concentrated under vacuum. The residue was taken up in CHsCls and passed through a short column of Florisil@ 

and the eluent solvent was removed under vacua to give the product, PhCGCHsCH(OH)Ph, (0.21 g; 92% yield) 
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The redox couples were originally reported relative to SCE and we have scaled the reported values by 

normalizing to the ferrocenium/ferrocene couple. Gagne, R.R.; Koval, CA.; Lisensky, G.C. fnorg. Chem. 1980, 

19. 2854. 

Two quasi-reversible waves are observed for the [Ru(salen)(NO)HsO]+ species, one at -0.313V and one at 

-0.83OV. We have concluded that the former couple involves one electron oxidation because we find that the 

ferrocenium ion (+0.43V versus Ag/AgCI) is capable of oxidizing the catalyst by only one electron. It should be 

noted that in acetonitrile solution the catalyst exists as the [Ru(salen)(NO)CHsCN]’ species so that the quoted 

reduction potential refers to this complex. The difference in the redox potential between this species and the 

catalyst species is likely to be small and will not affect the status of the discussion presented here. 
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