
Tetrahedron Vol 49. No 9. pp. 1761-1772.1993 0040-4020,93 $6 OO+.OO 
Pmtcd in Great Britain 0 1993 Pcrgamon Re.ss I 

Catalytic Asymmetric Aldol-type Reaction 

Using a Chiral Tin(I1) Lewis Acid # 

ShIi KOBAYASHI, Hiromi UCHIRO, Isamu SHIINA, and Tetuaki MUKAIYAMA 

Department of Applied Chemistry, Faculty of Science, 

Science University of Tokyo, Kagutaxalu~, Shinjuku-ku, Tokyo 162 

(Received in Japan 4 November 1992) 

Abstract: Highly didaeo- and enmtioselective eldol-type reacttone of a silyl eaol ether with eldehydes includii 

arometic, eliphatic, and a& lJnsemated ones elk! performed in propionitrile (eolvent) by the use of a catalytic emolmt 

ofchitaltin(II)I*wisclcid~i~oftin(n)~snda.ehiral~. Theraymme&en~tsueatedby 

the ddrel catalysts in the enantioselective al&l &on M discuseed by employtng five kinds of chiral diemines. 

The asymmetric aldol reaction is one of the most powerful tools for the consttuction of carbon-carbon 

bonds with control of absolute conIigurations of new chiral centers,1 and the utility of this reaction has been 

demonstrated by a number of applications to the synthesis of natural products such as macrolide and polyether 

antibiotics, carbohydrates, etc.2 

Conventional asymmetric aldol reactions have been mostly performed in a diastereoselective manner by 

using chiml enolates and achiral carbonyl compounds as starting materials.%* For example, the chiral boron 

enolate, generated in situ from the corresponding chital oxaxolidone derivative, dialkylboron triflate, and 

diisopropylethylamine, stereo&ectively reacta with aldehydes to afford the corresponding aldol-type adducts in 

good yields.3b These reactions proceed in excellent diastemoselectivities; however, additional steps to first 

introduce a chiral function into the reactant and to remove it atter the reactions are essentially required. On the 

other hand, there have been reported some examples of the direct prepamtion of chiral aldols from both achiral 

enolates and aldehydes.9 For example, the tin(II) enoIate generated from achitaI3-acetylthiaxolicime-2-thione 

creates an asymmetric environment with the aid of a chiral amine and then reacts with a&ii aldehydes to give 

the corresponding aldol-type adducts in high enantioselectivities. 9b In these reactions, optically active aIdol-type 

adducts can be obtained in higb enantiomeric excesses by using a stoichiometric amount of chital source. 

The development of the asymmettic aIdol reaction which proceeds in a ttuly catalytic manner with high 

diastereo- and enantiosehctivities has been a challenging task in organic synthesis.1o Although use of a chiml 

#Dedicated to Profwr Shut&hi Yamada on the occasion of his 77th birthday. 
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Lewis acid seems to be one of the mcst prospective way to solve the problem, leas progress has been made in 

this field compared with the fruitll reaulti obtained in the chim1 Lewis acid catalyxed Diels-Alder and related 

reactions.ll 

In this paper, we would like to report an eiIicient catalytic asymmetric aldol reaction of a silyl en01 ether 

with aldehydes by using a chiral tin@) Lewis acid as a catalyst.12 
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RESULTS AND DISCUSSION 

Catalytic Asymmetric Aldol Reaction 

In the previous papers, we reported a highly diastereo- and enantioselective aldol reaction of silyl enol 

ethers of thioestem with aldehydes by using a novel promoter system, combined use of stoichiometric amounts 

of tin(I1) triflate, a chiral diamine, and a tin(IV) compound (tributyltin fluoride or dibutyltin diacetate).13 

According to these reactions, optically active aldol-type adducts are easily prepared starting from both achiml 

aldehydes and silyl en01 ethers, while stoichiometric use of chiral source still remained as a problem in terms of 

practical use. In the course of our investigations to characterize the above promoter system as well as to clarify 

the mechanism of these reactions toward a truly catalytic aldol-type process, the following catalytic cycle was 

postulated (Scheme 1). 

Tin(I1) tritlate coordinated with a chiml diamine (a chiral tin@) Lewis acid) interacts with an aldehyde, and 

tin(I1) alkoxide 2 and trimethylsilyl triflate (TMSOTfl are initially produced by the attack of silyl enol ether 1 

onto the activated aldehyde. When the metal exchange between tin(I1) and silicon of the above product 2 takes 

place smoothly, the corresponding aldol-type adduct can be obtained as its trimethylsilyl ether 4 along with the 

regeneration of the catalyst. If the above mentioned metal exchange step is slow, coexisted undesirable 

TMSOTf-promoted reaction14 (to afford the achiral aldol-type adduct) proceeds to result in lowering the 

selectivity. 
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Scheme 1. The Catalytic Cycle of the Asymmetric Aldol Reaction 

Table 1. Synthesis of sytwa-Methyl+-hydroxythioesters blvent: CH2W a) 

R product yield (%) syn/anti ee (%jb) 

Ph 5 88 9347 91 

PcIPh 6 80 937 93 

p-Me Ph 7 82 78122 80 

(E)-CH,CH=CH 8 51 84116 77 

(E)-CH,(CH,),CH=CH g 62 81119 74 

CH&H,), 10 75 100/o >98 

CC,H,, 11 31 9911 74 

a) Slow addition of 1 and berualdehyde to the catalyst over 9 h at -78°C. 
b) Ee’s of syn aidol-type adducts. Enantiomeric excesses of anti aldd-type 

adducts were not determined. 

Based on these considerations, a slow addition of the substrates to the solution of the catalyst was tried in 

order to keep trimethylsilyl tritlate in as low concentration as possible during the reaction. Namely, a 
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dichloromethane solution of the silyl enol ether15 and an aldehyde were added for over 9 h to a dichloromethane 

solution of the catalyst (20 mol%). The results are shown in Table 1. As expected, aldol-type adducts were 

obtained in good yields with excellent enantiomeric excesses and high diastereoselectivities in some cases, but 

the selectivities were not so high when p-tolualdehyde, a,@unsaturated aldehydes and cyclohexanecarbox- 

aldehyde were used. 

The lower selectivities are considered to be ascribed to the incompleteness of the above catalytic cycle, 

especially the metal exchange reaction of the initially formed aldol-type adduct 2 with trimethylsilyl triflate (metal 

exchange between tin(I1) and silicon). In order to accelerate this metal exchange step, various polar solvents 

with low melting points (under -78 “C) were carefully examined by taking the reaction of 1 with benzaldehyde as 

a model, and finally propionitrile was found to be an excellent solvent (Table 2).16 The examination of the 

addition time (addition of the reactants to the solution of the catalyst) revealed that the rate of the metal exchange 

in propionitrile is faster than that in dichioromethane (Table 3). While 9 h (addition time) was necessary to attaht 

the best result in dichloromethane, comparable selectivities were achieved when the substrates were added to the 

catalyst for 3 h in propionitrile. It is noted that tin(I1) triflate is more soluble in propionitrile than 

dichloromethanet7 indicating that the coordination of the nitdle group to tin(I1) is expected to be rather strong, 

but the ligand exchange of the nitrile for the diamine smoothly took place to form the desired chiral Lewis acid by 

the addition of the chiral diamine to this propionitrile solution of tin(I1) triflate. Although tin(D) triflate is also 

soluble in tetrahydrofuran (THF) or 1,2diiethoxyethane (DME), the above aldol-type reaction did not proceed 

at -78 “C after the addition of chital diamine 3 in these solvents. 

Several aldehydes includii aromatic, aliphatic and a$-unsaturated ones, were applicable to this reaction, 

and the desired products were obtained in good yields with high selectivities (>90%ee, see Table 4). In 

particular, the lower yields or selectivities observed in the reaction of p-tolualdehyde, (E)-crotonaldehyde, (E)-2- 

hexenal, and cyclohexanecarboxyaldehyde, were remarkably improved by using propionitrile as a solvent. Hi 

selectivities were also attained even when 10 mol% of the catalyst was empl~yed.~~ 

Table 2. Effect of solvent in the Reaction of 1 with benzaldehyde aI 

SObent yield (W) synknti 88 (Oh) b, 

CH2a2 86 93/7 91 

C2WN 77 92/a 89 

VFN a4 93l7 86 

C,H,CI,-CH,CI, (1:l) 75 4915 1 0 

C,H.JYO,-CH,a, (1:l) 43 6Ol40 0 

THF 0 

DME 0 

a) SlowadcGtionofl tibenzakieh@tothecatalystover9hat-78°C. 
b) Ee’s of syn aldol-type adducts. 
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Table 3. Effect of Addition Time in the Reaction of 1 with Benzaldehyde 

addiion time (h) 
solvent : cH2CJ.z ent : C?HciCN 

yield (W SY&Ulti ee (%J) *) yield (Oh) synknti ee (O/b) *) 

0 88 53/47 48 81 70130 89 

2 85 54f48 52 79 79121 82 

3 88 58f42 57 77 9317 90 

4 84 88112 85 80 90110 89 

8 88 89111 87 74 90110 89 

9 88 9317 91 77 92/8 89 

12 72 92l8 88 75 9119 89 

a) Ee’s of syn aldol-typs adducts. 

Table 4. Synthesis of syn- a-Methyl+hydroxythioesters (solvent: QtWN) 

k product yield (O/O) synknti ee (W) *) addiion time (h) 

Ph 5 77 93/7 90 3 

PcIPh 6 83 87113 90 4.5 

p-Me Ph 7 75 89111 91 3 

(E)-CH,CH=CH 8 76 96l4 93 3 

(E)-CH,(CH,),CH=CH 9 73 9713 93 3 

CH,(CH,), 10 80 loo/ 0 >98 4.5 

%H,, 11 71 100/o >98 3 

a) Ee’s of syn aldol+ps adducts. 

The assumed transition state of this asymmetric aldo1 reaction is shown in Fig. 1. The chiral Lewis acid 

with the rigid &-fused bicyclo[3,3,O]octenc structure would be produced by the coordination of the chiral 

diamine to tin(n) triflate. Since tin(n) can accommodate fle wordiion, there still remain one vacant orbital, 

with which an aldehyde cao interact to form the five-coordinate tin@) complex19 maintaining the bicyclic 

excellent asymmetic envimmnent. The conformation of this complex is highly controlled by mutual intem&ms 

between pyrrolidyl, naphthylamino and trifhzoromethanesulfonyl groups, and n face of the aldchyde is almost 

completely shielded. The ailyl en01 ether attacks this aldehyde fnrm si face via the acyclic transition state1414 to 

afford the corresponding syn aldol-type adduct in excellent enantiomeric exccas. 
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0SiMe3 

Fig. 1. The Assumed Transition State in the Asymmetric Al&l-type Readon of 

1 with Benzaldehyde 

Comparison of the Asymmetric Environments 

In our previous work, it was found that a chin4 promoter system consisting of tin@) triflate, a chiml die 

and a tin(IV) compound such as tributyltin fluoride or dibutyltin diacetate (three components system), effectively 

promoted the asymmetric aldol reaction of silyl enol ethers of thioesters with aldehydes.13 The problem of 

stoichiometric use of the chiral source has been overcome by the use of a catalytic amount of chiral tin(n) Lewis 

acid (the two components system) according to a slow addition procedure, and then our next interest is 

concerned to the asymmetric environments created by the above two systems. 

While perfect stereochemical control was realized by using the three components system as a promoter, about 

10% loss in the selectivities was observed when the two components system was employed. Though the 

formation of the three components complex was supported by 119Sn NMR spectra of the mixture of tin(I1) 

triflate, a chiral diamine and dibutyltin diacetate in dichloromathane, 13dyh the role of the third component, the 

tin(IV) compound, in the transition state is not yet clear . It is quite a significant problem that the difference in 

the selectivity is ascribed whether to the discrimination ability of the promoter or the catalyst, or to the presence 

of competitive catalytic cycle promoted by trimethylsilyl triflate leading to the selective formation of the 

undesirable aldol-type adducts. We synthesized four chiral diamines in addition to (S)-l-methyl-2-(1- 

naphthylaminomethyl)yrrolidine 3,9bJ3gb and compared the effectiveness of the three components and the two 

components systems using the above four chiral ligands in the above aldol reaction.13i 

The reaction of the silyl enol ether of S-ethyl propanethioate 1 with benzaldehyde was carried out in the 

presence of the three components system (System A, B) or the two components system (System C). 

The results are listed in Table 5 and the followings can be noted: 1) Different diastereo- and 

enantioselectivities were observed in the reactions of using System A, B and C, respectively. 2) System B gave 

the best diastereo- and enantioselectivities in all of the present experiments. 3) The three components systems 
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PhCHO + EtS 

System A, B, or C 9” 
_ Ir 

EL -_ Ph + EtS 
-78 “C, CH& 5 

SYn antl 

System A : Sn(OTr), + chiral diamine + “B&SnF 

System B : Sn(OTfh + chiral diamine + “Bu&(OAc)n 

System C : Sn(CTfk + chiral diamine (20 md%) 

Table 5. Effect of Chiral Diamines in System A, B, or C 

chiral diamine System yield (W) syn/anti 88 (%) a) 

1 po A H 

8 0 
B 

3 C 

88 loo I 0 >98 

85 1001 0 >98 

91 941 8 93 

58 88112 42 

89 98J 4 67 

78 84116 60 

981 2 64 

3 931 7 80 

--I C 80 65135 55 

79 loo/ 0 84 

85 loo/ 0 93 

83 82118 83 

A 70 lOO/ 0 19 (-)b’ 

5 B 86 loo/ 0 97 

C 69 911 9 80 

a) Ee’s of syn aldol-type adducts. 
b) The optical rotation was observed in the opposite sense. 
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(System A and B) are superior to the two components system (System C) in the diastereoselectivities (sy&nti 

ratio). It is noteworthy to point out that, in entries 2 and 5, the enantioselectivities in System C are better than 

those in System A, and in these cases, trimethyhdlyl triflate-promoted achiral aldol-type reaction is not a main 

reason for the low selectivities. These observations iodicate that the three components system and two 

components system form different asymmetric fields in the transition states. Furthermore, these experiments 

strongly support our “double activation” hypothesis in System A134h; namely, tin(I1) tritlate activates an 

aldehyde and, at the same time, the electron~tive fluoride interacts with a silicon atom of a shy1 en01 ether. 

The screening of the chiral diammes also revealed the influence of their sttuctures on the diastereo- and 

enantioselectivities. 1-Naphthylamino group of the chiml diamine would work like a wall in the transition state 

to enhance the diastcreoselectivities (syn/anti ratio). (S)-l-Methyl-2-(5,6,7,8-tetrahydro-l-naphthyl- 

aminomethyl)pyrrolidme also worked well (entry 4), but the selectivities were decreased in the case of using 

(S)-l-methyl-2-(2-isopropyl-1-anilinomethyl)pyrrolidine (entry 3) or(S)- 1-methyl-2-(anilinomethyl)pyrrolidine 

(entry 2) as a l&and. Furthermore, 1-alkyl group of the pyrrohdine ring had strong influence on the diastereo- 

and enantioselectivities in the cases of System A and C. When (S)-1-ethyl-2-(l-naphthylaminomethyl)- 

pyrrolidine was employed as a &ii diamine (entry 5), even reverse enantioselection was observed in the case of 

System A and lower diastereo- and enantioselectivities were found in the case of System C. 

Conclusion 

The catalytic asymmetric aldol-type reaction of 1 with several aldehydes including aromatic, aliphatic, and 

a,b-unsaturated ones is successfully performed by using a chiml tin(H) Lewis acid consisting of tin(H) triflate 

and a chiral diiine. The chiral Lewis acid is easily prepared by just mixing the above two components at room 

temperature, and several synthetically valuable syn-a-methyl-o-hydroxythioesters are prepared in high optical 

purities (>90%ee) according to the present procedure. It is further noted that our result indicates the use of 

propionitrile as a solvent is quite effective in these types of reactions involving the metal exchange step for the 

regeneration of the catalyst. Moreover, the considerations of the asymmetric environments would lead us to 

design new catalyst systems containing such functions as to effectively control the asymmetric environments in 

this aldol and other carbonyl compounds related reactions. These projects are currently in progress in our 

laboratory. 

EXPERIMENTAL 

IR spectra were recorded on a Horiba FT-300 infrared spectrometer. IH NMR spectra were recorded on a 

Hitachi R- 1100 or JEOL JNR-EX27OL spectrometer, and tetramethylsilane (TMS) served as internal standard. 

HPLC was carried out using a Hitachi LC-Organizer, L-4000 UV Detector, L-6200 Intelligent Pump, and D- 

2500 Chromato-Integrator. Optical rotations were recorded on a Jasco DIP-360 digital pohuimeter. Column 

chromatography was performed on Silica gel 60 (Merck) or Wakogel B5F. All reactions were carried out under 

argon atmosphere in dried glassware. 

Dichloromethane was distilled from Pfls, then CaH2, and dried over MS4A. Propionittile was dried with 

CaH2, decanted and distilled from Pfls, then CaH2, and dried over MS4A. 

Tin(H) trifluoromethanesulfonate (tin(I1) tritlate)9d and chiral diaminest3xb were pmpared by the literature 

method. All handling of tin(H) triflate was carried out under argon atmosphere. The silyl enol ether 1 was 
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prepared according to the conventional methodl*~ (1. LDAAT-IF, -78 “C; 2. TMSCl, -78 ‘C to rt), and the z/E 

ratio was determined by III NMR. 

Optical purity of the aldol-type adducts 5-l lwas dektmined by HPLC analysis usiug Daicel Chiralcel: 5 

(AS, hexanJIPA=SO/l); 6 (the corresponding acetyl derivative, OD, hexanJIPA=SOO/l); 7 (AS, 

hexane/IpA-30/l); 8 (OD, hexaWIPA-SO/l); 9 (OD, hexanc/IPA=2OWl); 10 (the corresponding acetyl 

derivative, AD, hexatWIPA=SOWl); 11 (AD, hexane/IPA+JO/l). Absolute confgurations of these adducts 

were determined by comparkn with the autheutic samp1es.t3h 

Typical Pmccdure for the C&&MC Asymmetric Aldol Ruction 

To a solution of tin(H) trltlate (33.4 mg, 0.080 mmol, 20 mol%) in propionitrile (1 ml) was added (S)-l- 

methyl-2-(I-naphthylaminomethyl)pyrroWne (3,21.1 mg, 0.088 mmol) in propionitrlle (1 ml). The mixture 

was cooled to -78 “C, then a mixture of 1 (76.0 mg, 0.40 mmol) and an aldehyde (0.40 mmol) was slowly 

added to this solution over 3-4.5 h (see Table 4). The mixture was further stirred for 2 h, then quenched wlth 

saturated aqueous sodium hydrogen carbonate. The organic layer was separated and the aqueous layer was 

extracted with dichloromethane (three times). The combined organic layer was dried (Na$04), filtered, 

evaporated, and chromatographed on silica gel to afford the aldol-type adduct as the corresponding trhuethylsilyl 

ether. 

The trlmethylsilyl ether was treated with TIW- 1N HCI (20: 1) at 0 “C to give the corresponding alcohol. 

All the physical data of these aldol-type adducts were completely consistent with those of the authentic samples 

which we prepared previousIy.13h 

(2S,3S)-S-Ethyl 3-hydroxy-2-methyl-3-phenylpropaaethioate (5):13h [a]% +78.5 ’ (c 1.12, 

PhH) (91% ee); IR (neat) 3450, 1675 cm-l; 1H NMR (CC4) 5 1.10 (d, 3H, J=7.0 I-Ix), 1.20 (t, 3H, J=7.0 Hz), 

2.65 (br s, lH), 2.55-2.95 (m, lH), 2.80 (q, 2H, J=7.0 Hz), 5.00 (d, lH, Jw4.0 I-Ix), 7.20 (m, 5H). 

(2S,3S)-S-Ethyl 3-(4-chlorophenyI)-3-hydroxy-2-mcthylprop~ethioate (6):13h [&b 

+79.9 a (c 0.98, PhH) (93% ee); IR(neat) 3450, 1675 cm- 1; 1H NMR (CC14) 6 1.10 (d, 3H, J-7.0 I-Ix), 1.20 

(t, 3H, J=7.0 I-Ix), 2.70 (m, H-I), 2.80 (q, 2H, J=7.0 Hz), 3.00 (br s, lH), 4.95 (d, IH, J=4.0 Hz), 7.20 (m, 

4H). 

(ZS,fS)-S-Ethyl 3-hydroxy-2-methyl-3-p-tolylpropanethioate (7):13h [aIs% +83.5 o (c 1.2, 

PhH) (91% ee); IR (neat) 3450,167s cm-l; 1H NMR (CC4) 6 1.10 (d, 3H, J-7.0 I&), 1.20 (t, 3H, J=7.0 I-Ix), 

2.30 (s, 3H), 2.70 (br s, lH), 2.70 (m, lH), 2.80 (q, 2H, Ja7.0 Hz), 4.95 (d, lH, J-4.0 Hz), 7.10 (m, 4H). 

(2S,3R)-S-Ethyl 3-hydroxy-2-methyl-trans-4-hexencthioate (8):13h [a]*$-J +44.7 ’ (c 1.1, 

PhH) (93% ee); IR (neat) 3400, 1665 cm-l; 1H NMR (CC4) 6 1.20 (d, 3H, J=7.0 Hz), 1.25 (t, 3H, Jx7.0 Hz), 

1.70 (d, 3H, J=5.0 Hz), 2.35-2.75 (m, lH), 2.55 (br s, lH), 2.80 (q, 2H, Ja7.0 Hz), 4.05-4.35 (m, lH), 

5.05-5.95 (m, 2H). 

(2S,3R)-S-Ethyl 3-hydroxy-2-methyl-trans-4-octenethioate (9):13n [a]*7D+37.4 o (c 1.1, 

PhH) (93% ee); IR (neat) 3400, 1665 cm-l; 1H NMR (CC4) b 0.60-1.70 (m, 9H), 1.80-2.45 (m, 4H), 2.30 (br 

s, lH), 2.45-2.85 (m, D-I), 2.80 (q, 2H, J-7.0 Hz), 4.10-4.35 (m, lH), 5.05-5.90 (m, 2H). 

(2S,3R)-S-Ethyl 3-hydroxy-2-methyldecanethioate ( 10):lsh [U]29D +30.5 ’ (c 2.2, PhII) 

(>98% ee); IR (neat) 3450, 1680 cm-l; 1H NMR (CC4) 6 0.80-1.70 (m, 21H), 2.25 (br s, lH), 2.35-2.65 (m, 

lH), 2.85 (q, 2H, J-7.0 I-Ix), 3.45-3.95 (m, 1H). 
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(2S,3R)-S-Ethyl 3-cyclohcxyl-3-hydroxy-2-methylpentanethioate (1 1):13h [a]*$ +33.0 ’ (c 

1.1, PhH) (>98% ee); IR (neat) 3475, 1680 cm- 1; 1H NMR (CCl4) b 0.50-2.10 (m, llH), 1.15 (d, 3H, J17.0 

Hz), 1.25 (t, 3H, J=7.0 Hz), 2.25 (br s, lH), 2.75 (m, lH), 2.90 (q, 2H, Jp7.0 Hz), 3.40-3.70 (m, 1H). 

Comparison of the Asymmetric Environments 

System A : To a solution of tin(H) trlflate (0.40 mmol) and chiml diamine (0.48 mmol) in dichloromethane (1 

ml) was added tributyltin fluoride (0.44 mmol) at mom temperature. After the mixture was cooled to -78 “C, the 

silyl enol ether (0.40 mmol) in dichloromethane (0.5 ml) and benzaldehyde (0.36 mmol) in dichloromethane ( 1 

ml) was successively added. The mixture was further stirred for 3 h, then quenched with aqueous sodium 

hydmen carbonate. The organic layer was separated and the aqueous layer was extracted with dichloromethane 

(three times). The combined organic layer was dried (Na#Od), filtered, evaporated, and chromatogmphed on 

silica gel to afford the Idol-type adduct. 

System B : The same procedure as System A except using dlbutyltindiacetate instead of ttibutyltinfl~rlde. 

System C: To a vigorously stirred suspension of tin(H) trlflate (0.080 mmol, 20 mol%) in dichloromethane (1 

ml) was added chiral diamine (0.088 mmol) in dlchloromethane (1 ml). The mixture was cooled to -78 “C, then 

a mixture of the silyl enol ether (0.40 mmol) and benzaldehyde (0.40 mmol) in dichloromethane (1.5 ml) was 

slowly added to this solution over 9 h. The mixture was further stirred for 15 h, then quenched with saturated 

aqueous sodium hydrogen carbonate. After usual work up, the aldol-type adduct was isolated as the 

comspondmg trlmethylsilyl ether. 
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