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Abstract: Additions of silyl enol ethers 3, 6, and 8 to chiral /3-formyl esters 1 in the presence of TiCl, 
provide trans-y-lactones 4, 7, and 9 in high yield and with good to excellent diastereofacial selectivity. 
This high truns-preference is due to effective chelate-control involving seven-membered ring l-TiCl, 
complexes. 

Chelate-controlled additions of organ0 titanium and other Lewis acidic reagents to chiral carbonyl 
compounds’ are generally governed by alkoxy or amino groups 23 We could recently demonstrate that . 

easily available chiral /?-formylcarboxylates l4 smoothly react with organometallics R2-Met such as 
allylsilanes/riC1,5~6, MeTiC136, cupratesSv7, and Grignard compounds’, to give y-lactones 2 after acidic 

workup. 

CO,Me 
1) R*-Met + w 
2) H30’ 

Rid 

1 trans-2 cis-2 

Due to the involvement of seven-membered ring chelates, which was proved unambiguously by 

NMR spectroscopy in certain example@, the trans-diastereomers of 2 are formed with moderate to 
excellent selectivity. They result from preferential R2-Met anti-additions with respect to Ri (anti-cram 
selectivity8 for R’ = Me). In this paper we report our results employing silyl enol ethers as nucleophiles 
under Mukaiyama’s conditions’, which provide functionalized y-lactones with high diastereoselectivity. 
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RESULTS 

Silyl enol ether 3 served as model compound for studying the infhrence of substituents R’ and of 
reaction conditions on the diastereoselectivity. As depicted in Scheme 1, nucleophile 3 added to alde- 
hydes la-ld in the presence of titanium tetrachloride to give y-lactones &-4d after acidic treatment in 
very good yield and with good to excellent trans-selectivity. 

0 1) TiCI 

l-i 
v 

C02Me 
CH&I,,-40°C 

R’ 2) OSiMes 
-+f_Y”++yYo 

- Rid R’ 

la-d -. - 
3 
-k 

3) HJO@ 

trans-40-d -- cis-40-d -- 

R’=Me 91% 77:23 

R’ = Et 92% 89:ll 

R’= i-Prop 96% >99: 1 

R’=Ph 71% 92: a 

Scheme 1 

The additions of 3 to 1 in the presence of TiCl, are complete at -40°C whereas lower temperatu- 
res can lead to insufficient conversion to 4. Extended treatment of products 4 with strong acid causes 
equilibration as was proved with Q1’, however, under the reaction conditions of workup this process 
is negligible. Thus, the trans/cti ratios as given in Scheme 1 represent the diastereofacial selectivities in 
the primary addition step of 3 to 1. The tram-preference improves with increasing size of substituent 
R’, plausibly because chelate-control and “normal” diastereofacial control cooperate for larger substi- 
tuents such as i-Prop and Ph”. 

Other Lewis acids are inferior compared with TiCl,. Tin tetrachloride gave a 57 : 43 ctMa/t7am- 

4a mixture (81 % yield), while with boron trifluoride even a stronger &selectivity (cis-4a/trans-4a = 

66 : 34, 78 % yield) was observed. BF, is not capable of forming chelates and therefore this last result 
should reflect the inherent selectivity of BF,-complexed la. The lithium enolate of pinacolone (equiva- 
lent to 3) is moderately trans-selective (tranAa/cMa = 60 : 40, tetrahydrofuran as solvent, 73 % yield) 
and the titanium enolate 5 - generated from pinacolone according to Evans et al.” - is rather unselec- 
tive. 
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H 
+,,,,, 

10 - 76%. traw-4a; 53:47 cis- 40 - - 

Upon employing phenyl-substituted G&l enol ethers @a&, we found that the degree of substitu- 
tion at the nucleophile is of minorimpoatance (Scheme 2) Ah thsoe cosnpounds added to aldehyde la 
with very high trans-selectivities proui&ag y-lactones 7a-7rtin go& yields. Prochiral nucleophile 6e gave 
four diastereomers of 7c, but probab&this ratio does notrepmt ffie cniginal “simple” diastereoselec- 
tivity because of possible epimerizatmn (Y to the carbonyi m during acidic workup. 

1) Ti& 
R3 U4 

“$f,cpo + 

CO,Me 
CH,CI,,-4o"c 

* 
2) R3 OSiMe3 - X 

R’ Ph 
tram-~-c la - 6a-6c -- 

3) H,O@ 

a RJ=R’=H - 

b R3= R’=& 

C - R3=Me, R’=H 

cis-70-c -- 

82% 92: 8 

91% 96: 4 

94% 90: 10 (56:34:6:4) 

Scheme 2 

Afdehyde lc and silyl enol ether 8 provided two isomers of y-lactone 9 in a ratio of 82 : 18. 

According to the NMR data, which serve as criteria for all structural assignments of y-lactones de- 
scribed herer3, both compounds have rruns-configuration and must therefore be epimeric at the 
exocyclic stereogenic centre. Future experiments have to be designed in order to control the simple 
diastereoselectivity of these additions without epimerization of the primary adducts. This should allow 
the stereocontrolled synthesis of compounds with three consecutive stereogenic centres. 
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1) TiCI., 

CH,CIp,-40’C 

x 

-C02Me 
_ - 

2) j - 
,OSiMe, 

from-$ (82: 18) 

3) H,O@ 65% 

Finally, an experiment with aldehyde 10 as electrophile confirmed that the 1,3-induction in these 

chelate-controlled Mukaiyama reactions is weak 6,‘. Addition of silyl enol ether 3 provided a translcis = 

52 : 48 mixture of y-lactones 11 in high yield. 

0 I 1) TiCI, J. 1 

&‘&I M 
CH,CI,,-40“C 

^ P 
--L’-- 

10 - 

2) 3 
3) H,O@ 

83% trans- 1 1 52:48 cis- 1 1 - - 

CONCLUSION 

These first results with silyl enol ethers as nucleophiles illustrate that chiral B-formyl esters 1 are 
suitable substrates for chelate-controlled additions. The formation of seven-membered ring chelates 
with titanium tetrachloride as the Lewis acid14 and 1 as a bidentate ligand strongly enhances diastereo- 
selectivity and makes available 4,5disubstituted y-lactones with high tram-preferences. Since P-formyl 
esters 1 are also accessible as enantiomerically enriched compounds”, this approach to interesting 
functionalized y-lactones should be of importance in asymmetric synthesis. 

EXPERIMENTAL 

For general information see ref!. GC analyses were performed with a Varian 3300 gas chromato- 
graph equipped with a fused-silica DB-1701 capillary column (15 m). Starting materials la-ld see ref.4; 
the silyl enol ethers were prepared by standard methods 16. TiCl, was distilled under nitrogen; dichloro- , 

methane was distilled from CaH, and stored over molecular sieves. All reactions were executed in a 
flame-dried flask under a slight pressure of nitrogen. Solvents and liquids were added by syringe. 
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General Procedure for Synthesis of y-Lactones: To a solution of aldehyde 1 (2.00 mmol) in dichloro- 
methane (10 ml) TiCl, (2.00 mmol) was added at -60°C. The yellow suspension was warmed up to 
-4WC within 15 min and the silyl enol ether (3.00 mmol, dissolved in 7 ml of CH,Cl,) was slowly added. 
After 1 h at -40°C cont. hydrochloric acid (2 ml) was added, the cooling bath was removed and the 
mixture was stirred for 30 min. Extractive workup (H,O/CH,Cl,), drying (Na$O,), and evaporation of 
solvent provided the crude products which were further purified by Kugelrohr distillation and/or 
chromatography. The ratios of isomers did not change during purification. 

4,5-Dihydro-4-methyl-5-(3,3-dimethyl-2-oxobu~l)-2(3H)-furanone (4a): 0.361 g (91 %) as colourless oil 
(llO°C/O.O1 Torr); trans : cb = 77 : 23 (GC analysis). 

4-Ethyl-4,5-dihydro-5-(3,3-dimethyl-2-oxobut-2(3H)-furanone (4b): 0.389 g (92 %) as partially cry- 
stalline oil (140°C/0.02 Torr); frans : ck = 89 : 11 (GC analysis). 

4,5-Dihydro-4-isopro~1-5-(3,3-dimethyl-2-oxobu~l)-2(3H)-furanone (4~): 0.435 g (96 %) as colourless oil 

(125WO.02 Torr); trans : cis > 99 : 1 (GC analysis). 

4,5-Dihydro-5-(3,3-dimethyl-2-oxobu~l)-4-phenyl-2(3H)-~ranone (4d): 0.371 g (71 %) after recrystalliza- 

tion (from ten-butyl methyl ether) as colourless crystals (170°C/0.01 Torr; m.p. 87-92’C); trans : cis = 
92 : 8 (NMR analysis). 

4,5-Dihydro-4-methyl-5-(2-phenyl-2-oxoethyl)-2(3H)-furanone (7a): 0.357 g (82 %) after chromatography 

(SKI,, hexane/ethyl acetate 1 : 1) as colourless crystals (m.p. 78-82°C); frans : cis = 92 : 8 (NMR ana- 
lysis); m.p. of pure tram-‘la 87°C (from pentane/ether 2 : 1). 

4,5-Dihydro-4-methyl-5-(2-methyl-3-oxo-3-phenyl-2-propyl)-2(3H)-furanone (7b): 0.449 g (91%) as colour- 
less oil (17OYJO.02 Torr); trans : cis = 96 : 4 (GC analysis). 

4,5-Dihydro-4-methyl-5-(3-oxo-3-phenyl-2-proW1)-2(3H)-furanone (7~): 0.439 g (94 %) as colourless oil 

(160-19OYYO.02 Torr); trans : trans’ : ck : CIY = 56 : 34 : 6 : 4 (NMR and GC analysis). 

4,5-Dihydro-4-isoproWI-5-(4,4-dimethyl-3-oxo-2-~n~l)-2(3H)-f uranone (9): 0.313 g (65 %) as colourless 

crystals (lSO’C/O.O2 Torr; m.p. 78-80°C); tram : trans’ = 82 : 18 (GC analysis). 

4,_~-Dihydro-3-methyl-5-(3,3-dimethyl-2-oxobu~l)-2(3H)-furnnone (11): 0.330 g (83 %) as colourless cry- 
stals (11O”C/O.O2 Torr; m.p. 36-39°C); tram : cis = 52 : 48 (GC analysis). - 13C NMR (CDCl,, 75.5 
MHz), trans-11: S = 212.1, 178.9 (2s, C=O), 74.3 (d, C-5), 44.2, 26.0 (s, q, t-Bu), 42.0 (t, 5-C), 37.4 
(t, C-4), 35.6 (d, C-3), 14.9 (q, Me); &s-11: S = 212.2, 179.5 (2s, C=O), 74.3 (d, C-5), 44.1, 26.0 
(s, q, t-Bu), 41.5 (t, 5-C), 35.4 (t, C-4), 33.8 (d, C-3), 15.8 (q, Me). 
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Reactian+f 7&k&m JDabkzte~5with~ Ia: Acaxding to ref.12, a solution of pinacolone (OL?OO.g, 2.00 
~XUQI) intihlloromethane (1Ctml@as treated with TiCl, (2.90 mmol) at -78%. After 2 min ethyl- 
diisop~ine (&31&g, 2.40 mmol) was added and the resulting winered solutionwasstirred for 
Mlrat %W. AIdkhyde,la (0.312 g, 2.40 mmol) was slowiy added via syringe, after stirring for 1.5 h 
,at 17&T sulfuric acid (2 ,ml, 5O%)-was added, and the mixture was worked up as described in the 
gene&procedure. The,crude product-was distilled (11O’Y!/0.01 Torr) and further purified bykomato- 
graphy (SO,, pentan4ethyl acetate 5 : 1) to provide a.302 g (76 %) of 4a; frans : ch = 53 : 47 

Analytical Data of yi-Lactones 4a-d, 7a-q 9, and 11 

(GCanalysis). 

Ilb 

7a 

IR (film, cm-‘) 
I 

Formula 

(Mw) 

2970,2940,2880 (C-H), CllH1803 
1775, 1705 (C=O) (198.3) 

2960,2930, 2870 (C-H), C,,H2@, 
1775, 1700 (C=O) (212.3) 

2960, 2930, 2870 (C-H), C,,H,P, 
1770, 1700 (C=O) (226.3) 

3040, 2980, 2940, 2880 (C-H), C,,H200, 
1775, 1705 (C=O) (260.3) 

3080, 2960, 2900 (C-H), C,,H,‘lO, 
1780, 1675 (C=O) (218.2) 

Elemental Analysis 

Calcd. C 66.63 H 9.15 
Found C 66.50 H 9.21 

Calcd. C 67.89 H 9.49 
Found C 67.64 H 9.54 

Calcd. C 68.99 H 9.80 
Found C 68.92 H10.00 

Calcd. C 73.82 H 7.74 
Found C 73.83 H 7.79 

Calcd. C 71.54 H 6.47 
Found C 71.59 H 6.47 

Calcd. C 73.15 H 7.37 
Found C 72.68 H 7.51 

Calcd. C 72.39 H 6.94 
Found C 72.00 H 6.95 

Calcd. C 69.96 H10.06 
Found C 69.65 H10.02 

Calcd. C 66.63 H 9.15 
Found C 66.42 H 9.22 
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13C-NMR Data of y-Lactones 4a-d, 7a-c, and 9~(CDCl,, 75.5 MHg 6 values) 

5687 

129.0, 127.8, 127.2 (s, 3d, Ph) 

Ph), 21.9, 21.1, 21.0 (3q, Me) 
131.3, 128.4, 127.7, (3d, Ph), 

Ph), 19.5, 15.2 (2q, Me) 

” NgnalS tIIarkw are interchangeable wthm the lme 
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‘H-NMR Data of y-Lactones 4a-d, 7a-c, 9, and 11 
(CDCI,, 300 MHz, S values; values given in brackets: coupling constants in Hz) 

5-H 

(dt) 

5-CH 

(dd) 
5-CH 3-H 4-H Other Signals 

traw4a 4.57 3.01 1.17 (d, 8.5 Hz, 4-Me), 
159 71 [7.5, 17.51 1.16 (s, t-Bu) 

2.83-2.61 (m) 2.39-2.16 (m) 
ck-4a 4.96 3.08 0.96 (d, 7 Hz, 4-Me), 

15.5, 71 [6.5, 181 1.18 (s, t-Bu) 

trans-4b 4.65 3.01 1.16 (s, t-Bu) 
]5, 71 [7, 17.51 

2.76-2.61 (m) 2.39-2.06 (m) 1.63, 1.42, 0.96 
(2m,, t, 7.5 Hz, 4-Et) 

cis-4b 5.03 (9) 3.04 1.17 (s, t-Bu) 
16.51 [7, 17.51 

trans-4c 4.78 3.00 2.73 (dd) 2.64 (dd) 2.09 1.79, 0.95, 0.94 

15, 71 [7, 17.51 [5, 17.51 [9.5, 181 (m,) (act, 2d, 6.5 Hz, i-Prop), 
2.33 (dd) 1.15 (s, t-Bu) 
[7.5, 181 

trandd 5.00 3.06 2.65 (dd) 2.95 (dd) 3.42 (td) 7.42-7.25 (m, Ph), 
[3.5, 8.31 [8.3, 17.31 [3.5, 17.31 [8.3, 17.61 [8.3, 10.41 1.12 (s, t-Bu) 

2.77 (dd) 
[ 10.4, 17.61 

c&Id 5.19 (ddd) a a 2.39 (dd) 3.90 (ddd) 7.08-7.00 (m, Ph), 
]5, 6, 91 19, 18.51 13, 6, 91 0.87 (s, t-Bu) 

tram7a 4.74 3.49 3.21 (dd) 2.74 (dd) 2.41 (m,) 8.00-7.42 (m, Ph), 
15.5, 71 [7, 171 [5.5, 171 [8, 171 1.22 (d, 6.5 Hz, 4-Me) 

2.25 (dd) 
[8.5, 171 

&7a 5.15 3.53 3.26 (dd) 2.25 (dd) 8.00-7.42 (m, Ph), 
l7.5, 61 [6, 17.51 [7.5, 17.51 [2, 16.51 1.00 (d, 7 Hz, 4-Me) 

2.94-2.77 

(m) 
1 
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5-H 5-CH 

(dt) (dd) 
5-CH 3-H 4-H Other Signals 

- rarw7b 4.54 (d) - - 2.75 (ddj 2.45 7.75-7.35 (m, Ph), 

[51 [9.5, 181 (m,j 1.40, 1.33 (2s, Me), 

2.16 (dd) 1.16 (d, 7 Hz, 4-Me) 

[5.5, 18] 
b 

runs-7c 4.47 (dd) 3.87-3.59 - 2.73 (dd) 2.34 8.01-7.35 (m, Ph), 

[5, 81 (m) [8.5, 17.51 (m,) 1.36 (d, 7 Hz., Me), 

2.16 (dd) 1.14 (d, 7 Hz, 4-Me) 

[6.5, 17.51 

runs-7c’ 4.54 (dd) 3.87-3.59 - 2.76 (dd) 2.53 8.01-7.35 (m, Ph), 

[6.5, 7.51 (m) 19, 17.51 (m,) 1.26 (d, 7 Hz, Me), 

2.22 (dd) 1.19 (d, 6.5 Hz, 4-Mej 

1.08 (d, 7 Hz, 4-Me), 

0.93, 0.92 (2d, 7 Hz, Me) 

1.75 (act, 7 Hz, 4-CH) 

1.27 (d, 8 Hz, 3-Me) 

a Signals hidden by those of the major isomer. 

b Signals of the minor isomer cti-‘lb: S = 4.95 (d, 7 Hz, S-H), 1.00 (d, 7 Hz, 4-Me). 

’ Signals of the minor isomers ck-7c, cis-712’: S = 4.83 (dd, 5, 10 Hz, 5-H), 4.80 (dd, 5, 10 Hz, 5-H). 
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