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SYNTHESIS OF (4S)-HYDROXYMETHYL-(2R)-(2-PROPYL)-BUTYROLACTONE: A 
QUEST FOR A PRACTICAL ROUTE TO AN IMPORTANT HYDROXYETHYLENE 

ISOSTERE CHIRON. 

Stephen Hanessian,* Teresa Abad-Grillo and Grant McNaughton-Smith. 

Department of Chemistry, UniversitE de MontrEal 
P.O. Box 6128, Succ. Centre-ville, MontrEal, P.Q., CANADA, H3C 3J7 

Abstract:  Several approaches for the stereocontrolled introduction of a 2-propyl group into (4S)- 
hydroxymethyl-l,4-butyrolactone v/a enolate chemistry were investigated. A practical synthesis of the 
(2R)- and (2S)-isomers was developed. © 1997 Elsevier Science Ltd. 

The practical synthesis of small, versatile enantiopure molecules has become increasingly important in 

drug discovery. 1 An example of such a challenge can be found in the plethora of methods developed over the 

last decade for the synthesis of hydroxyethylene isosteres. 2 These molecules have been designed as mimics of 

the transition states in the cleavage of scissile peptide bonds by important enzymes such as HIV-protease 3 and 

renin. 4 

Enantiopure 4-hydroxymethyl butyrolactone and related derivatives have figured prominently in the 

synthesis of such motifs, 5 ultimately providing acyclic carboxylic acid derivatives harboring an amino alcohol 

functionality and an alkyl group (Figure 1). Although methylation and benzylation of the enolates generated 

from O-substituted 4-hydroxymethyl butyrolactones afford products with good anti-selectivity, 5 little is known 

concerning other more sterically demanding groups such as the 2-propyl group. Previous studies 6,7 suggested 

that the prospect of using a SN2 type nucleophilic substitution between the lactone enolate and either 2- 

iodopropane or the triflate of 2-propanol was relatively unsuitable due to steric effects. In this paper, we report 

on four approaches to develop a practical route to 4(S)-hydroxymethyl-2(R)-(2-propyl)-butyrolactone 3. 
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Nishi and co-workers 8 described a mild and efficient method for the introduction of a 2-propyl group 

into a similar lactone utilizing a cross-aldol reaction with acetone followed by a radical-mediated deoxygenation. 

Following this precedent, the lithium enolate of the protected lactone 79 was reacted with dry acetone to afford 

$ as  a 14:1 0t:l~ mixture of diastereoisomers in near quantitative yield (Scheme 1). A single recrystallisation 

gave the diastereomerically pure 8 in 92% yield. The tertiary alcohol was efficiently transformed into the oxalyl 

derivative 9 which was deoxygenated using triphenyltin hydride in toluene to afford the desired product 2 in 

89% yield as a white crystalline solid. In contrast to tributyltin hydride used by Nishi, 8 we found that 

triphenyltin hydride gave a cleaner reaction and significantly higher yields. Single crystal X-ray analysis of 2 

confirmed the stereochemistry already attributed by n.O.e studies. The TBDPS group could be readily removed 

using TBAF to generate the free hydroxy compound 3. 
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Reagents. a) LiHMDS, THF, -78 °C, lh then Me2CO, lh, 100% ; b) CICOCO2Me, Et3 N, DMAP, THF, RT, lh, 
99%; c) Ph3SnH, AIBN (cat), Tol, reflux, 3h, 89%; d) TBAF, THF, 0 °C, lh, 99%. 

Although the procedure outlined in Scheme 1 provided the intended lactone 3 in 81% overall yield in 

only four steps from 7, we wished to investigate other routes which would minimize the use of low 

temperatures and difficult to handle reagents, while reducing or eliminating chromatographic separations if 

possible. 

We next explored two other routes towards achieving these objectives. The literature records several 

examples,10,11,12 where the presence of allylic or homoallylic hydroxyl groups have contributed to the 

stereocontrolled reduction of neighboring alkenes. We, therefore, considered the prospect of utilizing the free 

hydroxymethyl at C-4 to deliver hydrogen to the 13-face of the 0t,13-unsaturated alkene in 10 (Scheme 2). 

Although the alkene was positioned one methylene group further away from the bis homoallylic hydroxyl group 

than in the known cases, it was hoped that the spacial disposition of the hydroxymethyl group would aid in 

hydrogen delivery. IH NMR studies of the trityl derivative corresponding to 7 by Koga 13 revealed that the 

hydroxymethyl appendage was located over the lactone ring rather than away from it. This unusual spacial 
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ordering was also found in the X-ray structure of 2 (Scheme 1), which was considered to be due to a 

combination of the gauche effect and intramolecular orbital mixing. 13 From this information we postulated that 

the free hydroxymethyl group would also position itself across the lactone ring, and would hopefully facilitate 

the desired stereoselective reduction. Compound 10 was prepared expeditiously from 8 by dehydration 

(POC13, py, RT), followed by removal of the TBDPS group under standard conditions (Scheme 2). Initially 

we focused on the more 

Scheme 2 

TBDPSO~I 0 
a,b,c ,. O see table 1 

7 
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Table 1 Catal),st/Support Time Pressure 6 : 3  Yield 
Ru/Carbon 72h 40psi >30:1 87% 
Rh/Carbon 48h 40psi > 3 0 : 1  99% 
Pt/Carbon 72h 40psi > 3 0 : 1  98% 
Pd/Carbon 1 Oh 40psi > 3 0 : 1  99% 

Rh+lDiphos](NBD) BF 4 3h 40psi 
Rh+lDiphosl(NBD) BF 4 8h 8(X)psi 97:3 94% 

Reagents. a) LiHMDS, THF, 0 °C, 10 min then Me2CO, 15 min, 93% ; b)POCI 3, py, RT, 2h, 89%; 
c) TBAF, THF, 0 °C, lh, 98%. 

common catalysts used for hydrogenation (Pd, Pt, Ru and Rh), either on carbon or alumina supports. All of 

these heterogeneous catalysts resulted in the selective formation of the undesired c/s-substituted lactone 6 (I]:ct 

>30:1) in good yield (87-99%). In an effort to generate more of the desired tram-substituted compound, we 

utilized the homogeneous catalyst Rh+(4-Diphos)[NBD]BF4 -12 in dichloromethane at low dilution (0.0025 M). 

Although no reaction was observed at 30 psi, the reduction occurred smoothly at 800 psi. 1H NMR analysis 

again confirmed that the overwhelming product was the cis-substituted lactone 6 (13:cx >30:1, 94%). Evidently 

the anticipated effect of the proximal hydroxymethyl group was not operative and hydrogenation occurred 

without coordination to the catalyst. 

Poss and Smyth 14 demonstrated in a similar compound that an endocyclic ot,[5-unsaturation favored 

hydroxyl-directed reduction. Several attempts to isomerize the alkene into the ring using conventional 

palladium and ruthenium catalysts or organic bases (DBU), gave only poor conversion ratios. Although this 

route did not furnish the desired trans-substituted compound 2, it did provide easy access to the C-2 epimer 6. 
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Reviewing the situation, it was clear that the preparation of the stereochemically pure cis 

diastereoisomers such as 5 and 6 could be achieved efficiently and under mild conditions, while the conditions 

used for the preparation of the trans diastereoisomer 2 generally gave a mixture of isomers. 15 Based on this 

knowledge, we embarked on another approach to generate the desired trans isomer 2 in predominance. We 

considered that if we started from D-glutamic acid as our chiral template and generated the readily accessible 

(R,R)-cis-substituted lactone 12, we could then invert the stereochemistry at C-4 utilizing an intramolecular 

Mitsunobu ring closure 16 of the corresponding hydroxy acid (Scheme 3). 

The cis-substituted lactone 12 (Scheme 3) was prepared from D-glutamic acid following the same mild 

procedure as outlined earlier for the L-series (Scheme 2). Saponification of the lactone with KOH in a 

THF/MeOH/H20 solvent system at 0 °(2 yielded the desired hydroxy carboxylate ! 4 accompanied by a small 

amount of the C-2 lactone epimer 13.17 Extraction of the aqueous medium with ether afforded the undesired 

trans-lactone 18 in 7% yield. Mild acidification of the aqueous phase with pre-washed Amberlite IR-120 (H +) 

resin gave the desired acid which was dried thoroughly over P205 under vacuum. Treatment of the acid under 

standard Mitsunobu reaction conditions (Ph3P, DEAD, THF, 0 °C) resulted in a 5:1 mixture of the desired 

product 2 (64%) and starting material 12 (13%), which could be separated by column chromatography. 

Although the desired product 2 was prepared in good yield, and highlighted the usefulness of the intramolecular 

Mitsunobu reaction to invert the C-4 stereochemistry, the method was somewhat cumbersome. 

Scheme 3 

re£ 9 
D-Glutamic acid 

TBDPS~  
.--_0 0 

13 ( 7 ° / i ) ~  

TBDPSO~_ 0 T B D P S O ~ ~ :  

~ 0 a,b,c 0 
• im D 

I I  12 ~---- 
T B D P S C ~  OH 

0 TBDPS O" K + e,f J, 12 + 
% 

14 O 2 / ~  

Reagents. a) LiHMDS, THF, -78 °(2, lh, Me2CO, lh, 97%; b) POCI3, py. rt, 2h, 85%; c) Pt-black, H2,(1 atm) EtOAc, lh, 
100%; d) KOH, THF/MeOH/H20 (4:1:1), 0°C, 13 7%; e) Amberlite IR 120 (H+), pH 4; 0 Ph3P, DEAD, THF, 12,13%; 2, 
64%. 

From the above experiments it was evident that we would have to focus our attention on a stereoinduced, 

low temperature introduction of a 2-propyl precursor unit. It was obvious that if we could stereoselectively 

incorporate a 2-propenyl group at C-2 of the lactone, then we could simply reduce the alkene to reveal the 

desired 2-propyl group. Initial attempts to introduce the 2-propenyl unit via SN2 type substitution of a 13-triflate 

at C-2 with a di-(2-propenyl)-lithiocuprate were unsuccessful. The use of a nickel assisted insertion of 2- 

bromopropene into the lithium enolate ofT, following a precedent by Rathke, 18 resulted in a complex mixture 

of products in addition to starting material being recovered. 
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Rehders and Hoppe 7 recently described the generation of an 2-propenyl group in a similar lactone 

environment by dehydrating a tertiary alcohol (PCI5 in CH2C!2, 0 °C) to afford a terminal alkene with a high 

degree of selectivity. Utilizing these conditions, 8 was expediently transformed into a 10:1 (IH NMR) mixture 

of 15 and 16 in 92% (Scheme 4). The mixture of alkenes was hydrogenated (Pd/C, H2, 1 atm) to afford a 

10:1 mixture of 2 and 5 which could be separated at this stage by column chromatography to provide the 

desired core unit 2. Removal of the TBDPS group using standard TBAF conditions, followed by 

chromatographic removal of the silanol by-product, gave the hydroxy lactone 3 in an overall yield of 72% from 

7. Although this procedure was highly efficient and short, its only flaw was the generation of the exocyclic 

alkene 16 as a by-product. 

Scheme 4 

O a .  / ~ O  + O16 ~ b . . ~ O  + O 

10: l ra t io  

Reagents.a) PCIs,CH2CI2, 0 °C, 20 rain, (15:16=10:1), 92%; b) Pd/C, EtOAc, H2 1 atm, 2 h, 95%. 

We therefore considered the possibility of generating the temlinal alkene 15 via a more selective method. 

As the aldol reaction between the lithium enolate of the lactone and acetone had proved to be efficient and high 

yielding, we considered the possibility of positioning an trimethylsilyl group on the neighboring carbon to the 

newly formed tertiary alcohol.19,20, 21 A Peterson olefination reaction, 21 would then provide the terminal 

alkene selectively (Scheme 5). 

Initially we used lactone 7 as our starting template since we could induce a concomitant formation of the 

alkene and a deprotection of the hydroxymethyl group with fluoride ion. The required l-trimethylsilylpropan- 

2-one was easily prepared from acetic anhydride and trimethylsilylmethyl magnesium chloride at low 

temperature. 22,23 Unfortunately, the cross-aldol reaction, gave only a moderate yield (63%) of 17 which was 

obtained as an inseparable mixture of diastereoisomers (11:1 ot:[3). 24 Treatment of 17 with a buffered solution 

of TBAF in AcOH resulted in the deprotection of the hydroxymethyl group only, however, the use of an excess 

of HF-pyridine in THF at ambient temperature, furnished, after chromatographic removal of the silanol by- 

product, the desired hydroxyalkene 18 as a colorless solid in a rewarding 89% yield. 1H NMR analysis of 1 8 

revealed that no isomerization or epimerization had occurred during the elimination-deprotection sequence. 

Hydrogenation of the terminal alkene in 18 under standard conditions afforded the desired product 3 in a 54% 

yield from 7. 
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S c h e m e  5 
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Reagents. a) LiHMDS, THF, -78 °C, 1 h, then 1-trimethylsilylpropan-2-one, 20 min, 63%; b) HF-py, THF, RT, 
18 h, 81%; c) Pd/C, ethyl acetate, H2,1 atm, 1 h, 96%. 

As the above reaction pathway (Scheme 5) successfully furnished 3 in high yield, we decided to 

exchange the silyl protecting group, for a benzyl group, which could be removed by hydrogenolysis at the same 

time as the reduction of the terminal alkene. 

The now highly stereoselective cross-aldol type coupling with the 1-trimethylsilylpropan-2-one led to 2 0 

as a colorless oil in an impressive 89% yield (Scheme 6). Although we knew that HF-pyridine would afford 

the desired terminal alkene 21, we also investigated other commonly used reagents for the Peterson elimination 

reaction. The use of sodium or potassium hydride in THF at 0 °(2 resulted in the production of the starting 

mono-substituted lactone 19, by a retro-aldol reaction. The use of acid (HCIO4) efficiently produced the olefin, 

but the product underwent substantial epimerization at C-2 (ocl3=3:2). The use of boron trifluoride diethyl 

etherate complex at [PC minimized this epimerization giving the alkene 21 in 94% yield (o~:~ = 9:1), while at 

lower temperatures the ratio was even better (o~:[3 = 11 : 1). However, none of the reagents were found to be as 

efficient as HF-pyridine, which rapidly generated the alkene in near quantitative yield at RT. The two 

diastereoisomers could be separated at this stage by column chromatography. Removal of both the alkene and 

the benzyl group (Pd/C, MeOH, H2, 40 psi) gave the target hydroxy lactone 3 in 72% yield from 19. 

Although low temperatures were required in order to obtain a high level of stereochemical induction in the initial 

cross-aldol reaction, the mild and selective manner by which the terminal alkene was generated combined with 

the clean and high yielding reduction-deprotection step makes this route potentially suitable for the large scale 

preparation of the desired lactone 3. 

Scheme 6 

O a O b . O c O 

~TMS ...., ,,,,, 
' OH / / ~  

19 20 21 3 
~:[~ = 11:1 

Reagents. a) LiHMDS, THF, -78 °(2, I h, then l-trimethylsilylpropan-2-one, 20 rain, 89%; b) HF-py, MeCN, RT, 
30 rain, 94%; c) Pd/~, MeOH, H2 (40 psi), 4h, 86%. 
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To summarize, we have described several viable routes to the preparation of all four diastereomers of the 

4-hydroxymethyl-2-(2-propyl)-butyrolactones. From a practical standpoint, the stereochemically pure cis- 

substituted butyrolactones were, as expected, readily prepared via a condensation-elimination-hydrogenation 

sequence, while the preparation of the corresponding trans compounds proved more challenging. Of the 

methods investigated to generate the trans-2,4-substituted butyrolactones, those methods shown in Schemes 4 

and 6 were considered to be amenable to their large scale preparation. Although both routes required an initial 

low temperature reaction, they provided the desired 5-carbon chiron 3 in high yield in only four steps from 

commercially available (R) or (S)-4-hydroxymethylbutyrolactone, with only a minimal amount of 

chromatographic purification. 

We are currently investigating the use of l-trimethylsilylpropan-2-one and related reagents for the 

introduction an 2-propyl functionality into other acyclic and cyclic carbonyl compounds. 

General experimental. 
IH and 13C NMR spectra were recorded on Broker AMX-300 and ARX-400 spectrometers in CDCI 3 

with tetramethylsilane as the internal standard. IR spectra were recorded on a Perkin-Elmer 781 spectrometer as 

solutions in CHCI3. Optical rotations were recorded on a Perkin-Elmer 241 polarimeter at ambient temperature. 

Low resolution El mass spectra were recorded on a VG Micromass 1212 spectrometer and high resolution El 

mass spectra were recorded on a AEI-MS 902 or Kratos MS-50 spectrometers. All solvents were dried by 

standard methods. Commercially obtained reagents were used without further purification. All reactions were 

monitored by tlc with Merck 60 F254 silica gel coated plates. Visualization of the reaction components was 

obtained by UV or by development using potassium permanganate or molybdenum ceric acid solutions. Flash 

column chromatography was carried out using 230-4(X) mesh silica (American Chemical Ltd), gel at increased 

pressure. 

Experimental. 
(2S)-(••Hydr•xy••-methyl-ethyl)-(4S)-tert-butyldiphenylsilyl•xymethyl-butyr•lact•ne (8). 

A solution of LiHMDS in THF (1.42 ml, 1.0 M, 1.42 mmol) was added dropwise to a stirring solution of 

(4S)-tert-butyldiphenylsilyloxymethyl-butyrolactone 7 (460 mg, 1.30 mmol) in THF (3.25 ml) at -78 °C. After 

stirring for lh dry acetone (0.114 ml, 1.42 mmol) was added. Stirring was continued for a further lh after 

which a saturated aqueous solution of NH4C1 (2 ml) and ether (10 nal) were added. Extraction of the aqueous 

phase with ether (3 x 10 ml) followed by drying (MgSO4) the combined organic phases, solvent removal under 

reduced pressure and column chromatography (EtOAc:hexane, 3:7) gave the desired product 8 (540 mg, 

100%) as a white solid, (o~:~ = 14:1). Recrystallization (CH2Cl2-hexane) gave pure 8 (497 mg, 92%): mp 78 ° 

C; [~]25 D +35.2 ° (c 0.965, CHCI3); IR (CHCI3) 3520, 1760 cm't; 1H NMR (300 MHz, CDCI3) ~ 7.69-7.63 

(m, 4H), 7.49-7.38 (m, 6H), 4.59-4.49 (m, 1H), 3.88 (dd, J = 11.4, 3.2 Hz, IH), 3.58 (dd, J = 11.4, 2.8 

Hz, IH), 3.58 (br s, 1H), 3.01 (t, J = 10.2 Hz, IH), 2.33 (ddd, J = 12.8, 10.0, 2.5 Hz, 3H), 2.15 (ddd, J = 
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13.0, 10.3, 9.1 Hz, 1H), 1.05 (s, 9H); 13C NMR (75 MHz, CHCI3) 8 178.8, 135.6, 135.6, 132.8, 132.3, 

130.0, 127.9, 127.8, 77.7, 71.1, 65.6, 50.0, 27.8, 27.1, 26.7, 25.3, 19.1; HRMS, caicd, for C24H3304Si, 

413.2148 (M++I); found, 413.2132. 

(2S)-(l-Methyl-l-oxalic acid methyl ester-ethyl)-(4S)-tert.butyldiphenylsilyloxymethyl. 
butyrolactone (9). 
Monomcthyloxalyl chloride (0.140 ml, 1.47 mmol) was added dropwise to a stirring solu6on of 8 (351 rag, 

1.34 mmol), wiethylamine (0.205 ml, i.47 retool) and DMAP (8 rag, 0.07 mmol) in THF (5 ml) at 0 °C. 

Stirring was continued for I h after which ether (20 ml) was added. The organic phase was washed with brine 

(2 x 10 ml), dried (Na2SO4) and concentrated under reduced pressure. Column chromatography 

(EtOAc:hexane, 3:7) gave the desired product 9 (664 mg, 99%) as a colorless oil; [o~]25 D +14.0 ° (c 1.00, 

CHC13); IR (CHC13) 1770 cm-1; 1H NMR (300 MHz, CDCI3) ~ 7.68-7.63 (m, 4H), 7.47-7.37 (m, 6H), 

4.63-4.57 (m, IH), 3.89 (dd, J = 13.4, 3.0 Hz, IH), 3.88 (s, 1H), 3.66 (dd, J = 13.4, 2.8 Hz, 1H), 3.58 (br 

s, 1H), 3.55 (t, J = 9,3 Hz, IH), 2.46-2.29 (m, 2H), 1.81 (s, 3H), 1.66 (s, 3H), 1.08 (s, 9H); I3C NMR (75 

MHz, CHC13)8 178.8, 135.6, 135.6, 132.8, 132.3, 130.0, 127.9, 127.8, 77.7, 71.1, 65.6, 50.0, 27.8, 

27.1, 26.7, 25.3, 19.1. 

(4S)-tert-butyldiphenylsilyloxymethyl-(2R)-(2-propyl)-butyrolactone (2). 
A solution of triphenyltin hydride (477 rag, 1.36 retool) in dry toluene (5 ml) was added at RT to a mixture of 

9 (340 mg, 0.68 mmol) and AIBN (25 mg, cat) in toluene (8.5 ml). After the addition was complete the 

reaction mixture was heated at reflux for 20 min (in the dark) followed by an additional 3h between 90-110 ° C. 

After cooling the solvent volume was reduced by half by evaporation under reduced pressure, and the 

remaining solution was chromatographed (hexane:ether, 4:1) to afford the product 2 (239 mg, 89%) as a 

colorless oil which crystallized on standing; mp 43-44 ° C; [0t]25D +13.2 ° (c 1.00, CHCt3); IR (CHCI3) 1765 

cm'l;  1H NMR (300 MHz, CDCI3) 5 7.68-7.64 (m, 4H), 7.48-7.37 (m, 6H), 4.54-4.49 (m, 1H), 3.85 (dd, J 

= 11.3, 3.4 Hz, 1H), 3.76 (dd, J = 11.3, 3.3 Hz, 1H), 2.76 (ddd, J -- 9.8, 9.0, 5.0 Hz, 1H), 2.26-2.05 (m, 

3H), 1.06 (s, 9H), 1.03 (d, J = 6.9 Hz, 3H), 0.93 (d, J = 6.8 Hz, 3H); t3C NMR (75 MHz, CHCI3) 5 178.7, 

135.5, 135.5, 132.9, 132.5, 129.8, 127.8, 77.8, 65.6, 45.5, 28.6, 26.7, 25.5, 20.4, 19.1, 18.1; HRMS, 

calcd, for C24H3103Si, 395.2042 (M ÷- 1); found, 395.2051. 

(4S)-Hyd roxymet hyl-(2R)-(2-propyl)-butyrolactone (3). 
A solution of TBAF (0.288 ml, 0.288 mmol) in THF was added dropwise to a solution of 2 (93 mg, 0.24 

retool) in THF (1 ml) at 0 °C (ice bath). After 5 rain at 0 °C the ice-bath was removed and stirring was 
continued for lh. EtOAc (10 ml) was added and the organic phase was washed with brine (2 x 5 ml) and dried 

(NaSO4). Removal of the solvent followed by column chromatography (CH2CI2:EtOAc, 4:1) gave the desired 

product 3 (36 mg, 99%) as a colorless oil: [c¢]25 o +16.8 ° (c 1.125, CHC13); IR (CHCI3) 3620, 3440, 1770 

cm-l; IH NMR (300 MHz, CDCI3) 8 4.57-4.52 (m, IH), 3.85 (ddd, J = 13.4, 6.4, 3.0 Hz, 1H), 3.62 (ddd, J 
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= 12.3, 6.1, 4.7 Hz, IH), 2.68 (ddd, J = 9.9, 8.0, 5.1 Hz, IH), 2.64 (t, J = 6.4 Hz, 1H), 2.19-2.06 (m, 

3H), 1.01 (d, J = 6.9 Hz, 3H), 0.93 (d, J = 6.8 Hz, 3H); 13C NMR (75 MHz, CHCl3) 8 179.2, 77.8, 64.6, 

45.6, 28.9, 25.3, 20.3, 20.3, 18.2; HRMS, calcd, for C8H1503, 159.1021 (M++I); found, 159.1030. 

(4S).tert.butyldiphenylsilyloxymethyl-2.(2-propylidene)-butyrolactone (16). 
Method A: 

Freshly distilled POCI3 (195 mg, 1.77 retool) was added dropwise to a stirring solution of 8 (350 rag, 0.848 

mmol) in pyridine (4.24 ml) at 0 °C. The reaction was maintained between 0-10 °C for a further 2h. Ether (30 

ml) was added and the reaction mixture was repeatedly washed with a 10% aq. CuSO4 solution. The organic 

phase was dried (Na2SO4) and concentrated under reduced pressure. Column chromatography (hexane-ether, 

4:1) gave the desired compound 16 (297 mg, 89%) as a white solid. Recrystallization (hexane:ether, 4:1) gave 

the product (273 mg, 82%) as colorless needles: [~]25D +33.2 ° (c 1.03, CHC13); mp 87 ° C; IR (CHCI3) 1745, 

1675 cm-l; IH NMR (300 MHz, CDC13) ~ 7.67-7.61 (m, 4H), 7.47-7.36 (m, 6H), 4.56-4.49 (m, 1H), 3.84 

(dd, J = 11.1, 3.6 Hz, IH), 3.68 (dd, J = 11.1, 3.4 Hz, IH), 2.94-2.77 (m, 2H), 2.26 (t, J = 2.1 Hz, 3H), 

1.87 ( t , J =  1.4 Hz, 3H), 1.02 (s, 9H); 13C NMR (75 MHz, CHCI3) ~ 170.1, 149.0, 135.7, 135.6, 135.6, 

135.5, 133.2, 132.8, 129.8, 129.8, 127.8, 119.6, 75.3, 65.7, 30.9, 29.9, 26.6, 24.4, 19.7, 19.2; HRMS, 

calcd, for C24H3tO3Si, 395.2042 (M++I); found, 395.2031. 

Method B: 

Methanesulfonyl chloride (0.690 ml, 8.92 mmol) was added dropwise to a stirring solution of 8 (920 mg, 2.23 

mmol), triethylamine (1.24 ml, 8.92 mmol) and DMAP (1.09 g, 8.92 mmol) in CH2C12 (20 ml) at RT. The 

resulting orange solution was stirred for 4h before being quenched with a saturated solution of NH4C1 (10 ml). 

The organics were extracted with CH2C12 (20 ml), washed with brine and dried (Na2SO4). Removal of the 

solvent followed by column chromatography (hexane:ether, 4:1) gave the desired compound 16 (761 mg, 

87%) as a white solid. Physical and spectral data were identical to those reported above. 

( 4 S ) - H y d r o x y m e t h y l - 2 - ( 2 . p r o p y l i d e n e ) - b u t y r o l a c t o n e  (10). 

A solution of TBAF in THF (0.19 ml, 1.0 M, 0.19 mmol) was added smoothly to a solution of 16 (50 mg, 

0.127 mmol) in THF (0.5 ml) at RT. Stirring was continued for 2h whereupon ether (20 ml) and a saturated 

aqueous solution of NH4C1 were added respectively. The organic phase was separated, washed with brine (2 x 

10 ml) and dried (Na2SO4). Solvent removal under reduced pressure, followed by column chromatography 

(CH2C12:EtOAc, 4:1) gave the desired product 10 (19.3 mg, 98%) as a waxy solid: mp 56-57 ° C; [ot]25D 

+73.4 ° (c 0.965, CHCI3); IR (CHC13) 3620, 3450, 1750, 1670 cmt;  1H NMR (300 MHz, CDCI3) ~ 4.59- 

4.51 (m, IH), 3.83 (dd, J = 12.3, 3.2 Hz, IH), 3.62 (dd, J = 12.3, 5.2 Hz, 1H), 2.94-2.83 (m, IH), 2.75- 

2.65 (m, 1H), 2.50 (br s, 1H), 2.24 (t, J = 2.2 Hz, 3H), 1.87 (t, J = 1.6 Hz, 3H); 13C NMR (75 MHz, 

CHCI3) 8 170.0, 150.8, 118.8, 75.8, 64.5, 29.0, 24.4, 19.7; HRMS, calcd, for C8Ht303, 157.0865 (M++I); 

found, 157.0874. 
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(4S)-Hydroxymethyl-(2S)-(2-propyl)-butyrolactone (6). 
A mixture of hydrogenation catalyst and 10 in dry CH2C12 (0.0025 M) were vigorously stirred under hydrogen 

(see Table 1) until tlc analysis indicated the absence of starting material. The resulting mixture was f'dtered 

through a pad of Celite and the filtrate was concentrated under reduced pressure. IH NMR of the product 

indicated that the cis isomer 6 was the major or sole product; [~]25D +71.0 ° (c 1.33, CHCI3); IR (CHCI3) 

3620, 3450, 1770 cm-l; IH NMR (300 MHz, CDCI3) 5 4.49-4.45 (m, IH), 3.92 (dd, J = 12.6, 2.8 Hz, 1H), 

3.64 (dd, J = 12.6, 5.0 Hz, 1H), 2.64 (ddd, J = 14.2, 9.1, 5.1 Hz, IH), 2.29-2.11 (m, 2H), 2.00-1.83 (m, 

3H), 1.05 (d, J = 6.9 Hz, 3H), 0.93 (d, J = 6.8 Hz, 3H); 13C NMR (75 MHz, CHCI3) 8 177.7, 78.2, 63.8, 

46.6, 27.6, 24.9, 20.5, 18.1; HRMS, calcd, for C8H1503, 159.1021 (M++I); found, 159.1030. 

(4R)-tert-Butyldiphenylsilyloxymethyl-(2R)-(2-propyl)-butyrolactone (12). 
A mixture of platinum-on-alumina (100 rag) and (4R)-tert-butyldiphenylsilyloxymethyl-2-(2-propylidene)- 

butyrolactone (prepare as 16) (1.048g, 2.66 mmol) in EtOAc (10 ml) was stirred under a 1 atmosphere 

pressure of hydrogen for 2h. Filtration of the mixture through a pad of Celite followed by concentration gave 

the desired product 17 (1.05g, 100%) as a white solid: mp 57-58 ° C; [O~]25D -30.4 ° (c 1.00, CHCI3); IR 

(CHCI3) 1767 cm-I; 1H NMR (300 MHz, CDCI3) ~ 7.76-7.66 (m, 4H), 7.49-7.36 (m, 6H), 4.48-4.40 (m, 

1H), 3.90 (dd, J = 11.5, 3.6 Hz, IH), 3.76 (dd, J = 11.5, 4.2 Hz, 1H), 2.63 (ddd, J = 14.0, 9.1, 4.9 Hz, 

1H), 2.29-2.19 (m, 1H), 2.17-1.98 (m, 2H), 1.08 (s, 9H), 1.05 (d, J = 6.9 Hz, 3H), 0.93 (d, J = 6.8 Hz, 

3H); 13C NMR (75 MHz, CHCI3) 5 177.8, 135.6, 135.5, 133.0, 129.8, 127.7, 77.9, 64.4, 46.6, 27.5, 

26.7, 25.2, 20.6, 19.2, 18.1; HRMS, calcd, for C24H3103Si, 395.2051 (M++I); found, 395.2055. 

Preparation of (2) by Mitsunobu inversion: 
An aqueous solution of potassium hydroxide (0.270 ml, 1.0 M, 2.70 mmol) was added slowly to a stirring 

solution of 17 (107 mg, 2.70 mmol) in THF-H20-MeOH (4:1:1,3 ml) at 0 °C. Stirring was continued at 0 °C 

(5-8h) until tic analysis indicated the absence of starting material. The resulting solution was then extracted with 

ether (3 x 5 ml) to remove the C-2 epimer 13 (7.3 mg, 7%). Pre-washed Amberlite IR-120 resin (H +) and 

CH2C12 (20 ml) were added to the aqueous phase until pH~4 was attained. The mixture was vigorously stirred 

for 30 min after which the mixture was filtered and the aqueous phase was repeatedly extracted with CH2C12 (5 

x 10 ml). The combined organic phases were dried (Na2SO4) and solvent was removed under reduced 

pressure. The residue was further dried over P205, under reduced pressure, for 1 h. to afford the crude ¢o- 

hydroxy acid intermediate (104 mg, 0.252 mmol) as a viscous oil. The residue was dissolved in THF (3 ml), 

the solution was cooled to 0 °C, and triphenylphosphine (66 mg, 0.252 mmol) was added followed after -2-3 

min by the dropwise addition of DEAD (0.039 ml, 0.252 mmol). The faint yellow solution was stirred for a 

further 30 min. Evaporation of the solvent followed by column chromatography (hexane:ether, 8:1) gave 2 (69 

mg, 64%); [C¢]25D +13.2° (c 1.00, CHCI3) and 12 (13.5 mg, 13%); [¢t]25D-30.4° (c 1.03, CHC13). 
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(4S)-tert.Butyldiphenylsilyloxymethyl.(2S).(2-propenyl)-butyrolactone (15) 
PCI5 (29 rag, 0.139 mmol) was added dropwise to a solution of 8 (52 rag, 0.126 mmol) in CH2C12 (2 ml) at 0 ° 

C. After 10 min a saturated aqueous solution of NaHCO3 (10 ml) was added and the organics were extracted 

with CH2C12 (4 x 10 ml), dried and removed of solvent. Elution of the crude product through a short silica 

plug (hexane:ether, 4:1) followed by solvent removal gave a 10:1 inseparable mixture of 15 and 16 (45.8 mg, 

92%); For the major product 2 (trans 2-propenyl): IR (CHC13) 1765 cm-l; IH NMR (400 MHz, CDCI3) 8 

7.70-7.66 (m, 4H), 7.47-7.39 (m, 6H), 5.01 (p, J = 1.4 Hz, IH), 4.95 (d, J = 0.9 Hz, 1H), 4.63-4.57 (m, 

IH), 3.91 (dd J = 3.2, 11.4 Hz, IH), 3.71 (dd, J = 3.1, 11.4 Hz, 1H), 3.57 (gt, J = 0.6, 9.5 Hz, IH), 2.47- 

2.26 (m, 2H), 1.83 (dd, J = 0.8, 1.3 Hz, 3H), 1.68 (s, 9H); 13C NMR (75 MHz, CHCI3) 8 177.0, 140.3, 

135.6, 135.5, 132.8, 132.3, 129.9, 127.8, 114.7, 77.9, 65.4, 47.6, 29.4, 26.7, 26.0, 19.1. 

(4S)-tert-Butyldiphenylsilyloxymethyl-(2R).(2-propyl)-butyrolactone (2). 

Pd-C (40 mg) was added to a solution of 15 and 16 (46.0 mg, 0.116 mmol) in CH2C12 (2 ml) and a 1 

atmosphere pressure of hydrogen was applied for 1 h. Filtration of the mixture through Celite followed by 

solvent removal and column chromatography (hexane:ether, 4:1) gave the desired product 2 (40.0 mg, 86%) 

and the cis isomer 5 (3.6 mg, 6%) as colorless oils. Physical and spectral data were identical to those reported 

above. 

( 4S)-tert-Butyldiphenylsilyl•xymethyl-( 2S)-( ••hydr•xy- •-methyl-2-trimethyIsilyl-ethyl)- 

butyro lac tone  (17). 

LiHMDS (0.31 ml, 0.31 retool) was added to a solution of 7 (100 rag, 0.28 mmol) in THF (5 ml) at -78 ° C. 

After 1 h l-(trimethylsilyl)-propan-2-one (0.062 ml, 0.396 mmol) was added rapidly followed after 20 rain by 

a saturated aqueous solution of NH4CI (1 ml). The organics were extracted with ether (2 x 10 ml) and dried 

(Na2SO4). Removal of the solvent followed by column chromatography (hexane:ether, 1:1) gave the desired 

product 17 (89 mg, 63%) as a colorless oil (a:13 = 11 : 1). 

Major product (tram isomers):IR (CHCI3) 1765 cm'l; 1H NMR (400 MHz, CDCI3) 8 7.68-7.64 (m, 4H), 

7.47-7.33 (m, 6H), 4.59-4.51 (m, IH), 3.90-3.84 (m, 1H), 3.66 (dd, J = 11.4, 3.0, 1H), 3.00 (ddd appears 

as dt, J = 10.1, 5.7, 1H), 2.40-2.04 (m, 3H), 1.30-1.28 (m, 3H), 1.08 (s, 9H), 0.98-0.82 (m, 2H), 0.10 (s, 

9H); 13C NMR (75 MHz, CHC13) 8 179.5, 179.1, 135.6, 135.6, 132.7, 132.7, 132.4, 132.3, 130.0, 127.8, 

77.8, 77.6, 73.8, 73.8, 65.6, 52.7, 51.9, 30.4, 28.3, 27.3, 26.8, 26.1, 19.1, 0.6, 0.4; HRMS, calcd, for 

C27H4004Si2, 485.2543 (M++I); found, 485.2508. 

Minor product (cis isomers):lH NMR (400 MHz, CDC13) 7.68-7.64 (m, 4H), 7.47-7.33 (m, 6H), 4.47-4.40 

(m, 1H), 3.90-3.84 (m, 1H), 3.74 (dd, J = 11.6, 3.9, 1H), 2.86 (ddd appears as dt, J = 12.6, 9.2, 1H), 2.40- 

2.04 (m, 3H), 1.30-1.28 (m, 3H), 1.08 (s, 9H), 0.98-0.82 (m, 2H), 0.10 (s, 9H). 

(4S)-(Hydroxymet hyl)- (2R)-(2-propenyl)-butyrolactone (18). 
HF-pyridine (1 ml) was added to a stirring solution of 17 (80 rag, 0.165 retool) in THF (2 ml) at (P C. After 

40 min the reaction was allowed to warm to RT and stirring was continued for a further 10 h. The reaction was 
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quenched by pouring it into a 1:1 mixture of EtOAc and a saturated aqueous solution of NaHCO3 (30 ml) 

followed by vigorous stirring for 20 min. The organic phase was separated, dried (Na2SO4) and concentrated 

under reduced pressure. Elution of the crude product through a short silica plug (hexane:EtoAc, 7:3) followed 

by solvent removal gave a mixture of the desired product 18 and its C-2 epimer (a:13 = 11:1) (21 mg, 81%) as 

a colorless solid; Major product (trans isomers):IR (CHCI3) 1765 cm-l; tH NMR (300 MHz, CDCI 3) 5.00 (m, 

1H), 4.94 (m, IH), 4.65-4.62 (m, 1H), 3.92 (dd, J = 12.5, 2.9 Hz, 1H), 3.67 (dd, J = 12.5, 3.7 Hz, 1H), 

3.44 (ddd, J = 9.6, 7.2, 0.7 Hz, IH), 2.41-2.22 (m, 3H), 1.82 (dd, J = 1.3, 0.9 Hz, 3H); 13C NMR (75 

MHz, CHCI3)8 177.1,140.1, 114.3, 78.8, 64.2, 47.6, 30.0, 20.3; HRMS, calcd, for C8H1203, 155.0706 

(M+-I); found, 155.0911. 

(4S)-Hyd roxymethyl-(2R)-(2-propyl)-butyrolactone (3). 
Hydrogen (1 atm) was applied to a mixture of 10% Pd-C (20 mg) and 18 (100 mg, 0.64 mmol) in ethyl acetate 

(1 ml) for 1 h, after which the mixture was filtered through Celite. Solvent removal gave 3 (96 rag, 95%) as a 

colorless oil. Physical and spectral data were identical to that reported above. 

(4S)-(Benzyloxy-methyl)-(2S)-( l  -hydroxy-1 -methyl-2. t  r imet hylsilyl-et hyl ) -butyro lac tone  

(20). 
LiHMDS (0.625 ml, 0.625 mmol) was added to a solution of 19 (100 mg, 0.521 mmol) in THF (5 ml) at -78 ° 

C. After 1 h 1-(trimethylsilyl)-propan-2-one (0.114 ml, 0.73 mmol) was added rapidly followed after 20 rain 

by a saturated aqueous solution of NH4CI (l ml). The organics were extracted with ether (2 x 10 ml) and dried 

(Na2SO4). Removal of the solvent followed by column chromatography (hexane:EtOAc, 7:3) gave the desired 

product 20 (142 mg, 89%) as a colorless oil (~:13 = 11:1). 

Major product (tram isomers):IR (CHCI 3) 1765 cm-t; 1H NMR (400 MHz, CDCI3) 8 7.38-7.28 (m, 5H), 

4.65-4.51 (m, 3H), 3.75-3.45 (m, 3H), 2.99 (t, J = 10.0 Hz, 0.5H), 2.93 (t, J = 10.0 Hz, 0.5H), 2.34-2.12 

(m, 2H), 1.29 (s, 1.5H), 1.26 (s, 1.5H), 1.04-0.85 (m, 2H), 0.1 (s, 4.5H), 0.08 (s, 4.5H); 13C NMR (75 

MHz, CHCI3)8 179.3, 179.0, 137.5, 137.4, 128.5, 128.4, 127.9, 127.8, 127.7, 127.6, 76.7, 76.5, 73.8, 

73.6, 71.6, 71.5, 52.2, 51.1, 30.5, 28.2, 27.8, 27.5, 26.9, 26.3, 0.4, 0.4; HRMS, calcd, for C18H2704Si, 

335.1678 (M+-I); found, 335.1710. 
Minor product (cis isomers):lH NMR (400 MHz, CDCI3) 8 7.38-7.28 (m, 5H), 4.65-4.51 (m, 3H), 3.75- 

3.45 (m, 3H), 2.84 (dd, J = 9.3, 12.2 Hz, IH), 2.34-2.12 (m, 2H), 1.29 (s, 1.5H), 1.26 (s, 1.5H), 1.98- 

1.65 (m, 2H), 0.1 (s, 4.5H), 0.08 (s, 4.5H). 

(4S)-(Benzyloxy-methyl)-(2R)-(2-propenyl)-butyrolactone (21). 
HF-pyridine (200 I.tl) was added dropwise to a stirring solution of 20 (200 mg, 0.60 mmol) in acetonitrile (10 

ml) at 0 ° C. After 10 min the reaction was allowed to warm to RT and stirring was continued for a further 30 

min. The reaction was quenched by pouring it into a 1:1 mixture of EtOAc and a saturated aqueous solution of 

NaHCO3 (30 ml) followed by vigorous stirring for 20 rain. The organic phase was separated, dried (Na2SO4) 
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and concentrated under reduced pressure. Elution of the crude product through a short silica plug 

(hexane:ether, 1:1) followed by solvent removal gave the desired product 21 (138 mg, 94%) as a colorless oil, 
(a:l~ = 11:1). 

Major product (trans isomers):lR (CHCI3) 1760 cm-l; 1H NMR (400 MHz, CDCI3) 8 7.39-7.31 (m, 5H), 

4.99 (p, J = 1.3 Hz, 1H), 4.95-4.93 (m, 1H), 4.68-4.64 (m, 1H), 4.61 (d, J = 12.0 Hz, 1H), 4.55 (d, J = 

12.0 Hz, 1H), 3.769 (dd, J = 10.7, 3.4 Hz, 1H), 3.60 (dd, J = 10.7, 3.9 Hz, 1H), 3.46 (t, J = 9.2 Hz, IH), 
2.37-2.29 (m, 2H), 1.82 (dd, J = 1.12, 0.8 Hz, 3H); 13C NMR (75 MHz, CHC13) 8 176.9, 140.45, 128.5, 

127.8, 127.6, 114.5, 73.6, 71.5, 47.3, 29.8, 20.2; HRMS, calcd, for C15H1903, 247,1334 (M++I); found, 

247,1343. 

(4S)-Hydroxymethyi - (2R)-(2-propyl ) -butyrolac tone  (3). 

Hydrogen (50 psi) was applied to a mixture of 10% Pd-C (10 rag) and 21 (100 rag, 0.04 mmol) in methanol (1 

ml) for 4 h, after which the mixture was filtered through celite. Solvent removal gave 3 (56 rag, 94%) as a 

colorless oil. Physical and spectral data were identical to that reported above. 
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