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Abstract: Kinetic resolution via enzyme catalyzed hydrolysis under neutral canditions was lluccessfuny applied to 
rxemic methyl cis-3chlcxome&yl-2-tetrahydmfumnc&o xylate. (1). The highest seleclivitics were attained with the 
enzymes acylase-I (E = 51) and achymtxqpsin @ = 28). The optically active methyl ester recoveced ia both c89es 
was (+)-(2&3R)l. The hydrolysis product spontaneously cycliied under tbc nacdon axulitioas 00 Ihe biiyclic kxone. 
(-)-(3aR ,6aR)-9, which was obtained enantiapu~ after one recrystakation. The X-ray crystal shuctlne analysis of (-)- 
9 allowed the determination of its absolute conEguration 

INTRODUCTION 

The application of enzymes in organic synthesis for gaining access to enantiomerically pure compounds is 

now well established.**2 probably the most actively studied group of enzymes are the hydrolytic enzymes, 

which, operating without the need for coenzymes, have proved to be very useful. Pig liver esterase (PLE) is a 

particularly well-documented example showing broad substrate specificity and high stereoselectivity? 

In the course of our work on cyclization reactions of a-alkoxyacetic ester radicals, a facile synthesis of 3- 

substituted 2-tetrahydrofurancarboxylic esters (e.g. 1) was developed.4*5 To enhance the utility of these 

products we then investigated the possible resolution of 1 by using enzymatic hydrolysis. Recently, several 

structurally related cyclic esters have been shown to be successfully resolved by hydrolytic enzymes. Thus, 
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carbocycllc esters 2 (n = 0 and 2) and 3 were hydrolyzed with high selectivity by using PLR.‘j Interestingly, 

hydrolysis of cyclopensane derivative 2 (n = 1) with PLR occurred with low selectivity.6 Meso-2,5- 

teuahydrofuranyl diester 4 and related diesters were monohydrolyxed with moderate selectivity by using PLE 

and porcine pancreatic lipase (PPL).’ 3-Tetrahydrofurancarboxylate 5 was successfully resolved by using 

Candida cyiindracea 1ipase.l Details of our study of the enzymatic hydrolysis of 1 arc rcpmted herein. 

RESULTS 

Racemic methyl 3-&lommethyl-2-tetrahydro~ xylate (1) was pqamd using the radical transfer 

cyclixation method with copper(I) chlotide/2,2’-bipyridine as the catalyst5 (eq 1). The cyclixation precursor 7 

wasmadeinthreestepsfmm commercially available 3-buten-l-01 in 63% overall yield. Reaction of this alcohol 

with methyl glyoxylateg gave an unstable hemiacetal, which was directly acetylated to 6 in the usual way. 

Conversion of 6 to chloride 7 was readily accomplished by treatment with excess of ace@ chlotide and 

hydrogen chloride in ether. Cyclization of 7 with the copper(I) chloride,Q,2’-bipyridine catalyst5 gave methyl 3- 

chloromethyl-2-teuahydrofurancarboxylate (1) in 75% yield (c~/zratts = 6436). along with a small amount of 

6-e& cyclization product 8 (7%). While 8 was readily removed, complete chromatogmphic separation of the 

cishzns isomers of 1 was difficult. The enzymatic hydrolyses of 1 were performed with material which 

contained at least 80% of the c&isomer (see experimental). Only the kinetic resolution of cis-1 will be 

considered. We suppose that the presence of some of the nans-isomer will not influence the course of the 

hydrolysis of the &-isomer, although product analysis and purification were somewhat compromised. 

1) tvleO,CCHO, CH&X, HCI, A&l. ether 

‘-OH 
2) AcsO, DMAP (cat) ‘-0 

pyridine 6 

7’ 
(eqj) 

/@-OffC02Me cucbbpy (cat) 

1,2diiloroethane J$E2Me + cL02Me 

7 1 (cisrrrans = 6436) 8 

Ten different enzymes were tested for their activity in the hydrolysis of 1. In this screening, a 1:l 

cishram mixture of racemic 1 (0.10 g. 0.56 mmol) in 0.01 M KH$O4 buffer (5 mL) of pH 7 was treated with 

the different enzymes. A clear drop in the pH of the mixture (to pH 2-3) was noted in the case of a- 

chymotrypsin (Merck), lypoxym (NOVO), acylase-I (A-2156. Sigma) and PPL (G3126. Sigma),‘O imkating 

catalytic activity. These four enzymes were selected for further investigation. 

The enzymatic hydrolyses of racemic 1 were carried out in a phosphate buffer at pH 7 at room temperature 

(eq 2). In the case of the acylase and lipase reactions, toluene was admixed to create a two-phase system. The 

pH was maintained at 7 by addition of 1 N aqueous NaOH fmm an autotitrator. After termination of the reaction 

by quenching with aqueous HCl, a mixture of optically active 1 and optically active bone 9 was isolated by 

extraction at pH 2. Lactone 9 is formed after hydrolysis of the ester by spontaneous intramolecular substitution 
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of chloride in the cis-3chloromethyl-2-teIrahydrofuran-carboxylate.6 This lactone could be easily scpara&d 

from ester 1 by using chmmatography. From the cidmm mixture of 1, small amounts of optidly active cis- 

ester 1 were obtained pure by using chromatography. The f~~~isomer could not be obtained pare and will not 

be further considered. 

d Cl 

0 C02Me 

racemic cis-1 

achymotrypsin 
c 

(+)- (2S,3R)-1 (-)-(3aMaR)-9 

The results of the enzymatic kinetic resolution of I with the diffmnt enzymes are summarkd in Table I. 

The ee of cisester 1 was determined by using the chiral shift reagent Eu(hfc)3 (see experimental). Lactone 9 

was obtained as a solid. One single recrystallization of the lactone from the athymohypsin reaction (entry 1) 
led to beautiful crystals (mp 55-56 %J, [CC]~ -84.4 (c 0.6, CHCl$, which appeaA suitable for X-ray analysis 

(Figunz 1). This X-ray study not only proved the bicyclic structure, but also allowed the assignment of the 

absolute configuration to (-)-9 as being (3aR,6aR). Consequently, the recovered methyl ester from the a- 

chymouypsin reaction (+)-c&l must be assigned as (2S,3R). 

Table I. Enzyme catalyzed hydrolysis of racemic 1. 

rscemicl 

entry cisbam enzyme 

rati0 

fecoverai cis-1 

w absolute yieMb ee 

C-fig. 

lactone9 

absolllte ykldb opic.al convgsionc Ed 

COlltig. purity 

1 El:19 a-chymohypsin 0.76 (+)-(S,R) 38% 86% (->(R,R) 35% 82% 0.51 28 

2 9O:lO iiCyhfA 0.52 (+>(S,R) 40% 90% (-)qCR) 12% 88% 0.51 51 

3 El:19 PPL 0.69 (+)-(S,R) 34% 40% (->(R,R) 10% 74% 0.35 10 

4 >95: 5 ‘YPOW 0.83 (-)-Q?.S) 43% 56% (+)_(SJ) 5% 72% 0.50 11 

aNumberofequiv.ofbaseadded.bConectedfa~~(~>1.~bwntheec’sdlactoneZandnmainingciscstu1: 
conversion (c) = [ee(S)~e@S)mqP)l. dIhis enantiometic ratio E is cslculated from the equatianz E = In (l-c(ltee@J)/ln (I-C+ 

c@P)) ) and provides a m- of the enzyme’s abiity to discriminate between the two enantiomers of he subsuare? 1 

DISCUSSION 

Table I shows that &ester 1 is a good substrate for all four enzymes. Enzymatic hydrolysis with a- 

chymotrypsin, acylase and porcine pancreatic lipase (PI%, entries l-3) gave rise to the formation of (-)&tone 

9 and (+)-c&ester 1. On the other hand, the use of lypozym (entry 4) gave (+)-&one 9 and (-)&-ester 1. 

Thus, use of the app@ate enzyme allows access to either enantiomer of both ester and lactone. The results 

obtained from the hydrolysis of racemic 1 with achymotrypsin and acylase-I were satisfactory, with ee’s of 
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both unchanged ester and lactone above 80% and enantiomeric ratio’s of 28 and 51. respectively. indicating a 

moderate to good selectivity of the enzyme in disctiminating between the two enantiomers of the substrate. 

For a-chymotrypsin and PPL, yields of lactone 9 corrected for conversion were 69% and 42%. For 

lypoxym and acylase-I the corrected yields were much lower, i.e. only 10% and 22%. The relatively high 

solubility of the lactone in water (as derived from chemical hydrolysis of 112) in combination with the 

possibility of complexation to the enzyme may account for these results. A similar solubility problem has been 

described for the enxyme-catalyzed hydrolysis of Smethoxy-3carbomethoxyteuuhydmfuran.* The conversion 

based on the volume of base added is not in agreement with the chemical yields of ester and lactone. The actual 

uptake of base is higher than would be expected for hydrolysis (even if the hydrolysis of the minor rrans- 

isomer is accounted for), esuccially in the case of lypoxym. This extra base consumption may be explained as a 

result of the acidity of the enzyme solution itself; a solution of lypoxym in water showed a pH of 5. 

n 

Figure 1 Chem3DTM perspective view of the crystal 
structure of lactoue (-)-(3aR,6aR)-9. 

In conclusion, enl*ltioselective hydrolysis of racemic methyl cis-3-chloromethyl-2-tetrahydrofuran- 

carboxylate (1) by using four different enzymes provided access to optically active &-substituted ester 1 and 

optically active bicyclz lactone 9. The highest enantioselectivities were obtained with acylase-I and a- 

chymotrypsin. The use of lypozym led to an excess of the optical antipodes, but with lower selectivity. 

Application of the methodology described herein in natural product synthesis, e.g. avenaciolide and 

congeners13, will be pubShed in due course.*2 

EXPERIMENTAL 

General information. Infrared (IR) spectra were obtained from chloroform solutions using a perkin 

Elmer 298 spectrophotqlrreter. Proton nuclear magnetic resonance (lH NMR) spectra were determined in CDC13 

as solvent using a Brnker AC 200 (200 MHz) or a Bruker WM 250 (250 MHZ) instrument. These machines 

were also used for the t$C NMB (APT) spectra (SO MHz and 63 MHZ) in CDCl3 solutions. Chemical shifts am 

given in ppm downftel&from tetramethylsilane. Mass spectra and acoumte mass measurements were carried out 

using a VG Micromau ZAB-2HF instrument. Optical rotations were measured with a Perk&Elmer 241 

polatimemr. Rf values wexe obtained by using thin layer c hmmamgqhy (TLC) on silica geld plastic 

sheets (Merck silica gel 60 Fm) with the indicated solvent (mixtum). WC pnifbth x&m to 

flash chromatographyt4 using Merck silica gel (230-400 mesh). Melting and boiling points ate uncormcmd 

CH2Cl, and C!lCH&B 2Cl were distilled from P205 and kept under an atmosphere of dry nitrogen. Dry I$0 
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was distilled under an atmasphexe of dry nitrogen from sodium benzophenone ketyl prior to use. Reactions 

under a dry nitrogen atmosphere wa performed in flamed&d glassware. Copper@ chlozide was purified 

according to a literature proeedu&. a-Chymotrypsin was a product of h&r&, acylase-I (A-2156) and porcine 

pancreatic lipase (L-3 126) were products of Sigma, and lypozym was a pmduct of NOVO. 

Methyl CL(3.butenyl).a-acetoxyglycolate (6). In a dry nitrogen atmosphere, freshly m 

methyl glyoxylate9 (10.21 g, 0.121 mol) was added to a solution of 3-buten-l-01(8.68 g, 0.121 mol) in 60 mL 

of dichloromethane. After being stirred for 3 days, the mixture was concentrated in vucuo. The residue was 

taken up in 100 mL of pyridine, andDMAP (catalytic amount) and acetic anhydride (17.1 mL, 0.181 mol) were 

added. After being stirred for 3 h. the mixture was concentrated in VUCUO, treated with toluenc, and again 

concentrated in vacua (this, procedure was repeated 3 times). The residue was distilled to give 6 (15.41 g, 76.3 

mmol, 63%) as a eolourless oil after distillation (62 QWKB mm Hg). IR 3075, 1745, 1635, 1435 and 1365 

cm-l. ‘H NMR (200 MHz) 6 2.16 (s, 3 H, AC), 2.39 (q. J= 6.8 Hz, 2 H, =CHW& 3.80 (s, 3 H. OMe), 

3.64-3.90 (m, 2 H, OCH& X03-5.15 (m, 2 H, =CH2), 5.69-5.86 (m, 1 H, -CH=), 5.98 (s, 1 H, OCHO). 

Methyl O-(3.butenyl)-a-chloroglycolate (7) Hydmgen chloride was passed through a solution 

of6 (l.l84g,5.86nnnol)inl2mLofdryetherandl2mLoffreshlydistilledacetylchlorideatO’Cfor0.5h. 

Evaporation of the volatiles gave chloride 7 (1.040 g. 5.84 mmol, 100%) as a slightly yellow oil. IR 3075, 

2950, 1760, 1635. 1435 and 1295 cm-l, lH NMR (200 MHz) 6 2.44 (qt. J4 = 6.7. Jt = 1.3 Hz, 2 H, 

=CHW$, 3.64 (dt, Jd= 9.5. Jr = 6.9 Hz, 1 H, OCH$, 3.85 (s, 3 H, OMe), 4.02 (dt, Jd= 9.5, J, = 6.9 Hz, 

1 H, OCHz), 5.06-5.18 (m, 2 H, =C!H& 5.69-5.90 ( m, 1 H, -CH=), 5.83 (s, 1 H, OCHCl). 13CNMR (So 

MHz) 6 32.8 (=CHC&), 52.9 (OMe), 69.5 (OCHi), 88.2 (OCHCl). 117.2 (=CH& 133.4 (-CH=), 165.4 

(C=O). 

Copper(I) chloride catalyzed cyclization of 7. In a Qy nitrogen atmosphem, 2,2’-bipyridine 

(2.85 g, 18.3 mm011 and copper(I) chloride (1.81 g, 18.3 mmol) were added to a solution of chloride 3 (10.84 

g, 60.90 mmol) in 120 tnL of 1.2-dichloroethane. The reddish lxown solution was refluxcd for 2 days. After 

evaporation of the solvent in V(ICI(O, chromatography (EtOAc/hexanes = 1:6) gave as the first fraction a 8317 

mixture of the cis and trans isomer of methyl 3-chloromethyl-2.tetrahydrofurancarboxylate (1) as a 

colourless oil (5.42 g, 30.4 mmol, 50%), Rf = 0.30 and 0.25 (EtOAc/hexanes = 1:6). IR 2950, 2880, 1740, 

1435,137O and 1290 cm-‘. Spectroscopic data for the cis isoma: ‘H NMR (m MHz) 6 1.97 (dq, Jd= 12.7, 

J4= 7.9 Hz, 1 H, H-4), 2.23 (ddt, Jd= 12.5, Jd= 7.6, JI = 4.9 Hz, 1 H, H-4). 2.77-2.93 (m, 1 H, H-3), 3.39 

Wd, J= 11.0, 8.6Hz, 1 H, CH@), 3.59 (dd, J= 11.0, 6.0, Hz, 1 H, CJ&Cl), 3.75 (s, 3H, OMe), 3.91 (q, 

J=7.7Hz, 1 H, H-5),4.20 (dt,Jd=4.7, J,=8.3Hz, 1 H,H-5),4.50(d,J=7.5Hz, 1 H,H-2). 13CNMR 

(63 MHZ) 6 29.83 (C-4), 43.45 (CH#l), 45.06 (C-3), 51.86 (OMe), 68.17 (C-5). 78.64 (C-2). 171.14 

GO). Spectroscopic data for the &zns isomer: ‘H NMR (200 MHz) 6 1.79-1.96 (m, 1 H, H-4), 2.12-2.20 

(m, 1 H, H-41, 2.68-2.84 (m, 1 H, H-3), 3.59 (dd. J = 11.1. 6.7 Hz, 1 H, CH$l), 3.71 (dd, J= 11.1, 6.0 

Hz, CH$l), 3.76 (s, 3 H, OMe). 3.98-4.05 (m, 2 H, H-5), 4.29 (d. J = 5.6 Hz, 1 H, H-2). l3C NMR (63 

MHz) 6 29.97 (C-41, 45.95 (CH$l). 46.15 (C-3), 52.12 (OMe), 68.67 (C-5), 79.28 (C-2), 172.48 (c--O). 

MS @I, 70 eV) 178 (M+. 31, 177 (M+-H, 33). 119 (M+-CQMe, 100). Accurate mass for M+-H 177.0326 

(caled for ~H&$l 177.0318). The second fraction consisted of a 78:22 mixture of 1 and tetrahydmpyranyl 
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ester 8 (3.43 g, 19.3 mmol. 32%). According to ‘H NMR, the cis/trans ratio for 1 in this fraction was 27:73. 

General procedure for the enzyme catalyzed hydrolysis of ester 1. The following procedure 

is representative. The enzyme was added to a rapidly stirred suspension of 1 in 0.005 M KH#O4 buffer of pH 

7 at 21 ‘c. The pH was maintained at 7 by pH stat-controlled addition of 1 N aqueous NaOH. The reaction was 

allowed to proceed until, the desired extent of hydrolysis, as determined by the volume of base added had been 

achieved. The pH of the mixture was then adjusted to 2 by addition of 6 N HCl. EtOAc (30 mL) was ad&d, 

and the mixture was filtetcd over silica. After separation of the organic layer, the aqueous phase was extracted 

with EtOAc (3 x 25 mL). The combined organic layers were dried (Na#Oq> and concentrated in vacxw to yield 

a mixture of ester 1 and lactone 9. Separation of this mixture was accomplished by chromatography 

(EtOAc/hexanes = 1: 1 to 21). The ee of k-1 was determined as follows. To a solution of racemic &-ester 1 

(ca. 5 mg) in CDCl, (0.5 mL) was added 60 pL of a 0.04 M solution of tris[3-(heptafluoropropyl 

hydroxymethylene)-(+)-camphorate] europium(lII) [Eu(hfc),] (99%. Aldrich). The homodecoupled lH NMR 

spectrum of this mixture (double resonance, irridiation at 2.8 ppm, H-3) gave sepamtion of the two singlets for 

H-2 of the two enantiomers (at 4.70 and 4.80 ppm). Integration of the these singlets showed a clear 1:l ratio for 

racemic 1. The ee of the optically active &esters 1 could be determined in this way. The optical purity of 9 

was based on the [o]D of enantiomerically pure lactone 9. obtained via reerystallixation (vi& wu). 

a-Chymotrypsin catalyzed hydrolysis of 1. Hydrolysis of racemic 1 (1.23 g. 6.91 mmol, 

cis/fra.~ = 81:19) in 24 mL of the buffer with a-chymotrypsin (0.20 g) gave after a base consumption of 0.76 

equiv (15 h) and chromatography (+)-(2s, 3R)-1 (0.094 g, 8% yield, 86% ee). [u]~ +20.3 (c 1.5, CHCl$. 

Rf 0.75 (EtOAc/hexants = 1:l). The second fraction consisted of a 78:22 mixture of cls- and uans- ester 1 

(0.362 g, 29%), R, 0.75 and 0.70 (EtOAc/hexanes = 1:l). The third fraction consisted of lactone 9 (0.245 g, 

28% yield, optical purity 82%), [a],, -69 (c 1, CHC13). Rf0.20 (EtOAc/bexanes = 1:l). Recrystallization from 

d&isopropyl ether gave enantiomerically pure (-)-(3aR, 6aR)-tetrahydrofuro[3,4-)lCuran-6(4H)-one 

(9): mp 55-56 P, [a]D -84.4 (c 0.6, CHC13). IR (CHC13) 2980, 2910.2870, 1775, 1475, 1445, 1375,1225, 

1170,1080,1015 and 970 cm -l. tH NMR (200 MHz) 6 1.81-1.96 (m, 1 H, H-3), 2.18-2.36 (m, 1 H, H-3), 

3.11-3.27 (m, 1 H, H-3a), 3.75-3.87 (m, 1 H, H-2), 3.96-4.07 (m, 1 H, H-2), 4.14 (dd,J= 9.8, 3.1 Hz, 1 

H, H-4), 4.51 (dd, J = 7.6, 9.8 Hz, 1 H, H-4), 4.63 (d, J = 10.0 Hz, 1 H, H-6a). 13C NMR (50 MHz) 6 

32.87 (C-3), 38.50 (C-3a), 68.78 (C-2), 71.43 (C-4), 77.63 (C-6a), 175.20 (C=O). Anal. calcd. for C&I&: 

C, 56.25; H, 6.29. Found: C, 56.18; H, 6.35. 

Determination of the crystal structure and absolute configuration of (-)-9 by X-ray 

analysis.16 Orthorhombic crystals, p2t2,2t, a = 5.1494 (5). b = 10.4332 (6). c = 11.5129 (8) A. V = 

618.53(g) As, z = 4, pcalcd = 1.38 g/cm3, F(OO0) = 272. A crystal with dimensions 0.05 x 0.30 x 0.65 mm 

was used for data collection on an Enraf-Nonius CAD-4 diffractometer at room temperature with graphi- 

monochromated CuKa radiation (X = 1.5418 A, p = 9.0 cm-l) and ro29 scan. A total of 2461 reflections was 

measured within the range -6 S h 5 6, -12 5 k S 12. -13 $1 s 14. Of these, 2357 were above the significance 

level of 2.50(I). The maximum value of sin(O)/h was 0.61 A-1. Two reference nflections [12(-3). 0321 were 

measured hourly and showed no decrcasc during the 30 h collecting time. There were 1137 unique nflections; 

the rest of the observed reflections were used in the determination of the absolute configuration. Unit-cell 
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parameters were refined by a Ieast-squares fitting procedure using 23 reflections with 82’ c 29 < 90’. 

Co~~~tim for L~~u.z and polarization effects were applied. The structure was &exl by &CCC Methods. The 

positions of the hydrogen atoms were calculated. Full-matrix least-squams refinement on F, a&otmpic fbr the 

non-hydrogen atoms and isotropic fm the hydrogen atoms, with a tied tetllperanrre factor of U = 0.15A2, 

restraining the latter in such a way that the distance to their carrier remained constant at mximately 1.09 A, 
converged to R = 0.054, R, = 0.064, (A/Q,.,, = 0.52. A weighting scheme w = (6.72 + FOl,a + 

0.0038*F0,,~2)-1 was used. An empirical absorption comtion (DIFABS17) was applied, with cueffici~ts in the 

range of 0.69-1.38. The secondary isotropic extinction coefficient18~1g refined to G = 0.09(l). The abalute- 

structure pararneteGO refined to x,, = 0.07(6), thus indicating the correct enantiomorph A final diffmnc.e 

Fourier map revealed a residual electron density between -0.4 and 0.3 d-3. Scat&ng factors were taken from 

Cramer and M.an*l. Ail calculations were performed with XIX?. 

Acylase-I catalyzed hydrolysis 1. Hydrolysis of racemic 1 (1.23 g, 6.91 mmol, cwm= 9O:lO) 

in 23 mL of the buffer with acylase-I (0.21 g) gave after a base consumption of 0.83 equiv (15 h), (+)-(a, 

3R)-1 (0.372 g, 30% yiehl, Z&O% ee), [a], +23.4 (c 1.3, CHCI,). a 65:35 mixture of cis and m ester 1 

(0.109 g, 9%), and lactone (-)-(3aR, 6&Z)-9 (0.092 g, 10% yield, optical purity 88%), [ajD -74 (c 0.65, 

CHCI,). 

Porcine paltcrcatic Iipasc cataIyzed hydrolysis of 1. Hydrolysis of racemic 1 (1.044 g, 5.86 

mm& cti/l?um = 81: 19) in 22 mL of the buffer and 7 mL of toluene with PPL (0.10 g) gave after a base 

consumption of 0.52 equiv (5 h), (+)-(2.5, 3R)-1 (0.050 g, 5% yield, 40% ee), [aJl-, +9.51 (c 1.1, CHCl$. 

The second fraction ma&ted of a 82: 18 mixture of cis and tr~lts ester 1 (0.282 g, 27% yield). The third 

fraction was (-)-(3aR, 6aR)-9 (0.058 g, 8% yield, optical purity 74%), [czjl-, -62.4 (c 1.85, CHC1+ 

Lypozym catalyzed hydrolysis of 1. Hydrolysis of race& 1 (0.87 g, 4.90 mmol, c&m = 

>95:5) in 18 mL of the buffer and 5 mL of toluene with lypozym (1 ,O g) gave after a base consumption of 0.69 

equiv (16 h), (-)-(2R, 3$)-l (0.378 g, 43% yield, 56% ee), [aID -13.2 (c 10.4, CHCl,) and (+)-(3aS, 6aS)-9 

(0.030 g, 5% yield, optical purity 72%), [aID +60.4 (c 1.2, CHCl$. 
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