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Kinetic Resolutions Concentrate the Minor Enantiomer and Aid 
Measurement of High Enantiomeric Purity. 

Gzdtan Camn, George W.-M. Tseng, and Romas J. Ka.zlauskas* 

Abstract: Althoughmanymethodscanm~ureenantiomericpurity,onlyafewcanmeasurehigh 
enantiomenc purity, >!B% ee. because in most methods the signal for the major enantiomer 
overwhelms the signal for the minor enantiomer. We use a kinetic resolution to concentrate the 
minor enantiomer into rhe product and thereby extend the ability of all existing techmques to 
measure high enantiomeric purity. The original enantiomeric purity is calculated using the 

enantioselectivity of the kinetic resolutton and the extent of conversion. We vtified this method 
with samples of (IS)-menthol using an acctylation with vinyl acetate catalyzed by lipase fmm 
Candida rugosa. The enantiomeric purities determined by capillary gas chromatography directly 
and after kinetic resolution agreed for samples with 90-99.96 ee. Error analysis suggests that tbe 
usual accuracies for conversion and enantiomeric ratio are sufficient for accurate determination of 
enantiomenc purity with this method. In another example, we used a kinetic resolution followed 
byasimple optical rotation measutcmcnt toaccumtelyquantify98.54 eeforacommercial sample 
of(S)-(+)-6methoxy-omethyl-2-naphthalecacid(naproxen).Thus. tbiikmeticresolution 
method allows simple techniques such as optical rotation to measure high enantiomeric purity. 

The growing apprecmtion for the differing biological effects of enantiomers has increased interest in the 

synthesis and analysis of enantiomerically-pure materials, especially those with high enantiomeric purity, >98% 
ee. For example. the (R)-enantimner of a Japanese beetle pheromone attracts male beetles, while the (S)- 
enantiomer interferes, even as a 1% impurity.1 Thus, pheromone researchers must accurately measure the 
enantiomericpurityoftheirsamples. New regulatoryguidelinesrequireresearchersinthepharmaceuticalindustry 
to measure the biological effects of each enantiomer.2 Traces of the minor enantlomer can mask the effects of the 
major enantiomer, especially when measuring the absence of a biological effect. For example, the enantiomers of 
a-@chlorophenoxy)propionieacidshow oppositeeffecbon thechlondeconductance,anda 1.5% impurityof the 
more potent (R)-enantiomer can distort the effect of the (S)enantiomer.3 Manufacturing labs must also measure 
high enantimneric purity to control quahly. Syntheticchemists must measure high enantiometic punty during the 

development of new enantloselectlve reacuons. Even natural product rhctmsts measure the enanbomeric purity 
d Isolated samples due to the growmg teahzat~on that many natural products are not ensntiomerically-pur.4 

Most methods to detennrneenantiometicpmity are not suitable for samples with high enantiomeric purity, 

S3% ee.5,6 Optical rotation methods would require high chemical purity and better than 0.1% precision to 
measurethislevelofen;tntiomericpurity.Methodsthat r~uirederivatizationoftheunknown withachiralreagent 

are hmited by the enantiomeric purity of the chin4 reagent, possible racemization during the derivatization 
reaction, as well as possible kinetic resolution during the derivatization reaction. 
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Figure 1. Kinetic resolution of an (S)-enantiomerenriched sample with an enzyme that favors the (R)- 
enantiomer. a) Schematic of the kinetic resolution. The (R)-enantiomer reacts faster; thus, the reaction 
enric~thepraluctinthe(R)-e~tianerrelali~lothestartingmaterial.b)Hypotheticalc~Mn~~ms 
to measure the enantiameric purity of the initial starting material, (e~~.a)~, and the prcduct after kinetic 
resdution, eep Accurate integration of @as)0 may be difficult because the major peak overlaps the 
minor peak. The enantiomeric purity of the product, eep is lower and therefore easier to measure. 

The most convenient methods to determine high enantiomeric purity are chmmatographic methods (HPLC 
or GC) using chiral stationary phases. When the resolution factor’ is ~1.5, these methods can measure 
enantiomeric purities of 98% ee, that is, 1% of the minor enantiomer.s Capillary GC often gives even higher 
resolution factorsallowing routine measurement of99.!??bee. 4b~gHowcvcr. with many chromatographicnethods, 
the resolution factor is ql.5, causing the minor peak tooverlap the major peak, and making accurate integration 
difficult. This problem is most severe in chromatography when aminorpeakappearson the tail of the majorpeak. 

Another convenient method to measure enantiomeric purity is NMR with chiral shift reagentsto In 
favorableeases, thismethodcanmeasureenantiomericpunlies>99%ee, 11 but the resolution and detection limits 
vary with each compound. 

Other methods to determine high enantiomeric purity are less convenient. Radiotracer methods reqmre 
isotopicallylabeledstandards.eEnzymicmethodsrequireperfectly enantioselectiveenzymes, whichareavailable 
only for a few compounds, mostly amino acids. Using this method, workers measured enamiomeric purities as 
high as999t3% eel2 forL-alanineandL-9erineandas highas99BCeeforseveraI otheraminoacids. Calorimetric 
methods detect a low-melting eutectic mixture caused by the presence of impurities and require a crystalline 
sample.~Although researchers measured&i9.9% ee with this method, 13 itdoes notdistinguishbetweenchemical 

and enantiomeric purity. 
In this paper we describe a method, based on an enzymic kinetic resolution, lo concentrate the minor 

enantiomer into the product, Figure 1. This sieving removes much of the major enantiomer and extends the 
detection Iimtt of existing methods to determine enantiomenc purity. The enantiomeric purity of the original 
material can be calculated from the cnantioselectivity of the sieving enzyme, the degree of conversion, and the 
enantiomeric purity of the product. Thts method does not require perfectly enanttoselecttve enzymes. 

RESULTS 

Whenan(R)-enantioselectiveenzymeactsonasamplecon~ningboth(R)-and(S)enantiomers,itennches 
the product with (R)-enantiomer. For an irreversible reaction that follows Michaelis-Menton kinetics, eq 1 gives 
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the relative rate of reaction of the two enantiomers (v&s), where (~&K&R and (L&K& represent the 
specificity constants and m] and [S] represent the concentrations of the fast- and slow-reacting enantiomem, 

(1) 

respectively.14 Theratioof the specificity constants is theenantiomeric ratio, E. This equation is the stingpoint 
for all quantitative analyses of kinetic resolutions. 

At a low extent of conversion, the ratio of enantiomers in the product, w]I[S’], IS given approximately by 

eq 2, where [R],J[S], represents the initial ratio of the twoenantiomers in the starting material. This expression 
shows that the rcaolution enriches the product in (R)-enantiomer by approximately a factor of E. 

(2) 

Tlus equation shows that akmehcrrsolutionennches theproductfraction with ihe favouredenantiomer by 
a factor of E. This cnrichmcnt can conccntratc a small amount of Ihe minor enantiomer into the product fmcuon 
This concentration prccedure can extend thedetection limitof the minorenantiomerbya factor of Mormore. For 
example, if lhe deteclion limit of lhe minor enanliomer 18 1 paTt in M or %.l% ee,5 then the maximum value of 
E that can be accurately measured is -50. A kinetic resolution with an enzyme that has an enantiomeric ratio of 

5Oemiches the product fraction in the minor enantiomer by a factor of50; thus the new detection limit is 1 pan 
in (50)2 or 99.92% ee. Similarly, if the original detection limit is 1 parl m 200 or 99.0% ce. thenconcentration of 
the minor enaotiomer with a kinetic resolution can extend the detection limit to I part in (2CO)* or 99.995% ee. 

Chen, et aL’S derived an exact form of cq 2 by Integration of eq 1 and substitution of experimentally 
measurable variables: (ee&,, the initial enantiomeric palily of the starting material: e-+ the enantiomeric purity 
of the prcduct fraction; and c, the extent of conversion, eq 3. We use this equation for all the quantitative analyses 

in this paper. We calculated the unknown, (ee,), by an &raUve solution of eq 3 using mensured values of eep and 
c and a value of E determined in a separate experiment. Note that this equation describes kinetic resolutions that 
favour the minor enantiomer in the starting material. To describe kinetic resolutions that favour the major 
enantiomer,replacethe exponent l/E by E 

(IS)-Menthol 
Totestthe accuracy of thesieving method, wecompared theenantiomericpurity of samples of ( lS)-menthol 

(unnatural menthol) determined directly to the enantiomeric purity measured by sieving with a kinetic resolution. 
The sieving reaction was an enantioselcctive acetylation of menthol with vinyl acetate catalyzed by lipase from 
Candida rugma (CRL), eq 4. This reaction favored (lR)-menthol, thereby concentrating (lR)-menthol m the 
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product, menthylacetate. Theenantioselectivity(enantiomericmtiol5)for thisreaction was71+6,similartoother 
esterifications16 or transesterifications l7 .t* of menthol in organic solvents. Hydrolysis of menthyl acetate m 
aqueous solution was less enantioselective. l7 We chose vinyl acetate as the acetylation reagent to ensure that the 
reaction was irreversible. as required by the assumptions made to derive eq 3. 

Capillary gw chromatography using a Chiraldex G-TA column (modified y-cyclcxlextrin stationary phase) 
resolved the enantiomem of both menthol and menthyl acelale. Figure 2a The resolution factor for menthol was 
2.0. allowing direct meawrement of 97.ko.S% ee for the commercial sample of (lS)-menthol, Figure 2b. We 

a b c 

Figure 2. Determination of enantiomeric purity of a commer- 
cial sample of (lS)-menthol. a) Gas chromatogram showing 
Ihe separation of enantiomers of menthol and menthyl acetate. 
Enantiomers were separated by capillary gas chromatography 
using a Chiraldex G-TA column (menthol: a = 1.050, resolu- 
tion = 2.0; menthyl acetate: a = 1.034, resolution = 1.5). b) 
Direct determination of enantiomeric purity of a commercial 
sample of (+)-menthol. Integration of the peaks showed that 
thissamplehad9’7.5&5%ee,c)Determinationofenaniomeric 
punty of the same sample of (lS)-menthol using the sieving 
method.Thesamplein panel b wassieved byaCRL-catalyzed 
acetylation to 4.75% conversion. The measured enantlomeric 
purity of prcduct menthyl acetate, eep, was 52.8% ee. The 
calculated enantiomeric purity of the commercial menthol 
sample, (ee&,, was 97.64, in gocd agreement with the direct 
measurement. 

estimate that enantiomeric purities up to99.5% ae(O.2546 of the minor enantiomer) can be measured directly. The 
detection limit was -0.01 mol%, but accumte integration at this level was difficult. 

We concentrated the minor (Ill)-enantiomer in this sample by the CRL-catalyzed kinetic resolution. At 
4.75% conversion, we measured 52.8% ee for the product, (1s).menthyl acetate, Figure 2c. A back-calculahon 
using eq 3 showed that the original ma&al had 97.6% ee. The avenge of seven such measurcmentn was 97.7% 
ee with a range (20) of ti.l%ee, in excellent agreement with the direct measurement. 

We further tested this method with samples of (lS)-menthol having enantiomeric purities between 90 and 
99.99% ee. We prepared known samples by adding a measured amount of racemate fo 100% ee (lS)-menthol. 
which we prepared from the commercial ( 1 S)-menthol by resolution with the same CRL-catalyzed acetylation. For 
each sample, we measured eep and c several times over the course of the sieving reaction and averaged the results, 
Table 1. The values of eep were lowest at small extentS of conversion (2-P%), so we made mo+t measurements 
in this range. The known values, directly measured values, and values measured using the sieving reaction all 
agreed to within theerrorlimits. Evenat99.99%ee,thesieving reaction gavevaluesclose to thoseexpected. Note 
that potenttal errors in the preparation of this sample made it tmposslble to establish the true enantlomenc punty 
of this sample. 

Pstimute of errors 
The cffccts of errors in E, crl, and c on the calculated cnantiomcric purity, (ee&, were calculated using eq 

3 for typical experimental vah~es, Figure 3. At a fixed conversion of 5%. changes in E had little effect on (ee&, 
Fig 3a. For example, at eq, = 9%. an Ed 71 gave (ee,), = 99.743% ee, while an E of 50 gave (ee& = 99.728% 
ee. Similarly, changes in eep had little effect on (ee&,. The slope of the plot of eeP vs (ce&, Fig 3a. wils 
approximately 0.05 indicating that an error of il% ee in e% leads to only a &OS% error in (e&),. 

A differenttypeofplot,Rgure3b,which mcludes expenmental dataformenthol as well ascalculatedcurves, 
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Table I. Comparison of Enantiomeric Purities of (+)-Menthol Determined by GC 
both Directly and After Sieving the Enantiomema 

hh (W b 
weight di~~~i~~~Atlon con;gAon eep (96) (ee& (%)c 

calculated 

9czto.4 90.4io.2 14.75 22.22 Sk2 

94.ozto.4 94.1i0.2 7.33 30.91 94.7Lto.7 

98.oio.4 97.9*0.5 13.29 8493 98.2iO.4~ 

e 97.5ZtO.S 4.63 53.93 97.7*0.1 

99.0*0.3 9x7+0.3 5.3 1 78.57 98.8eO.3 

99.9CMo.2 99.7Itn.z 4.00 97.43 99.92*0.1 

showstheeff~tofchanges~ncande~on(ee,),.Aline~culatedassum~ng(ee,),of98.8bestfittheexperimental 
data points. Lines calculated assuming that (ee& was 99.1% ee or98.5% ee clearly did not tit the experimental 
data. The lines show that a change of approximately *I% in the conversion and a change of approximately& 
inee,,would still keep the calculated value of (IX*),, within &.3% ee. Thus, the calculated enantiomeric purity is 
relatively insensitive to errors in the measured values of E. e%, and c. This sieving technique can accurately 
measure enantiomeric purity. 
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Rpre3. Effectoferrors inthe measured valuesofE,eep,andcon thecalculatede~ntiomericplrity, 
(e&o, a) Effect of errors in ccp and Eon (Q. while c is fixed at 5.0%. a typical value. The lines 
calculated using E= 50,71, or2Wall lie nearone another showingthat changes in E have littleeffect 
on (eQo. The slope of the lines 1s approximately 0.05 indicating that a change in eepof 1% ce results 
inachange in (ees)oof only0.058 ee. b)HTectof errors ineep andc on (ees), while Eisfixed at71, 
a typical value. The calculated lines predict the positions of experimental points for three different 

values of (ees)o. Experimental points (0) are best fit by @es)0 = 98.8. This value is not sensitive to 
experimentalerrorsineepandcbecausechangesoft5%ineepori1%incwouldbeneededtochange 
(ee,)o by +0.3% ea. 
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(S)-(+)-Napmen 
Naproxen (h-methoxy-a-methyl-Z-n~ph~eneacelic acid) is a nonsteruidal antiinflammatory and au 

analgesic. The (R)-enantiomer is toxic to the liver; for this resson, thecommercial product is the enantiomerically 
pure (S)-(+)-enantiomer. We applied the concentration method to the determination of enautiomeric purity of 
naproxen and demonstrated that optical rotation in combination with an enzyme catalyzed concentration of the 
minorenantiomercanaccurateiymeafure theenan~ome~cp~tyofcomme~iai samplesofnaproxen (9S.S%ee). 

To concentrate the minor e~ntiomer in commercial samples of (S>-napsoxen, we required a kinetic 
resolution that favored the (R)-enantiomer. A literature search revealed that a protease from ~~r~i~~~ Q~ZU~ 

(AOP) favored the (R)-enantiamer in the ensntioselective hydrolysis of water-soluble estem of naproxen,le eq 5. 
We prepared racemic ethyl sulfate ester of naproxen and measured the enanticeelectivity of the AOP- 

catalyzed hydrolysis. We measured the enantiomencpmity of the product, naproxen, by HPLC using aChir&el 
OD~~elu~ wi~he~e~i~p~~ol~fo~ic~~d (W: 9,s 0.5). Ourmeasu~den~tioselectivity,41~, was 
higher thau tbe reported enautioseleetivity of 15.5, I9 which was measured under slightly different eouditions. 

To measure the enantiomeric purity of a commercial sample of uaproxen, we prepared the ethyi sulfate ester 
and concentrated the (R)-enantiomer wtth AOP-catalyzed hydrolysis to 4.0% conversion. The naproxen was 
separated from remaining starting materiel by extraction. An optical rotation of this sample showed [a]~ = +47.5 , 
indicating en enantiomeric purity of 72%; enantiomerically-pure naproxen showed [a]D = +6@.20 Back 
calculation using eq 3 indicated that the original sample contained 98.5% ee. Au alternate method (HPLC of the 
methyl eater) indicated that this sample was ‘X.5% ee, in excellent agreement with the e~yrne-~~y~ 
~on~n~tion method. 

DISCUSSION 

We described a method that extends the detection limit of all existing methods to measure enantiomeric 
purity. This methcxlusesakineticresolution toconcentratetheminorenautiomer,makingiteasiertomeasure The 
original enantiomerie purity can be accurately calculated from theextent of conversion and the enantioselectivity 
of the kinetic resolution. Although we were initially concerned that the propagation of emus would render this 
approach useless, we found that errors in E, conversion. and % ee of the product did not create serious errors in 
the calculated values of enautiameric purity. Normal care in thy determination of these values is sufficient. The 
simplest way to estimate errors is to substitute different values in eq 3 and observe the effect on the final value. 

In order for the concentration method to be accurate, the assumptions made in the derivation of eq 3 must 
be vabd. These assumptions are indeed valid for most kinetic resolutions, but not for reversible reactions21 end 
those that follow more complex kinetics. 2* Even for these reactions, the deviations at low conversions appear 
small and it may still be possible to use the same method, but wedid not examine this possibility. 

Kinetic resolutions~ have been used to calculate the specific mtation of ~n~ti~e~ and to determme 
very low enautiomeric purity 10.2 - 1% ee). 25 As far as we know, ours is the fir application of kinetic resolution 

to aid measurement of high emmtiomeric purity. 
One disadvantage of our methodis that It requires extm steps: kinetic resduuon and tsolatton of the product. 
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RecenUy,ZhangandWainer26 coupledanen;~ymereacturcontaininganimmabili~lipaset~ananalyticalHPLC 
column. If this enzyme reactor was used for the kinetic resolution, then both the concentration and analysis steps 
could be camed out m a single, automated procedure. 

Although calcula~onofthcoriginal cnantiomcric purilyrcquircs an itcrativcsolutlon tocq3, we also used 
an approximate method for quick and ditty calculations. We assumed that the sieving reaction had converted oil 
of the minoremmtiomcr to product. From thearcaof thcminorenantiomerin the pro&cl and thearcaof all other 
species, we estimated (ees)o. This method provides a good estimate of (ees)o when the enantioselecnvity is high, 
but it does not replace eq 3, which gives the exact value. 

The sieving method described in this paper requires an enzyme that favors the minor enantiomer. Another 
sieving method, one that uses an enzyme that favors the major enantiomer, is also possible. In this case, the 
enantiometic purity of the remaining starting material decreases as the reaction proceeds. We estimate that this 
method would give a similar enhancemen in the dynamic range of ee measurements 

EXPERIMENTAL SECTION 

General. Chemicals were purchased from Aldrich Chemical Co., Milwaukee, WI, unless otherwise noted. Lipase 
from Candida rugosa (L- 1754.0.16 units/mg solid using olrve oil, also known as C. cylindracean ) and protease 
from Aspergillus oryzae (Type XXIII, P 4032, activity 0.008 unitslmg solid for hydrolysis of (*))-naproxen ethyl 
sulfate ester) were purchased from Sigma Chemical Co., St. Louis, MO. One umt of enzymic activity corresponds 
toone pmolof esterhydrolyzed permin.The Solverfuncttonof Excel software(v4.0, Microsoft, Redmond, WA) 
was used to solve cq 3 by iteration. 

Car chromatographic anolysiEofmesiholondnlerrt/rylacetate. Enantiomers of menthol and menthyl acetate were 
separated by capillary gas chromatography on a 30 m Chiraldex G-TA (Advanced Separation Technologies, 
Whippany, NJ) which contained 2,6-di-0-pentyl-3-0-uifluoroacetyl derivative of y-cyclodextrin as the chit-al 
stationary phase. Conditions: 1 pL injection. split ratio 103: I, 8OoC. flame ionization detector. Peak areas for the 
data in Table 2 were measured by cutting and weighing the peaks. Tomaximize accuracy, the peak for the major 
enandomer was cut from a chromatogram printed with high attenuation, while the peak for the minor enantiomer 
was cut from the same chromatogram printed with low attenuation. We used the cut and weigh technique because 
electronic mtegmbon did not accurately detect the beginmng and end of the peaks. To calculate the percent 
conversion, the arca of the menthyl acetate peaks were divided by I, 122 to account for the different response of 
the FID detector for menthol and menthyl acetate. 

Enantiose&ctivityofCRL-ca~aIyzedacetylatio,tof(lS)-menthol.CRLpowder(O.lOg) wassuspendedinasolution 
of (+menthol(O.l53g. 1.0mmol)invinyl acetate(3mL)andstirred~~mtemperature. Pcriodically,analiquot 
of thereactionmixturc(0.1 mL) was removed, ~lteredthrouphaplugol‘wtton toremoveenzymeandconcentmtcd 
with stream of nitrogen. The residue was dissolvedin anhydrousethyl ether (2 mL) andanalyzed by capillary GC. 
A typical analysis showed 95.8% ee at 26.1% mversion, E = 65. The avemge enantiomeric ratio was 71 withan 
esumated error limit of 6, 

Pre~rationoflOOBee(lS)-menthol. CRLpowder(O.65g)wassuspendcdinasolutionof( lS)-menthol (Aldrich, 
0.50 g, 3.2 mmol) in vinyl acetate (IO mL) and stirred at room temperature for three days, approximately 10% 
mnversion by GC. The reaction mixture was filtered through acotton plug in a Pasteur pipette toremove enzyme 
The filtrate was concentrated to an oil by rotary evaporation and purified by flash chromatography on silica gel. 
The column was eluted with two column volumes of hexane, then 10: 1 hexane: ethyl acetate. The fractions 
containing menthol were pooled and concentrated by rotary evaporahon to only crystals. The crystals were dried 
on a vacuum pumptogveasolid massof wh~tecrystais,O. 1 g, U)96y1eld. No( lR)-menthol could bedetected by 
capillary GC, estimated limit of detection was 0.01 mol%. Based on an initial enantiomeric punty of 97.5% ee, 
an enanti~lectivityof71 forthisrcactionand lO%convcrsion, theenantiomericpurilycalculated using 93 was 



90 G. CARON et al. 

99.997% ee. 

Sieving ofmenthol using CHL-tntalyzedncetyfutiun. CRL powder (400 mg) was suspenried in a solution of ( I S)- 
rr1eohd(O.625g, 4.OOmmol) in vinylaceh& and stirrrrlat room tcmpe~mre TUI threedays. P&odically.aliquc& 
of lhis reaction mixture (0.1 mL) were removed, filtered through a plug of cotton to remove enzyme and 
concentrated with stream of nitrogen. The residue was dissolved in anhydrous ethyl ether (2 mL) and analyzed by 
cap~llary GC. 

Ethylene su6fate (1,3,2dioxathiolane, 2,2-dioxide) was prepared by a modification of the method of Gao and 
Sharpfess.~ A 1-L three-necked round-bottom flask equipped with a dropping funnel, a sodium hydroxide tip 
and a stopper was charged with l,Zethanediol(12.4 g, 0.20 mol) and carbon tetrachloride (200 mL). Thionyl 

chloride (20 mL. 0.27 mol) was oddcd from the dropping funnel over a periodof 1 hour. The solution was stirred 
another hour and the solvent was evaporated under reduced pressure. The yellowish liquid was distilled under 
reduced pressure to afford the sulfite ester as a colorless oil ( 15 g, 70%). tH-NMR (CDCl3.200 MHz): d 4.30 (m, 
2 H). 4.62 (m, 2 H). A solution of the sulfile ester (5.4 g, 50 mmol) in acetonitrile (50 mL) was cooled in an ice 
bathandRuCl3,3H20( 1COmg,0.38mmol),scdium petiodate( 16g,75mmol)andcold water(75mL) wereadded. 
The mixture was stirred for 5 min. Ethyl acetate (400 mL) and satd sodium bicarbonate (40 mL) were added and 
the two phases were separated. The aqueous phase was extracted with ethyl a&ate. (2 x I M) mL) and the combined 
organic extracts were washed with water (30 mL), dried over anhydrous sodium sulfate and filtered. Evaporation 
ofthesolventunderreducedpressureaffo~edethylenesulfaateasawhitesolid,5.6g,70% yield.Thiscrudeproduct 
was used for synthetic reactions. A sample was recrystallized from ethyl acetate/perroleum ether; mp 96-97 T. 

IH-NMR (CDCl3, 200 MHz): 6 4.72 (s). 

(S)-Naproxen ethyl sufate ester was prepared by a modification of the method of Dodds, et al.19 Potassium I- 
butoxide (0.3 1 g. 2.8 mmd) followed by ethylene sulfate (0.35 g, 2.8 mmol, m 5 mL of warm 2-pmpanol) were 
added to a solution of (S)-napmxen (0.58 g, 2.5 mmol) in 20 mL of warm (-45 W) 2-propanol. A solid formed 
immediatelyafterethylenesulfaate addition.Themixturewasstirred for 1Omin andether(5OmL) wasadded. The 
product was filtered and washed withether (3 x 5 mL) affording a white solid (0.75 g, W%): mp 176.5178SW. 
tH-NMR (DzO. 200 MHz): 6 1.29 (d, 3 H. 7.2 Hz). 3.61 (s, 3 H). 3.70 (q. 1 H.7.2 Hz). 4.11 (m. 4 H). 6.90 (m, 
2 I-l), 7.13 (d, 1 H, 7.0 Hn), 7.45 (m, 3 H). 

Racemic nuproxen. A solution of (S)-naproxen (4.Og, 17 mmol) in KOH (3 N, 100 mL) was refluxed for 18 h. The 
solution was cooled and then neutralized by dropwise addition of cone HCl(25 mL) to the well-shrred solution. 

The resulting white precipitate was filtered, washed with water (20 mL) and dried under reduced pressurn. 
Rectystallisation fromacetoneihexaneafforded racemic napmxen (3.5 g,@3%);mp 159-160°C. tH-NMR(D20, 
200 MHz) was identical to that of (S)-naproxen: 8 1.58 (d, 3 H, 7.2 Hz), 4.0 (m, 4 H). 7.22 (m. 2 H), 7.50 (d. I H, 
7.0 Hz), 7.78 (m, 3 H). HPLC analysis showed equal amounts of bath enantiomers. 

Enanfiomericpurity ofnaproxen by HPLC. Enantlomers of naproxen were. sepamted by HPLC using a Chiralcel 
ODchiml columnclutcdwith hcxauc/isopmpanollformicacid(~ 9.50.5) ataflow rateof 0.75mUmin: a= 1.07, 
R = 1.4, (R)-enantiomer eluted first. Enautiomers of uaproxen methyl ester were separated on the same column 
eluti with hexanelisopropanol(90: 10) at a flow rate of 0.50 mUmin: a = 1.10, R= 2.0, (R)-enantiomer eluted 
first. Peaks were detected by UV absorbance at 254 nm. 

Enantiomeric ratio ofproteasefrom Aspergilitu oryzue. The potassium salt of racemic naproxen ethyl sulfate (mp 
1 h6-168oC) was prepared= above for theoptically pure(S) enantiomer. A sampleof thisester(75mg,0.20mmol) 
wau dissolvedinphosphatebuffer( lOmL, lOmM,pH7.0)andAOP(75mg)wa~addcd. ThcpHwas keptconstant 
during enzyme hydrolysis through additionof sodium hydroxideo. 10N using a pHstat The reaction was stopped 
after 1.5 h at 26% conversion (0.53 mL of NaOH consumed). The pH was lowered to 3.0 with HCI 1 N and the 
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solutionwasext~wlthchloroform(2x3 mL).Theorg~cextractsweredriedoveranhydroussodiumsulfate 
and the solvent evaporated The optical purity was found by HPLC to be 93.5+1.0% ee: therefore, E = 41+3. 

Ennntiomeric purity of (St-naproxen by optical relation. The potassium salt of (S)-naproxen ethyl sulfate (0.75 
g, 2.0 mmol) wes dissolved in phosphate buffer (100 mL, 10 mM, pH 7.0) and AOP (0.30 g) was added. The pH 
was kept constant during enzyme hydrolysis through addition of sodium hydroxide 0.10 N using a pH stat. The 
reaction was stopped after 2.3 h at 4.0% conversion (0.80 mL of NaOH consumed). The pH was lowered to 3.0 
with HCI (1 N) and the solution was extracted wrth chlomform (2 x 10 mL). The organic extracts were dried over 
anhydrous sodium sulfate end the solvent evaporated. [a]o20=+47.5 (c 2.2, CHCI3) [litza 66 (CHCl3)]. Back 
calculation using eq 3 and a E of 41 gave X5% cc. Direct measurement of the enantiomeric purity of naproxen 
methyl ester (prepared by ac!d-catalyzed esteritication in methanol) using HPLC gave 98.5% ee. 
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