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The high enantio- and regioapecificity reported from this laboratory for the hydrolysis of the diacetate 
(i1-2 with pig liver esterase to yield enantiomericly pure monoacetate (+)-3a has been investigated 
further to define some of the structural features responsible for this unusual degree of specificity. 
The hydrolysis of the isomeric (*I-5 was found to proceed with identical specificity both qualitatively 
and quantitatively, indicating that the enzyme recognizes the overall geometry of these substrates 
but is unable to distinguish between the CF2 group and the oxygen bridge. Partial hydrolysis of the 
monocyclic diacetate (f)-16 showed parallel enantioselectivity but proceeded with only 26% ee. 
These data indicate that the highly rigid 2 and 5 which present sterically well-defined targets to the 
enzyme result in the isolation of a single regioisomer and enantiomer as the major producta of this 
reaction. In contrast, the conformational flexibility of 16 leads to poor differentiation between the 
rates of hydrolysis of the two enantiomers resulting in a low ee. It is concluded that conformationally 
stable molecules may offer favorable targets for regio and/or enantioselectivity in PLE reactions. 

Introduction 

The use of enzymes to catalyze reactions demanding 
high selectivity, particularly in casea of chemically sensitive 
substrates, has found increasing aceptance by organic 
chemists.’I2 Many types of reactions involving either 
chemoselectivity, regioselectivity, or enantioselectivity 
have been described and found to be extremely useful in 
synthesis. The scope of the field is apparent from the 
excellent review by Jones,l himself a major contributor to 
the field. 

In a recent pape9 we reported the synthesis of enan- 
tiomericly pure (+)-10,lO-difluorothromboxane A2 (1) in 
which a key reaction was the partial hydrolysis of the 
racemic diol diacetate (*)-2 with pig liver esterase (PLE, 
E.C.3.1.1.1) to the monoacetate (+)-3a. This reaction, 
which proceeded in 48% yield with high regio- and 
enantioselectivity, not only accomplished resolution of the 
substrate to yield the desired enantiomer with better than 
98% ee but also distinguished between the two primary 
acetoxy substituents, thereby permitting completion of 
the synthesis without the use of multiple protecting groups 
(Table I, entry 1). An all-chemical synthesis of I has also 
been r e p ~ r t e d . ~  It is the purpose of this paper to extend 
this work to related substrates and to probe the causes for 
the unusual enantio- and regioselectivity. 

While esterases have been widely used to achieve 
enantiotopic selectivity with prochiral  substrate^,^*^ pio- 
neered by the Sih group! and for effecting kinetic 
resolution of racemic substrates7 possessing a single 
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111,4510-4511. 
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SOC. 1982,104, 7294-7299. 

chart I. 
F .  F 

&I 
I 

r E F 

(+ 16 (->178.R~-URa.Cl$Xl 

(+in. R , - R ~ - H  

The prefues (+) and (-) denote the sign of the rotation of the 
compounds poweaing the absolute configuration shown in the 
structural drawings. They may not coincide with those of the producta 
used or obtained. 

Table I. PLE Hydrolyris of 
Bis(hydros~ethyl)difluorod~o.pbicyclo[3.l.l]he~~e 

Diacetates 
substratea a h  7% 

entry (mmol) PLEu/mL producta mmol conlign eeb 
1 (*)-2 (2.59) 360 (+Ma 0.62 (4R,5S, 100 

2 (*)-a (1.43) 360 (+)-Ha 0.28 (4R,5S) 100 

All concentrations contained 18.5 p m / m L  Tria buffer at pH 8.20. 
Incubations for 10 min at 25 “C. *For details see Experimental 
Section. e The error in these values ia estimated to be * 20%. See 
Experimental Section for details. 

(+)-3b 0.23 (4S,5R) 44’ 

(-)-13~ 0.16 (4S,5R) 3W 

stereogenic center, examples of selective hydrolysis of 
racemates containing two or more stereogenic centers are 

0022-3263/93/1958-1882$04.00/0 Q 1993 American Chemical Society 



Partial Hydrolysis of Racemic Diol Diacetates 

Scheme 1. 

TBDMSO 

6 I 9 

J. Org. Chem., Vol. 58, No. 7, 1993 1883 

Table 11. PLE Hydrolyrir of 
tranclf-Bir( hydroxymethy1)cycloheune Diacetnk~s~ 

entry eubtrate*(mg) u/mL producta % c o n f i i  eec 

W 1 7 a  25 (S,@ 36 
2 (-)-17a,25% ee (64) 64 (-)-17a 48 (S,S) 7 

(-)-17b 52 (Sa 17 
3 (+)-16,12% ~ ( 7 4 )  64 (+)-I6 42 (RR) 24 

(+)-17a 45 (RC) 7 
(*)-17b 13 0 

0 Conditions aa described for (+)-5 in the Experimental Section 
except for chaugee indicated in this table. bAll concentzatione 
contained 19.3 pmlmL Trii buffer at pH 8.20. Incubations for 10 
min at 25 "C. The error in theee valuee is eatimated to be +20%. 
See Experimental Section for details. 

PLE mol a b  9% 

1 (ab16 (180) 32 (+)-16 75 (RP) 6 

Incubation of W - 5  with PLE gave as the major reaction 
product in 42 % yield the enantiomericly pure monoacetate 
(+)-13a, together with the isomeric, partially racemic 
monoacetate (-1-13c and diol (-1-12 (Table I, entry 2). It 
is interesting to note that these latter two compounds 
showed ee's of 39% and 56% favoring the oppoeite 
configuration. The absolute configuration of (+)-13a, and 
therefore of (-)-13c and (3-12, was established by con- 
version of (+)-13a to the cyano acetate (+)-15, which was 
identical by 'HNMR and specific rotation with the product 
obtained by independent ~ynthesis.~ 

The absolute configuration of (+)-13a is thus identical 
with that of (+)-3a with regard to the two carbons bearing 
the acetoxymethyl substituents, and the same is true for 
(+)-3b and (-)-13c (Table I and Experimental Section). 
Moreover, the regiochemistry of the two reactions as well 
as the ratio and ee of products are likewise identical. One 
may conclude with confidence that it is the overall 
geometry of the substrate which is recognized by the 
enzyme with regard to both enantio- and regioeelection, 
and that specific hydrogen bonding interactions between 
enzyme and substrate play no significant role in deter- 
mining rates of hydrolysis. The lack of relevance of the 
relative stereochemistry of the bridgehead carbons suggests 
that the presence of the two remaining stereogenic centers 
is sufficient to determine the observed selectivity.14 

An appropriate substrate to examine this question is 
the diacetate (A)-16, which lacks the oxygen bridge and 
contains only the two centers to which the trans-aca 
toxymethyl groups are attached. Since these two groups 
are of the same chirality, they are, of course, regiochem- 
ically indistinguishable. Fortunately, the absolute con- 
figuration of the diol 17b is known,l5 which would permit 
correlation of the results with those obtained with the 
oxetanes (A)-2 and (A)-5. When (A)-16 was incubated 
with PLE (Table 11) the S,S-enantiomer was hydrolized 
more rapidly yielding the S,S-enantiomer (-)-17a with an 
ee of 36% and leaving the R,R-enantiomer (+)-16 with ee 
= 6% at 25% conversion (entry 1). This is precisely the 
enantioselectivity observed for the two oxetane substrates 
(Ab2 and (*t)-5, the important difference being the 
resistance of (+)-3a and (+)-13a to further hydrolysis, 
resulting in the isolation of these monoacetates in high 

11 12 

Ib 
Conditions: (a) HF/CHaCN, (b) py, AcpO (c) NaBm (d) MBCl, 

py; (e) KOMe; (0 PUC. 

very rare.a10 Even greater is the paucity of examples 
testing the effectiveness of esterases to catalyze both regie 
and enantiospecific hydrolysis of appropriate racemic 
substrates. Since the first such report describing the 
selective hydrolysis of diethyl (A)-a-benzylsuccinate to 
@-ethyl (R)-(+)-a-benzylsuccinate with chymotrypsin" 
only one other report has come to our attention. It 
describes the selective hydrolysis of a-substituted succi- 
nates with porcine pancreatic lipase (E.C.3.1.1.3) at the 
&ester site with varying degrees of enantioselectivity.12 

Results and Discussion 

In probing the structural features that might be con- 
tributing to the high regie and enantioselectivity in the 
hydrolysis of (A)-2, our first target was the diastereomeric 
racemate (&)-5, in which the two bridgehead carbons of 
(A)-2 are of opposite configuration. This racemate is 
geometrically equivalent to (*)-2, but because of the 
exchange of the oxetane oxygen and the difluoromethylene 
group these compounds are not equivalent as potential 
hydrogen bond acceptors in their interactions with the 
enzyme, a fact which could change the enantiomeric and 
regiochemical composition of the hydrolysis products. 

The synthesis of W - 5  is presented in Scheme I. It starts 
with the difluoro ester (A)-6,13 which was converted to the 
lactone acetate 8 with HF in acetonitrile followed by 
acetylation (98% yield). Reduction of 8 with sodium 
borohydride afforded a single anomeric hemiacetal 9 in 
98 % yield possessing the la-configuration. Mesylation 
(88%) followed by cyclization with KOMe in MeOH 
yielded the oxetane 11 in 54% yield. Debenzylation with 
10% Pd/C in ethyl acetate afforded the diol 12 which gave 
the diacetate 5 in 72 % yield. It should be noted that the 
sensitive oxetane acetal did not suffer cleavage under any 
of the reaction conditions used owing to the effect of the 
two fluorine atoms.l3 

(8) Chen, Ch.-Sh.; Fujimoto, Y.; Sih, Ch. J. J. Am. Chem. SOC. 1981, 

(9) Mohr, P.;Ft&slein,L.;Tamm, Ch. Helo. Chim. Acta 1987,70,142- 

(10) Crout, D. H. G.; Gaudet, V. S. B.; Laumen, K.; Schneider, M. P. 

(11) Cohen, S. G.; Milovanovic; A. J. Am. Chem. Soc. 1968,90,3496- 

(12) GuiWampel, E.; R o w a u ,  G.; Salalin, J. J. Chem. SOC., Chem. 

(13) Fried, J.; Hallinan, E. A.; Szwedo, M. J., Jr. J.  Am. Chem. SOC. 

103,3680-3582. 

152. 

J.  Chem. SOC., Chem. Commun. 1986,808-810. 

3502. 

Commun. 1987,1080-1081. 

1984,206,3871-3872. 

(14) It ia noteworthy but not unexpected that the isomer of  10,lO- 
difluorothromboxane A2 poeeeeeing the 1&3@-oxido structure proved to 
be a partial agonist; that is, it showed significant binding to the TXAz 
receptor but only weak agonist activity, cf .  ref 4. 

(15) The o p t i d y  active diols 17b were firat described by  Haggis, G. 
H.; Owen,L. N. J. Chem. SOC. 1953,389-398. Their absolutemnftttioa 
was determined by: Applequirt, D. E.; Warner, N. D. J .  Org. Chem. 1963, 
48-54. 
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yield and in enantiomericly pure form. The basic cyclo- 
hexane structure thus appears to account for the preference 
of attack of the (S,S) enantiomer. It is interesting to note 
that the  rate of hydrolysis of (-)-17a is greater than that 
of (+)-17a as shown by the decrease in ee for (-1-17a from 
25 to 7% and a corresponding increase for (-)-17b when 
partially resolved (-)-17a is reincubated with PLE (entry 
2). As expected, reincubation of partially resolved diac- 
etate (+)-16 serves to increase its ee from 12 to 24% (entry 
3). 

It is, of course, tempting to speculate on the reasons for 
the exceptional success with the oxetane substrates (*I-2 
and (49-5. These two substrates possess very rigid 
structures while the cyclohexane derivative (A)-16 presents 
appreciable conformational flexibility. This latter fact 
permits considerable ambiguity with regard to the inter- 
action between substrate and enzyme, whereby the tran- 
sition states involving one conformer of the (+) antipode 
and one involving another conformer of the (-1 antipode 
are close enough in energy to wipe out significant differ- 
ences in rate between enantiomers. The conformationally 
rigid oxetanes present well-defined targets resulting in 
better differentiated rates of hydrolysis. We conclude that 
conformationally stable racemic molecules offer good 
opportunities for achieving high regio and enantioselecivity 
in PLE reactions. 

Rao et al. 

Experimental Section: Methods and 
Instrumentation4 

(3SR,W$SR)- l-Oxo-2t-difluoro-3B-hyd~~-~,5B-bie- 
[ (benzyloxy)methyl]-l,5-oxidopentane (7). Asolution of the 
difluoro ester 6 (0.90 g, 1.63 mmol) in 6 mL of 48% aqueous 
HF/CHsCN (1:19 by volume) was stirred at  room temperature 
for 2 h. It was then quenched to give 0.620g of 7 (97 % 1. Attempta 
to purify the lactone led to opening during chromatography. The 
purity of the sample, as shown by proton (500 MHz) NMR, was 
found to be >95%. lH NMR (CDCb, 500 MHz): 6 7.40-7.15 (m, 
10 H, 2 phenyls); 4.62 (m, 1 H, H-5), 4.60 and 4.43 (dd, 2 H, 
CHTbenzyl, Jgem = 11.9 Hz), 4.50 (m, 2 H, CH2-benzyl), 4.32 (dt, 
1 H, H-3, J H ~  = 12.4 Hz, JH,~  = 9.0 Hz, J3,4 = 4.0 Hz); 3.75 (m, 

Hz), 3.50 (dd, 1 H, H-7', Jgem = 9.6 Hz, 54.7' = 2.4 Hz), 2.58 (m, 
2H, H-8 and H-7); 3.62 (dd, 1 H, H-8', Jgcm 11.5 Hz, J&7' = 3.3 

1 H, H-4). 'gF-NMR (CDCl3,376.2 Hz): 4 113.9 (dd, J p p  
Hz, JH,~  = 9.4 Hz), 119.1 (dd, J p p  = 281.4 Hz, J H ~  

281.4 
12.4 Hz). 

(3SR,4RS,SSR)- 1-0xo-2f-difluoro-3~-acetoxy-4~,5~-bis- 
[ (benzyloxy)methyl]-l,5-oxidopentane (8). To a solution of 
lactone 7 (0.620 g, 1.58 mmol) in pyridine (2.87 g, 36.37 mmol) 
was added acetic anhydride (0.843 g, 8.27 mmol) dropwise under 
nitrogen, and the resulting reaction mixture was allowed to stand 
overnight under nitrogen. It was diluted with ether (50 mL) to 
give 0.680 g of 8 (99%). Attempts to purify the lactone led to 
opening during chromatography. The purity of the sample, as 
shown by proton (500 MHz) NMR, was found to be >95%. lH 
NMR (CDCl3.500 MHz): 6 7.40-7.10 (m, 10H, 2 phenyls), 5.60 
(dt, J H ~  = 10.3 Hz, J3 ,4  8.2 Hz, 1 H, H-3); 4.70 (dt, 1 H, H-5, 
J = 10.6 Hz); 4.60 and 4.48 (dd, 2 H, CH2-benzyl, Jgem = 11.8 Hz), 

H, H-8, J t e m  = 11.7 Hz, Ja,a = 2.1 Hz), 3.64 (dd, 1 H, H-8', J g e m  
= 11.7 Hz, JS ,~?  = 3.2 Hz), 3.51 (dd, 1 H, H-7, Jgem = 9.9 Hz, J 4 . 7  

3.1 Hz), 2.69 

4.43 and 4.42 (dd, 2 H, CH2-benzyl, Jgem = 11.9 Hz), 3.78 (dd, 1 

3.4 Hz), 3.45 (dd, 1 H, H-7', Jgem 9.9 Hz, 5 4 , ~ '  

(m, 1 H, H-4), 1.10 (s,3 H, OAc). ISF-NMR (CDC13, 376.2 Hz): 
4 112.0 (dd, J p p  = 282.7 Hz, JHJ = 10.2 Hz), 118.0 (dd, J p p  
282.7 Hz, JHJ = 10.2 Hz). 

( lRS,3SR,4RS,SSR)- lu-Hydroxy-2,2-difluoro-3~-acetoxy- 
4~,5B-bis[(benzyloxy)methyl]-1,5-oddopentane (9). To a 
solution of acetate 9 (0.680 g, 1.56 mmol) in 15 mL of methanol 
was added sodium borohydride (0.238 g, 6.26 mmol) in four 

portions. The resulting reaction mixture was stirred at  room 
temperature for 30 min. I t  waa quenched with saturated NaCl 
solution (10 mL) to give crude hemiacetal 9 (0.668 g, 98%) which 
waa used without further purification. 'H NMR (CDCb, 500 
MHz): 6 7.40-7.20 (m, 10 H, 2 phenyls), 5.76 (ddd, 1 H, H-3, 
J H ~ ~ .  21.2 Hz, Jwspe 11.5 Hz, H3.4 4.2 Hz), 5.24 (d, 1 H, H-1, 
Jnp = 5.7 Hz) ,4.62 and 4.47 (dd, 2 H, CH~-ben~yl, Jgem 

H-8, Jgem = 11.1 Hz, Js,~ = 1.8 Hz), 3.62 (dd, 1 H, H-8'9 J N m  

H-4), 2.08 ( ~ , 3  H, OAC). "F NMR (CDCb, 376.2 Hz): 4 122.37 
(dd, J p p  = 247.4 Hz, JHJ = 4.3 Hz), 124.30 and 125.0 (dd, J H ~  

12.2 
Hz), 4.45 (m, 1 H, H-5), 4.35 (s,2 H, CHrbenzyl), 3.69 (dd, 1 H, 

11.1 Hz, JsJ,. = 4.8 Hz), 3.30 (bs, 2 H, H-7, H-79, 2.32 (m, 1 H, 

= 247.6 Hz, J H ~  = 5.7 Hz). Anal. Calcd for CuH&2Oe: C, 
63.29; H, 6.01. Found; C, 63.09, H, 5.95. 

(lRr9#3SRpRSbSR)- l u - ( M e s y l o x y ) - 2 ~ u o ~ 3 j ? - ~ x y -  
4~,5~-bis[(benzyloxy)methyl]-1,5-oxidopentane (10). To a 
solution of hemiacetal 9 (0.668 g, 1.53 mmol) in pyridine (3.145 
g, 39.83 mmol) was added 0.3 g of 4-A molecular sieve powder, 
and the mixture was stirred under nitrogen for 1.5 h at 22 "C. 
Methanesulfonyl chloride (0.995 g, 8.73 "01) was added, and 
the reaction mixture was allowed to stir at  22 OC overnight. Ether 
was added, and the mixture was filtered through a Celite pad. 
The fitrate was concentrated and then passed through silica gel 
(pipette column) eluting with ether. Crude 10 was obtained by 
concentrating the ether extract (0.690g, 88% ). Purification could 
not be performed as the compound was found to be unstable. 
The purity of the sample, as shown by proton (500 MHz) NMR, 
was found to be >90%. lH NMR (CDCb, 500 MHz): S 7.40-7.20 
(m, 10 H, 2 phenyls), 5.90 (d, 1 H, H-1, J H ~  = 4.9 Hz), 5.68 (ddd, 
1 H, H-3, J H ~ ~ .  19.5 Hz, JHQ. = 11.6 Hz, J3,4 = 5.7 Hz), 4.59 
and 4.43 (dd, 2 H, CHz-benzyl, Jgem 11.9 Hz), 4.35 (m, 3 H, H-5 
and CHz-benzyl), 3.70 (dd, 1 H, H-8, Jgem 11.3 Hz, Js,a = 1.6 
Hz), 3.60 (dd, 1 H, H-8', Jgem = 11.3 Hz, J 6 8  = 4.2 Hz), 3.29 (bs, 
2 H, H-7, H-7') 3.13 (s,3 H, -SOZCHS), 2.40 (m, 1 H, H-4),2.07 
(8, 3 H, OAc). A signal at  6 5.53 (ddd) indicatee 5 1 0 %  of the 
18-anomer. lgF NMR (CDCl3, 376.2 Hz): 4 121.51 (dd, J F ~  = 
245.4 Hz, J H ~  = 6.3 Hz), 122.2 and 122.8 (dd, J F ~  254.3 Hz, 
J H ~  = 5.1 Hz). 
(~SR,~SR,~RS,~SR)~,~-B~S[ (benzyloxy)methyl]-7,7-di- 

fluoro-2,6-dioxabicyclo[3.l.l]heptane (11). To a solution of 
mesylate 10 (0.690g, 1.34 mmol) in 10 mL of methanol was slowly 
added a solution of KOMe (0.375 g, 5.36 mmol) in 8 mL of 
methanol. The Solution was then stirred under nitrogen at  room 
temperature for 2 h. I t  was quenched with water and extracted 
with hexane. The crude material thus obtained was purified by 
flash column chromatography using hexane/ethyl acetate (80: 
20) as eluant to give 0.273 g of pure 11 (54% ). The overall yield 
from 7 to 11 was 44.5% over the five steps. lH NMR (CDCb, 
500 MHz): 6 7.35-7.20 (m, 10 H, 2 phenyls), 5.61 (m, 1 H, H-l), 
4.93 (m, 1 H, H-3), 4.60 and 4.61 (&e, 2 H, CHz-benzyl, Jgem 
12.2 Hz), 4.47 and 4.46 (dd, 2 H, CHz-benzyl, Jgem = 12.0 Hz), 4.18 
(m, 1 H, H-5), 3.65 (d, 2 H, H-9, H-9'),3.50 (m, 2 H, H-8, H-8'1, 
2.89 (m, 1 H, H-4). IeF NMR (CDCls, 376.2 Hz): 4 103.91 (d, J F p  
= 191.1 Hz), 132.87 (dm, J F ~  = 190.7 Hz). Anal. Calcd for 

( ISR,~SR,~RS,~SR)-~,~-B~S( hydroxymet hy1)-7,l-difluo- 
ro-2,6-dioxabicyclo[3.l.l]heptane (12). To a suspension of 
10% palladium on carbon (400 mg) in 4 mL of ethyl acetate waa 
added the dibenzyl ether 11 (0.40 g, 1.06 mmol), and after 
evacuation, hydrogen was admitted. After 4 h of stirring at  room 
temperature, 100% of the stoichiometric amount of hydrogen 
was consumed. Filtering through a short pipette column of Celite 
and elution with ethyl acetate followed by removal of the solvent 
gave 12 as a syrupy liquid (0.19 g, 91%). Use of 2-propanol aa 
solvent in the hydrogenation led to partial alcoholysis of the 
oxetane ring. 1H-NMR (CDCl3,500 MHz): 6 5.60 (m, 1 H, H-l), 
4.95 (m, 1 H, H-3), 4.17 (m, 1 H, H-51, 3.88-3.67 (m, 4 H, two 
CH20H), 2.93 (m, 1 H, H-4), 2.50 (m, 2 H, OH). 19F-NMR (CDCb, 
376.2 MHz): 4 114.98 (d, J p s  = 190.8 Hz), 143.57 (dm, Jpp = 
191.6 Hz). Anal. Calcd for C7H10F204: C, 42.86; H, 5.14. 
Found: C, 42.64; H, 5.23. 

( lSR$SR,W,5SR)-4,5-Bi~(acetoxymethyl)-7,7-difluoro- 
2,6-dioxabicyclo[3.1.l]heptane (5). To a solution of diol 12 
(0.400 g, 2.04 mmol) in triethylamine (20.6 g, 204 mmol) wa8 
added acetic anhydride (2.08 g, 20.4 mmol) in 25 mL of CH2Cl2 
dropwise over 30 min. The mixture was stirred for 1.5 ha t  room 

C21H28204: C, 67.01; H, 5.89. Found: C, 67.14; H, 6.89. 
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temperature and then washed with water and sodium bicarbonate. 
The dried CHzClz extract was passed through a short silica gel 
pipette column eluting with hexane/ethyl acetate (80:20) to give 
pure diacetate 5 as a colorless oil (0.41 g, 72 % ). 'H NMR (CDCb, 
500 MHz): 6 5.61 (m, 1 H, H-I), 4.90 (m, 1 H, H-3), 4.38 (dd, 1 
H, H-9, Jem = 11.7 Hz, Js,@ = 2.9 Hz), 4.28 (m, 1 H, H-5),4.17 

5.0 Hz), 2.82 (m, 1 H, H-4), 2.14 (s,3 H, OAc), 2.12 (s,3 H, OAc). 
'@F NMR (CDCh, 376.2 MHz): 4 102.9 (dbs, Jpp = 194.5 Hz), 
132.41 (dt, Jpp = 195.6 Hz, J H ~  = 5.9 Hz). Anal. Calcd for 

PLE Hydrolysis of (*)-5. The diacetate (*)-5 (0.400 g, 1.42 
mmol) in 1.33 mL of absolute EtOH, gum Arabic (0.667 g), and 
NaCl(66.7 mg) were placed in a 250-mL round-bottom flask. To 
this was added 77.2 mL of 0.1 M Tris buffer (pH = 8.20, prepared 
from (trihydmxymethy1)methylamine in deionized water and the 
pH adjusted by adding concd HC1). The resulting mixture was 
stirred vigorously at 25 OC (water bath), and porcine liver esterase 
(4.7 mL,29 916units, Sigma) was added. The solution was stirred 
for precisely 10 min, and the reaction was terminated by adding 
ethyl acetate (100 mL). The residue was purified by flash 
chromatography using hexane/ethyl acetate (6040) as eluant to 
separate the mixture of isomeric monoacetates (+)-13a and (-)- 
13c (105 mg, 31 5%) from the partially resolved diol (-)-12, which 
was collected by elution with ethyl acetate (175 mg, 62.5%). 

Separation of the Monoacetates (+)-13a and (-)-13c as 
Their Thiocarbonylimidazole Derivatives (+)-13b and (-)- 
13d. The mixture of monoacetates (+)-13a and (-)-13c (0.105 
g, 0.441 m o l e )  was dissolved in 1.8 mL of dry benzene, and to 
this solution was added 1,l'-thiocarbonyldiimidazole (0.197 g, 
1.10 mmol) with stirring at room temperature under nitrogen. 
After 3 h the solvent was removed and the residue purified by 
flash column chromatography using hexane/ethyl acetate (85: 
15) as eluant. One-mL fractions were collected, and (-)-13d 
emerged first and was collected in fractions 2&30 (43 mg) while 
(+)-13b was collected in fractions 39-55 (65 mg). Fractions 31- 
38 gave a mixture of (+)-13b and (-)-13d which was purified by 
preparative TLC using hexane/EtOAc (91) as eluant. After four 
developments the bands were eluted with ethyl acetate and 
concentrated to give 19 mg of (+)-13b and 7 mg of (-)-13d. Total 
yield of (+)-13b and (-)-13d was 134 mg (88%). 

13b: [ a ] a ~  = +21.87' (c = 1.71 in CHCb). Combustion 
analysis could not be performed as the compound was found to 
be unstable. The purity of the sample, as shown by proton (500 
MHz) NMR, was found to be >95%. 'H NMR (CDCb, 500 
MHz): 6 8.34 (e, 1 H, imidazole-H), 7.61 (s, 1 HI imidazole-El), 
7.07 (s, 1 H, imidazole-El), 5.67 (m, 1 H, H-l), 4.98 (m, 1 H, H-3), 
4.76,4.72 (two dd, 1 H each, H-8, H-8', Jgem 11.7 Hz, J4.a = 5.7 
Hz, Jdaf = 8.0 Hz), 4.40 (m, 2 H, H-5, H-9), 4.25 (dd, 1 H, H-9', 
Jgem = 11.3 Hz, JS,w = 5.6 Hz), 3.14 (m, 1 H, H-41, 2.15 (8,  3 HI 
OAc). '@F NMR (CDCb, 376.2 MHz): Q 103.03 (d, JF,F = 192.6 
Hz), 132.96 (dm, Jpp = 192.6 Hz). 

13d: [a]20D=-15.120 (c = 1.10inCHCb). Combustionanalysis 
could not be performed as the compound was found to be unstable. 
The purity of the sample, as shown by proton (500 MHz) NMR, 
was found to be >95%. 1HNMR (CDCb, 500 MHz): 6 8.40 (e, 
1 H, imidazole-ti), 7.68 (8, 1 H, imidazole-ti), 7.04 (8, 1 H, 
imidazole-El), 5.65 (m, 1 H, H-l), 4.95 (m, 1 H, H-3), 4.90 (dd, 

= 11.8 Hz, J5,r = 5.2 Hz), 4.52 (m, 1 H, H-5), 4.17 (m, 2 H, H-8, 
H-8'),2.98 (m, 1 H, H-4), 2.13 (s,3 H, OAc). 19F NMR (CDCL, 
376.2 MHz): 4 103.03 (d, JF,F = 192.6 Hz), 132.96 (dm, Jpp = 
192.6 Hz). 

( lS,3S,~s)-4-(Hydrs~ethyl)-5-(acetox~ethyl)-7,7-  
difluoro-2,6-dioxabicyclo[ 3.1.1 ]heptane ( (+ )- 13a). A solution 
oftheimidazolylester (+)-13b (68mg, 0.195mmol) wasdissolved 
in 27.2 mL of 0.2 M NaHCOs (1:l HzO/THF by volume) and 
stirred for 8 h at room temperature. It was then extracted with 
CHC12, and the residual material was purified by flash chro- 
matography using hexane/ethyl acetate (7030) as eluant to give 
pure alcohol (+)-13a as a colorless oil (46 mg, loo%), [ a ] = ~  = 
+24.51° (c = 0.45 in CHCls). Reexposure of this material to PLE 
for 10 min raised the [a]% to +26.3'. 'H NMR (CDC13, 500 
MHz): 6 5.61 (m, 1 H, H-l), 4.95 (m, 1 H, H-31, 4.40 (dd, 1 H, 
H-9, Jsem = 11.7 Hz, J5.9 = 2.76 Hz), 4.28 (m, 1 H, H-5). 4.20 (dd, 
1 H, H-W, Jnem = 11.7 Hz, J s , ~  = 6.6 Hz), 3.73 (m, 2 H, H-8 and 

(dd, 2 H, H-8, H,8'), 4.09 (dd, 1 H, H-9'9 Jnem 11.7 Hz, JS,I = 

C11HuF20Os: C, 47.14; H, 5.03. Found: C, 47.14; H, 4.89. 

1 H, H-9, Jgem 11.8 Hz, Js,s = 2.3 Hz), 4.72 (dd, 1 H, H-9', Jpcm 
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H-8'),2.74 (m, 1 H, H-4), 2.14 (s, 3 H, OAc). lgF NMR (CDCb, 
376.2 MHz): 4 103.05 (dm, Jpp = 190.7 Hz), 132.38 (dt, Jpp 
190.5 Hz, J H ~  = 5.5 Hz). High-resolution M S  calcd for C,€bOgFr 
(M - CHsCOzH, 8), 178.0441; mlz, 178.0430. 

difluoro-2,6-diosabicyclo[ 3.1.1 ]heptane ( (-)- 13c). Compound 
(-)-13c (3.0 mg) was obtained as a colorless oil from 13d (5.2 mg) 
as describedabove for the preparation of (+)-13a. (-)-13c, [a ImD 
= -11.25' (c = 0.30 in CHCls). Reincubation with PLE for 10 
min leads to complete racemization. This compound is of only 
ancillary importance in the context of this manuscript. There 
was not enough material for analysis. However, the purity of the 
sample was found to be greater than 90 % by proton (500 MHz) 
NMR. 1H NMR (CDCb, 500 MHz): 6 5.62 (m, 1 H, H-l),4.91 
(m, 1 H, H-3), 4.19 (m, 1 H, H-5), 4.12 and 4.09 (two dd, 1 H each, 
Jgem = 11.7 Hz, J,,s = 6.1 Hz, J,,SI = 7.9 Hz), 3.85 (m, 1 H, H-9), 
3.68 (m, 1 H, H-Y), 3.04 (m, 1 H, H-4), 2.10 (s, 3 H, OAc). I@F- 
NMR (CDCb, 376.2 MHz): 4 102.74 (dd, Jpp = 192.8 Hz, J H ~  
= 4.2 Hz), 132.51 (dt, J F ~  = 189.9 Hz, J H ~  = 6.0 Hz). 

Reincubation of Partially Resolved Diol 12 with PLE. 
The diol 12 from PLE hydrolysis of (*)-5 10.117 g, [aI2O~ = -5.3' 
(c = 1.02 in CHCls)] was reacetylated as described earlier. The 
resulting (-)-5 was resubjected to PLE hydrolysis to give 26 mg 
of monohydroxyacetates (+)-13a and (+)-13c and 49 mg of diol 
12. The monohydroxyacetates were separated via their thio- 
carbonylimidazole derivatives to give 17.2 mg of (+)-13b,  ala^ 
= +20.70° (c = 1.71 in CHCb), ee = 90%, and 11.1 mgof (-)-13d, 

Specific Rotation of Pure  Enantiomers of Oxetane 
Derivatives from PLE Hydrolyses. To determine the ee of 
partially resolved reaction products from the PLE hydrolyses of 
(*)-2 and (f)-5 it was necessary to determine the [ a ] ~  of the 
pure enantiomers. Since the monoacetates (+)-3a and (+)-13a 
are available in enantiomericly pure form of known absolute 
configuration it was possible to determine the [ a ] ~  of the isomeric 
monoacetates by hydrolysis or acetylation. [a lz3~ (CHCb): 3a 
(4R,5S), +49.7'; 3b (4S,5R), +29.5'; 4 (4R,5S), +18.1°; 2 (4R,5S), 
+23.8'; 13a (4R,5S), +25.4'; 13c (4S,5R), -28.7'; 12 (4R,5S), 
+9.5'; 5 (4R,5S), +27.3'. The above values were usedtoestimate 
the ee values for the PLE products (+)-3b and (-)-13c shown in 
Table I. 

(lS,3S,4&55)-4-[ [ (gToluenesulfonyl)oxy]methyl]-5-(ac- 
etoxymet hyl)-7,7-difluoro-2,6-dioxabicyclo[3.l.l]heptane 
((+)-14). To a solution of the alcohol (+)-13a (46.0 mg 0.193 
mmol) in pyridine (4.91 g, 62.25 mmol) was added p-toluene- 
sulfonyl chloride (285 mg, 1.5 mmol), (dimethy1amino)pyridine 
(241 mg, 1.935 mmol), and 4-A molecular sieve powder (150 mg) 
and the reaction mixture stirred at room temperature for 36 h. 
It was worked up with ether and water. Pure tosylate (+)-14 was 
obtained as a colorless oil (65 mg, 86.6%), [ a I m D  = +21.93' (c 
= 0.89 in CHCl3). Combustion analysis could not be performed 
as the compound was found to be unstable. The purity of the 
sample, as shown by proton (500 MHz) NMR, was found to be 
>95%. IH NMR (CDC13,500 MHz) 6 7.78 and 7.37 (AB, 4 H, 
phenyl, JAB = 8.2 Hz), 5.58 (m, 1 H, H-l), 4.85 (m, 1 H, H-3), 4.25 
(d q, 1 HI H-5, J = 6.5 Hz), 4.15-4.02 (m, 4 H, H-8, H-8', H-9, 
H-Y),2.90 (m, 1 H,H-4),2.48 (s,3 H, SOZCH~), 2.13 (s, 3 HI OAc). 
lgF-NMR (CDCl3, 376.2 MHz): 4, 103.38 (d, J F ~  192.4 Hz), 
132.73 (dt, Jpp = 192.6 Hz, JH,F = 6.1 Hz). 

( 15,35,4R,5S)-4-(Cyanomethyl)-5-(acetoxymethyl)-7,7-di- 
fluoro-2,6-dioxabicyclo[3.l.l]heptane ((+)-15). A solution of 
tosylate (+)-14 (35.2 mg, 0.089 mmol) and sodium cyanide (52.0 
mg, 1.06 mmol) in DMF (0.8 mL) was stirred under nitrogen at 
42 'C for 36 h. The reaction was worked up by trituration with 
ether and then filtering, and the resulting precipitate was obtained 
through a layer of Celite. The filtrate was worked up and flash 
chromatographed over silicagelelutingwith hexane/ethyl acetate 
(70330) togive pure nitrile (+)-15 (18.4mg, 83% 1, [Cr]"D = +27.01° 
(c = 1.21 in CHCls). The proton and fluorine NMR spectra as 
well as the value and sign of the specific rotation are identical 
with those described in ref 4. This establishes the absolute 
configuration of 13a-d, 14, and 15. 

Specific Rotation of Pure  Enantiomers of 17a and 17b. 
Since the absolute configuration of the diol 17g, [ a l ~  = -20.2' 
(benzene), was known to be (S,S),I' it was possible to determine 
the absolute configuration of the partiallyresolved products (+)- 

( 1 5 , 3 5 , ~ s ) - 4 - ( A c e ~ ~ ~ e t h y l ) - S - (  hydr~ymethyl)-7,7- 

[ a I m D  -14.7' (C = 1.11 in CHC13). 
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16 and (-)-l?a obtained in the PLE reaction by hydrolysia and 
acetylation. Enantiomericly pure (RP)-16: [01]D = +36.0° 
(benzene). (S,S)-17a: [U]D-17.3' (benzene). Thesevalues were 
used to calculate the ee values shown in Table 11. It ie realized 
that the ee values derived from specific rotations are subject to 
considerable error. "his ie particularly true since three rotation 
values are involved in each ee calculation. We estimate the error 
to be in the order of +20% of the values shown in Table 11. This 
in no way affecta the thrust of this paper, which contrasta the 

Rao e t  al. 

low eevaluefor (+)-16withthehighenantiomericpurityachieved 
for the major producta derived from (+)-2 and (+I-& 

Supplementary Material Available: Proton (500-MHz) 
NMR spectra of compounds 7,8,1O, (+)-13a, (+)-13b, (-)-I%, 
(-)-13d, end (+)-la (8 pagee). "his material is contained in 
libraries on microfiche, immediately follows this article in the 
microfilm version of the journal, and can be ordered from the 
ACS; see any current masthead page for ordering information. 


