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Quinic acid (la), shikimic acid (Z), and their derivatives were acylated in organic solvents by several lipases and 
by the protease subtilisin Carlsberg. The most satisfactory results were obtained with methyl (or benayl) quinate (7a 
(or 8a)) and lipase from Chromobacterium uiscosum adsorbed on Celite, which showed an overwhelming preference 
towards the acylation of OH-C(4). Under optimized conditions, the synthetically useful 4-0-acetylquinate 8d was 
isolated in ca. 90% yield. On the other hand, acylation of methyl shikimate (10a) showed no regioselectivity with 
any of the enzymes tested. A possible rationale for the different behavior of Chromobacterium uiscosum lipase 
towards 7a and 10a is given, comparing the conformations of these two molecules, as deduced from 'H-NMR and 
molecular-mechanics calculation. 

Introduction. - (-)-Quinic acid (la) and (-)-shikimic acid (2) are important sec- 
ondary metabolites widely spread in higher plants [l] [2], which are receiving growing 
attention as useful chiral building blocks [3] and as optically active synthetic precursors 
for natural compounds [4] and pseudosugars [5]. In particular, quinic acid was extensively 
used for the multistep synthesis of a large variety of compounds, among which the 
glyoxalase I inhibitor COTC [4a], mycosporins [4b], palintantin [4c], and 0-myo- inositol 
1,4,5-triphosphate [4d] are worth of mention. 

Utilization of l a  in synthesis takes advantage of the selective manipulation of the 
functional groups on the cyclohexane ring, which allows the introduction of a variety of 
appendages or new functions. While the two groups at C( 1) may be regarded as a masked 
carbonyl group, few well-established methodologies are known to differentiate among 
the three secondary OH groups. More specifically, while OH-C(5) can be easily pro- 
tected via acid-catalyzed lactonization to quinolactone 4a [6]; only two processes are 
known to discriminate between OH-C(3) and OH-C(4). In the first one, catalytic oxida- 
tion of the axial OH-C(3) of l a  with a Pt/O, system gave the 3,3-0-didehydroquinic acid 
(3) in ca. 50% isolated yield [7]. In the second one, better results were obtained by the 
treatment of the protected quinide 5 (obtained by acid-catalyzed acetalization of l a  with 
benzaldehyde) with N-bromosuccinimide to give the bromo-benzoate 6 [4b] [8]. 

With this in mind, we reasoned that new methods able to selectively modify quinic 
acid's OH groups might offer new opportunities to the synthetic elaboration of this 
compound. Therefore, we decided to include quinic acid and some of its derivatives, as 
well as shikimic acid and related compounds, in our research program, directed towards the 
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l a  R = H  
b R = Bu,N 

2 3 

4a R = R = H  
b R = A c , R ' = H  
c R = H , R = A c  

5 6 

enzymatic modification of sugars and polyhydroxylated natural compounds in organic 
solvents [9], with the hope that the specific interactions between enzymes and substrates 
would result in discrimination of their various OH groups. We now report on the results 
of our study. 

Results and Discussion. - The general methodology developed by Klibanov [ 101 for 
enzymatic transesterifications in organic solvents was applied to la .  Because of the high 
polarity of la,  the reactions were performed in pyridine. After two days of stirring in the 
presence of the standard ester trifluoroethyl butanoate, there was no conversion, neither 
with the protease subtilisin nor with porcine pancreatic lipase. Since it is well documented 
that only a few proteases and lipases are catalytically active in pyridine [ 111, we titrated l a  
with 1 . 5 ~  aq. Bu,NOH and then lyophilized the soln. to give salt lb.  Due to the nature of 
its cation, l b  was also soluble in more hydrophobic solvents, however, still no conversion 
was observed after prolonged stirring with a variety of enzymes (see Exper. Part). 

Methyl quinate (7a) [12] was subjected to the action of several lipases and of the 
protease subtilisin under different conditions. Among lipases, the one from Chromobac- 
terium viscosum (Ch.u.) gave the most satisfactory results in terms of conversion and 

COOR 

7a R = M e , R = R = H  9a R = R ' = H  10a R = M e , R = R = H  
b R = A c , R ' = H  

8a R = Br,  R' = R" = H c R = R ' = A c  
b R = Me, R' = PrCO, R = H 

b R = Br,  R' = PrCO, R" = H 
c R = Br,  R' = H, R = PrCO 

b R = Me, R = Ac, R" = H 
c R = Me, R' = H, R" = Ac 

d R = Br,  R' = Ac, R" = H 
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selectivity (see Table) and, therefore, the reaction was scaled up to isolate and character- 
ize the product. Thus, 4 -0  -butanoyl derivative 7b was obtained after chromatography in 
61 'YO yield. The site of the acylation was unambiguously established by 'H-NMR analysis 
and by the comparison with the data for the parent 7a. 

The 'H-NMR of 7a in (D,)DMSO exhibited a ddd at 3.89 ppm for H-C(3) with the apparent coupling 
constants J(3,2ax) = 7.8, J(3,2eq) = 3.5, and J(3,4) = 3.2 Hz. H-C(4) resonated at 3.34 ppm as a dd with 
J(4,5) = 7.5 Hz, and H-C(5) was found at 3.76 ppm as a dt due to the similarity of the vicinal couplings to CH2(6) 
( J  = 6.5 Hz). These data are in substantial agreement with those reported by Meier and Tamm [I31 for quinic acid 
in CD,OD. However, due to the different solvent used by us, the didstereoisotopic CH2(6) (instead of CH2(2) as in 
quinic acid) appeared as a 2 H da t  1.82 ppm, with an apparent splitting of 3.8 Hz due to the fortuitous coincidence 
of their chemical shifts, whereas the protons of CH2(2) (instead of CH2(6)) were the AB part of an ABX system at 
1.70 and 1.95 ppm, with J,,, = 13 Hz and vicinal coupling constants to H-C(3) of 7.8 and 3.5 Hz, respectively. 
Acylation at OH-C(4) in 7b was proved by the 1.3 ppm downfield shift of H-C(4), which appeared at 4.63 ppm 
(J(3,4) = 3.2, J(4,5) = 7.5 Hz), while H-C(3) and H-C(5) were almost unaffected at 4.02 and 3.88 ppm. 

The interesting result obtained with Ch.u. lipase allowing for the first time the selective 
esterification of OH-C(4) without affecting either OH-C(3) or OH-C(5) prompted us 
to investigate its synthetic potential. Thus, we enzymatically acylated the benzyl ester 8a 
under the same conditions, which gave a 64% isolated yield of the corresponding 
4-0- butanoyl derivative Sb, as confirmed by 'H-NMR (see Exper. Part). The reaction 
was optimized using Ch.u. lipase adsorbed on Celite [9fl and vinyl acetate as solvent and 
acylation agent. Under these conditions, the conversion of 8a was complete after 1 h at 
45", and 4-0-acetyl derivative 8d was isolated in 87-90% yield. 

The protease subtilisin behaved differently from the lipases. Regioselectivity was not 
as good as with Ch.u. lipase, the esterification of 8a giving rise to the three mono-0-acyl 
isomers in a 9:16:3 ratio. A preparative-scale reaction was carried out with 8a and 
2,2,2-trifluoroethyl butanoate in the presence of subtilisin. The product with the fastest R, 
(second in abundance) was identical to 8b as shown by direct comparison. The major 
product was the 5-0 -butanoyl isomer Sc, and the third compound, present in traces, 
could not be isolated in pure form. 

In the 'H-NMR of Sc, H-C(5) appeared at 5.02 ppm as a td, having very similar couplings with H-C(4) and 
H,,-C(6) ( J  = 7 Hz) and a smaller coupling with H,,-C(6) ( J  = 5 Hz); H-C(4) was at 3.55 ppm as d d ( J  = 3 Hz), 
whereas H-C(3) resonated at 3.93 ppm as a dt with J(2ax,3) = 5 and J(2eq,3) = 3 Hz. 

Two other derivatives of quinic acid, the pentol 9a [14] and the quinide 4a [9], were 
also studied. In polyol 9a, Ch.u. lipase acylated first the more accessible primary OH 
group, forming in pyridine the mono-acetate 9b in ca. 50 % yield (CH,(OH)-C( 1) at 3.82 
and 3.90 ppm (AB, J = 12.5 Hz)). Further acylation in vinyl acetate gave diester 9c, with 
the second AcO group at C(4) (H-C(4) of 9c at 4.52 pprn instead of 3.25 ppm (9b)). 

Enzyme-mediated esterification of lactone 4a was much slower (ca. 50 YO conversion 
after 24 h at 45") and nonspecific, giving a mixture of two mono-acetates in comparable 
amounts. Moreover, although the two esters had different R;s in TLC, we were unable to 
separate them, probably because of their interconversion during column chromatogra- 
phy. 'H-NMR of a fraction enriched in one of the two products (ca. 77:23 ratio) showed 
two sets of signals, corresponding to 3 - 0  -acetylquinolactone 4b and 4-0 -acetylquinolac- 
tone 4c (see Exper. Part). 

Finally, screening of methyl shikimate (loa) under experimental conditions similar to 
those reported in the Table showed that Ch.u. lipase was the best catalyst in this case too. 
GC analysis indicated a 69% conversion to a mixture of two products (60% isolated 
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yield) which were not separable by flash chromatography, due to their close running 
properties under a variety of elution conditions. 'H-NMR analysis showed that two 
mono-esters were present in 2.5:l ratio, and we identified them as 3-0-acetyl derivative 
10b and 4-0-acetyl derivative 1Oc by selective decoupling experiments. 

The 'H-NMR spectrum showed two sets of related signals attributed to each of the two isomers 10b and 1Oc. 
The most intense set showed the olefinic H-C(2) at 6.78 ppm as add, with a vicinal coupling to H-C(3) (J  = 4.5 
Hz) and a small allylic coupling (J  Y 2 Hz) to the quasiaxial H-C(6) at 2.25 ppm. After irradiation, H-C(3) was 
found at 5.58 ppm as a td (J(2,3) = J(3,4) = 4.5 and J(3,6ax) z 1 Hz). H-C(4) appeared at 3.78 ppm as a dd 
(J(4.5) = 9 Nz) and H-C(5) at 4.01 as a dd(J(5,6ax) = 9 and J(5,6eq) = 5.5 Hz). Finally, the CH(6) group showed 
a geminal coupling (J  = 19 Hz), and H,,-C(6) appeared as a dd at 2.95 ppm, without additional long-range 
couplings, The low-field resonance of H-C(3), compared to the 4.26 ppm in the parent methyl shikimate (10a; in 
(D,)DMSO at 70", see below) indicated that esterification yielding the major isomer 10b had occurred at OH-C(3). 
The large value of J(4,5) and J(5,6ax) (9 Hz) suggested that H-C(5), H-C(4), and H,,-C(6) were in an almost 
trans-diaxial orientation. Accordingly, H,,-C(6) exhibited no allylic and homoallylic couplings to H-C(2) and 
H-C(3). The set of signals due to the less abundant isomer 1Oc consisted of a dt at 6.85 ppm for the olefinic proton, 
with a vicinal coupling constant of 4.5 Hz and two additional small long-range couplings ( N 1 Hz) to H-C(2) and 
HpC(3). Among the oxymethine protons, the most downfield signal appeared at 4.93 ppm as add. This signal was 
attributed to H-C(4) because irradition of it disclosed H-C(3) at 4.64 ppm as a broad td(J(2,3) Y J(3,4) z 4.5 Hz 
and a small long-range coupling (J  N 1 Hz)) and H-C(5) at 4.22 ppm as a ddd (J(4,5) = 8.8, J(5,6ax) = 5.5, and 
J(5,6eq) = 4.5 Hz; H,,-C(6) and H,,-C(6) at 2.81 and 2.32 ppm, resp.). This compound was, therefore, identified 
as the methyl 4-0-acetylshikimate (1Oc). A careful examination of the 'H-NMR spectrum revealed an impurity 
with clean signals at 4.42 and 5.18 ppm. suggesting the presence of traces of the 5-0-acetyl derivative. 

The results showed a marked difference between 'good' substrates, such as 7a, Sa, and 
9a, which fit the active site of Ch.u. lipase correctly, affording an almost quantitative 
conversion with excellent regioselectivity, and 'poor' ones, such as 4a and 10a, which 
suffer a lower conversion with scarce regioselectivity. In an attempt to rationalize these 
results, we considered the preferred conformation of methyl quinate (7a) and methyl 
shikimate (loa). 

According to 'H-NMR data [13], methyl quinate (7a) exists preferentially in a chair 
conformation (A), with OH-C(4), OH-C(5), and the COOMe group equatorially ori- 
ented and OH-C(3) axially oriented. This was confirmed by molecular-mechanics calcu- 
lations. Using the INSIGHT and DISCOVER software, we constructed two shaped 
conformations for 7a: the one suggested by 'H-NMR data (A) and the inverted one (B), in 
which OH-C(4), OH-C(5), and COOMe are axial (see Fig. 1). Energy minimizations 

h 

B A 

Fig. 1. a )  Culculured filohul-energj-niinirnum conformer A und b) local-energ~-ntinin?um conformer B of 7a 
Empty circles are 0- and H-atoms, hatched circles represent C-atoms. 
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indicated that conformer A represented a global minimum in various solvents. In fact, the 
energy differences with respect to the local minimum represented by B indicated that A 
was 2.31 kcal/mol more stable in vucuo, 2.62 kcal/mol in AcOEt (E 6.02), 2.41 kcal/mol in 
acetone (E  20.56), and 2.31 kcal/mol in DMSO ( E  45.43). Therefore, B is expected to make 
a negligible contribution to the conformation of 7a in solution. 

It was reported [13] that methyl shikimate (10a) prefers a half-chair conformation in 
H,O or MeOH solution, with OH-C(4) and OH-C(5) in an equatorial orientiation and 
OH-C(3) in a quasiaxial one. The 'H-NMR spectrum (600 MHz, (DJDMSO) of 10a, 
recorded at room temperature, showed a series of broad signals that made the interpreta- 
tion of the splitting patterns impossible; at 70°, most signals were sharp and split, and 
their analysis casts some doubts on the proposed conformation [13] of 10a, at least in the 
solvent used by us ((DJDMSO). 

The 'H-NMR (600 MHz, (D,)DMSO, 70") of 10a showed H-C(2) and H-C(3) still as br. s at 6.65 ( w , , ~  
= 4 Hz) and 4.26 ppm (w1,* = 10 Hz). The dd at 3.58 ppm was assigned to H-C(4) (J(4,5) = 6.4 Hz, J(3,4) = 4.2 
Hz). H-C(5) appeared as a dt because of the similar coupling (J  = 4.5 Hz) to both Hax- and H,,-C(6). These last 
two protons resonated at 2.08 and 2.50 ppm as a dddd; in addition to the large geminal coupling (J  = 18.0 Hz) and 
to the vicinal coupling to H-C(5) (J  = 4.5 Hz), both showed couplings arising from long-range interactions with 
H-C(2) ( J  Y 1.6 and 2.3 Hz, resp.) and H-C(3) (J % 1 and 2 Hz). These data, specifically the vicinal coupling- 
constant values displayed by H-C(5) and the existence of comparable allylic and homoallylic couplings of H-C(2) 
and H-C(3) to both H,,-C(6) and H,,-C(6), are not consistent with the proposed half chair [13]. 

Molecular-mechanics calculations, starting from the two opposite half-chair ge- 
ometries C and D of 10a, showed that the two corresponding minima differ by only 0.7 
kcal/mol in uucuo, 0.46 kcal/mol in AcOEt, 0.59 kcal/mol in acetone, and 0.63 kcal/mol in 
DMSO (see Fig.2). In these two arrangements, the COOMe has its carbonyl group 
turned away from H-C(2), and the torsion angles towards the olefinic double bond are 
cu. 20 and 28", respectively. The relatively small differences obtained in these calculations 
suggest that there are conformational equilibria in which C and D are present in com- 
parable amounts. Although the determination of the preferred conformation in solution 
is only a prerequisite for the evaluation of substrate recognition by enzymes [14], the 
conformational interconversion of methyl shikimate (lOa) could be responsible for the 
loss of selectivity displayed by Ch.v. lipase, whose active site could have been approached 
by different conformers of this compound with similar stability. On the other hand, the 
extremely high selectivity of this lipase with methyl quinate (7a) might be due to the 
existence of only one stable conformer. 

Fig. 2. Energy-minimized conformers a) C and b) D ofl0a. See also Fig. I .  
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A better understanding of the above results will be given by structural information on 
the active site of Chromobacterium viscosum lipase, presently not available, and by 
examination of the conformation assumed by these substrates in approaching the acyl- 
enzyme intermediate. 

In conclusion, we have shown that the lipase from Chromobacterium viscosum easily 
and efficiently esterifies OH-C(4) of methyl quinate (7a) and benzyl quinate @a). These 
new 4 -0  -acyl derivatives might be useful chirons for natural-product synthesis. 

Experimental Part 

1. General. For lipase sources, see Table. Subtilisin was obtained from Sigma (protease type VIII). (-)-Quinic 
acid (la) and (-)-shikimic acid (2) were purchased from Aldrich. Methyl quinate (7a), methyl shikimate (loa), 
benzyl quinate (Sa), quino-l,54actone (4a), and 10(,3c(,40(,SB -tetrahydroxycyclohexane-lp-methanol (9a) were 
obtained following literature procedures (see above) and showed 'H-NMR, I3C-NMR, and FAB-MS data in 
accordance with the proposed structures. Reactions were monitored by GC and TLC. GC: 25 HPl capillary 
silica-gel column, coated with methylsilicone gum (Hewlett-Packard); reaction mixtures were transformed with 
1,1,1,3,3,3-hexamethyldisilazane [16] prior to analysis. TLC: precoated silica gel 60 Fzrl plates (Merck); detection 
with conc. H,SO,, followed by heating. FC = flash chromatography. 'H- and I3C-NMR spectra: Bruker-AC-300 
('H at 300 and "C at 50.2 MHz) and Bruker-AM-600 instrument ('H at 600 MHz). FAB-MS: VG-70-70-EQ-HF 
instrument equipped with its own source, using Xe as gas and glycerol as matrix. 

2. Immobilization of Ch.v. Lipase. Ch.v. lipase ( 3  g) was mixed accurately with Hyflo Super Cell (10 g, Fluka). 
Then, 0 . 1 ~  K,PO, buffer (pH 7; 10 ml) was added, the mixture shaken vigorously and dried for 24 h at 0.02 mbar. 
The H,O content, determined by the optimized Fisher method, was 2% (w/w). 

3. Molecular-mechanics calculations were performed with the software package INSIGHT and DISCOVER 
from Biosym Inc., Munich, using an ZRIS-4D-70-GT workstation from Silicon Graphics. 

4. Attempted Enzymatic Acylation of Tetrabutylammonium Quinate (lb). The soln. of 1 g of l a  in 10 ml of H,O 
was titrated to pH 7 with (Bu,N)OH (40 % in H20) and then freeze-dried to give l b  as an amorphous solid. At 45", 

Table. Enzymatic Acylation of Methyl Quinate (7a)7 

Enzyme % Conversionb) Products ratioc) 

Chromobacterium viscosum lipased) 79e) 
833 

213 
Pseudomonas lipaseg) 27') 

Humicola lanuginisa lipaseg) 41e) 
18') 

Porcine pancreatic lipaseh) 42e) 
27f) 

Candida cylindracea lipaseh) 9? 

75:1:3 
80:0.5:2.5 
27:O:O 
21:0:0 
34:1:6 
15:0:3 
42:O:O 
27:O:O 

3 : S : l  
~ ~~ ~ 

") Conditions: 7a, 65 pmol; 2,2,2-trifluoroethyl butanoate, 10 equiv.; solvent, 1 ml; lipase, 100 mg (subtilisin, 
20 mg); shaking at 250 rpm for 24 h at 45". 

b, Determined by GC analysis (see Exper. Part). 
') The first value refers to the least retained isomer (identified as 4-0-acetyl derivative, see text), the third one to 

the most retained isomer. 
d, Finnsugar Biochemicals Inc. 
') Solvent: toluene/pyridine 5 : 1. 
') Solvent: acetone/pyridine 3:l.  
g) Amano Pharmaceuticals Ltd. 
h, Sigma Chemical Co. 
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1 ml of 0 . 1 ~  lb in anh. vinyl acetate/DMF 20:l was shaken in the presence of subtilisin (20 mg) for 48 h. No 
reaction was observed (TLC and GC). The same negative result was obtained using 100 mg of the crude lipases 
described in the Table. 

5. Methyl 4- 0-Butanuylquinate (= Methyl 4a-(Butanoyluxy)-la,3a.5~-trihydroxycyclohexane-I~-carboxy- 
late; 7b). To a soln. of 200 mg of 7a in 10 ml of acetone/pyridine 3:l containing 1.5 ml of 2,2,2-trifluoroethyl 
butanoate (10 equiv.), 1 g of crude Ch.u. lipase and 1 g of molecular sieves were added. The suspension was shaken 
at 250 rpm and 45O for 18 h. The enzyme was filtered off, the solvent evaporated, and the crude residue purified by 
FC (CH,Cl,/MeOH/H,O 90:6:0.5): 169 mg (61%) of 7b. Oil. R, (CH,Cl,/MeOH/H,O 90:6:0.5) 0.29. 'H-NMR 

H-C(5)); 3.60 (s, MeO); 2.30 ( t ,  J = 8), 1.54 (m, J = 8), 0.87 (f, J = 8, PrCO). FAB-MS: 277 (79, [M + HI'), 259 
(loo), 189 (34), 171 (90), 151 (66). 

(300 MHz, (D6)DMSO): 4.63 (dd, J = 7.8, 2.2, H-C(4)); 4.03 (td, J = 3.3, 2.2, H-C(3)); 3.89 (td, J = 7.8, 4, 

6. Benzyl4-0-Butanuylquinate (8b). As described for 7b, with 100 mg of benzyl quinate (8a): 80 mg (64%) of 
8b. Oil. R,(hexane/AcOEt 7:3) 0.35. 'H-NMR (300 MHz, (D,)DMSO): 7.40 (Ph); 5.10 (PhCH,); 4.66 (dd, J = 7.8, 

I3C-NMR (50.2 MHz, (D,)DMSO): 173.2 (COOCH,Ph); 75.7 (C(4)); 73.8 (C(1)); 65.5 (C(5) or C(3)); 64.2 (C(3) 
or C(5)); 39.9 (C(6)); 37.7 (C(2)); 136.2, 128.4, 127.9, 127.6, 65.8 (PhCH,); 172.7, 35.7, 18.0, 13.4 (PrCO). 
FAB-MS: 353 (63, [M +HI+), 335 (54), 263 (7), 245 (15), 181 (30), 91 (100). 

2.2, H-C(4)); 4.03 (dt, J = 3.3, 2.2, H-C(3)); 3.90 (dt, J = 7.8, 4, H-C(5)); 2.06 ( t ) ,  1.11 (m), 0.98 ( t ,  PrCO). 

7. Benzyl4- 0- Acetylquinate ( = Benzyl4a-Acetuxy-lcc,3or,5~-trihydroxycyclohexune-l~-curboxylate ; 8d). To 
a soh.  of 200 mg of 8a in 7 ml of vinyl acetate, 160 mg of Ch.u. lipase adsorbed on Celite (540 mg) were added. The 
suspension was stirred at 45O and 250 rpm for 4 h. After this time, the enzyme was filtered off, the solvent 
evaporated and the residue purified by FC (AcOEt) giving 210 mg (90%) of 8d. Oil. R, (hexane/AcOEt, 7:3) 0.21. 
'H-NMR (300 MHz, (D,)DMSO): 4.63 (dd, J = 7.5,3, H-C(4)); 4.05 (dt, J = 3, 1.8, H-C(3)); 3.93 (dt, J = 7.5,4, 
H-C(5)); 2.05 (s, Ac). FAB-MS: 325 (20, [ M  + HI+), 307 (27), 217 (6), 181 (14), 91 (100). 

8. Benzyl 5- 0-Butanoylquinate ( = Benzyl 5a- (Butanoyluxy) -la,3a,4cc-trihydruxycycluhexane-l~-carboxy- 
late; 812). To a soh.  of 200 mg of 8a in 10 ml of acetone/pyridine 3: l  containing 2 ml of 2,2,2-trifluoroethyl 
butanoate, subtilisin (200 mg) was added. The suspension was stirred at 55" for 3 days. TLC and GC: three 
different mono-esters, ratio 9: 16: 3. Usual workup and FC gave Sb (see above), R, (hexane/AcOEt 7:3) 0.35 and the 
more abundant isomer 8c. Oil. R,(hexane/AcOEt 7:3) 0.31. 'H-NMR (300 MHz, (D,)DMSO, SO0): 5.07 (dt, J = 6, 
5, H-C(5)); 3.93 (dt, J = 6, 3, H-C(3)); 3.55 (dd, J = 6, 3, H-C(4)); 2.05 ( t ) ,  1.55 ( m ) ,  0.88 ( t ,  PrCO). I3C-NMR 

(C(6)); 136.0, 128.5, 128.0, 127.5, 65.8 (PhCH,); 172.0, 35.4, 17.8, 13.3 (PrCO). FAB-MS: 353 (51, [M + HI+), 335 
(6), 263 (3), 245 (4), 181 (8), 91 (100). 

(50.2 MHz, (D6)DMSO): 172.9 (COOCHzPh): 73.4 (C(1)); 70.8 (C(4)); 69.5 (C(5)); 67.1 (C(3)); 36.9 (C(2)); 35.4 

9. 3- 0- and 4- 0-Acetylquino-1.5-lactone ( = 3-exo-Acetoxy-1,4-exo-dihydroxy- and 4- exo-Acetoxy-1.3-exo- 
dihydroxy-6-oxabicyclu[3.2.l]octan-7-une; 4b and 4c, resp.). To a soh.  of 200 mg of lactone 4a in 24 ml of 
acetone/pyridine 2 : 1 containing 2.1 ml (20 equiv.) of vinyl acetate, Ch.0. lipase adsorbed on Celite (1.1 g total 
weight) was added, and the suspension was stirred at 45'for 2 days. After that time, the conversion was almost 50% 
(2 products). Usual workup followed by FC (AcOEt/hexane 6:4) gave 4b/4c 77:23. R, (AcOEt/MeOH/H,O 
9 :1:0.5): 0.69 (4b), 0.62 ( 4 ~ ) .  'H-NMR (4b/4c 77 :23; 300 MHz (D,)DMSO): 4b: 6.12 (s, OH-C(1)); 5.62 (d, J = 5,  
OH-C(4)); 4.69 ( t ,  J = 5,  H-C(5)); 4.61 (ddd, J = 11.25, 7.2, 5, H-C(3)); 4.1 1 (q, J = 5, H-C(4)); 2.05 (s, Me); 
4 ~ :  6.08 (s, OH-C(l)); 5.18 (d, J = 6.25, OH-C(3)); 5.08 ( t ,  J = 5, H-C(4)); 4.77 ( t ,  J = 5, H-C(5)); 3.74 (dddd, 
J = 11.25, 7.2, 6.25, 5, H-C(3)); 2.09 (s, Ac). 

10. Acylatiun of Pentol9a. 10.1. To a soln. of 200 mg of 9a in 10 ml of anh. pyridine containing 1 ml of vinyl 
acetate, Chm. lipase adsorbed on Celite (1 g) was added and the suspension shaken overnight at 45O. Usual workup 
and purification by FC (CHCl,/MeOH 8 :2) gave 120 mg (51 %) of la.3a,#a,5~-tetrahydruxycycluhexane-I~- 
methyl acetate (9b). R,(CH,Cl,/MeOH 8:2) 0.45. 'H-NMR (300 MHz, (D,)DMSO): 3.92 (m, H-C(3), H-C(5)); 
3.90 (d, J = 12.5), 3.82 (d, J = 12.5, CHZOAc); 3.25 (dd, J = 9, 3, H-C(4)); 2.03 (s, Ac). 13C-NMR (50.2 MHz, 
(D6)DMSO): 74.8 (C(4)); 72.0 (C(1)); 70.2 (CHzOAc); 69.1 (C(3)); 66.9 (C(5)); 40.1 (C(6)); 36.5 (C(2)); 170.6, 20.8 
(Ad. 

10.2. To a soln. of 120 mg of 9b in 7 ml of vinyl acetate containing 3 ml of pyridine, Ch.u. lipase adsorbed on 
Celite (1 g) was added and the suspension shaken overnight at 45". Usual workup gave 95 mg (66%) of 
la-acetoxy-la,3cc,5~-trihydroxycycluhexane-I~-methyl acetate (9c). R, (CH,Cl,/MeOH 8 :2) 0.57. 'H-NMR (200 
MHz, (D6)DMSO): 4.52 (dd, J = 9, 3, H-C(4)); 3.98 (WZ, H-C(3), H-C(5)); 3.93 (d, J = 12.5), 3.82 (d, J = 12.5, 
CH~OAC); 2.05 (3, Ac). I3C-NMR (50.2 MHz, (D,j)DMSO): 77.6 (C(4)); 71.7 (C(1)); 70.0 (CHZOAc); 66.6 (C(3)); 
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63.6 (C(5)); 40.4 (C(6)); 36.6 (C(2)); 170.3,21.1,20.7 (Ac). FAB-MS: 263 (26, [M +HI+), 24.5 (loo), 227 (13), 203 
(8), 185 (24), 167 (14), 143 (15), 125 (71), 107 (58). 

1 1. Methyl 3- 0- and 4- 0-Acetylshikimate ( = Methyl 3a-Acetoxy-4a,5/j’-dihydroxy- and 4u-Acetoxy-3~,5B-di- 
hydroxycyclohex-I-ene-1-carboxylate; 10b and lOc, resp.). To a soln. of 200 mg of methyl shikimate (10a) in 10 ml 
of vinyl acetate, Ch.0. lipase on Celite (1 g) was added. The suspension was shaken for 24 h at 45” and 250 rpm. 
IJsudl workup and purification (AcOEt/hexane 7:3) gave 10b/10c 2.5 : I  (153 mg, 60%). Oil. R,  (hexane/AcOEt 
7:3) 0.29. ‘H-NMR (300 MHz, CDC1,): lob: 6.75 (d, J = 3, HpC(2)); 5.58 ( t ,  J = 3, H-C(3)); 4.02 (dt, J = 9, 5, 
H-C(5)); 3.79 (dd, J = 9, 3, H-C(4)); 3.75 (s, MeO); 2.13 (s, Ac); 1Oc: 6.83 (br. s, H-C(2)); 4.93 (dd, J = 9, 3, 
H-C(4)); 4.64 (br. s, H-C(3)); 4.23 (dt, J = 9, 5, HpC(5)); 3.75 (s, MeO); 2.13 (s, Ac). 
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