
thus defining the stereochemistry of 8 and accordingly of 
5 as 2. 

While the origin of the Z stereoselectivity of these Wittig 
reactions remains to be determined,l’ the remarkably high 
Z stereoselective synthesis of the allylic oxygenated olefins 
described herein should find general synthetic applications. 
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(11) For a poasible explanation on this 2 stereoselectivity of the Wittig 
reaction of 2-oxygenated ketones, see: Schlosser, M.; Schaub, B. J.  Am. 
Chem. Soc. 1982, 104, 5821. 
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Chemoenzymatic Syntheses of Fluoro Sugar 
Phosphates and Analogues 

Summary: Combined chemical and enzymatic procedures 
are described for the preparation of fluorinated sugar 
phosphates and analogues. These derivatives are useful 
for study of sugar metabolism and for synthesis of phar- 
macological probes in a number of enzymatic systems 
utilizing sugars. 

Sir: This paper describes studies of a regioselective, en- 
zyme-catalyzed phosphorylation of fluorinated sugars and 
sugar analogues with heteratoms in the pyranose rings 
(Scheme I) which provides a combined chemical and en- 
zymatic route to potentially useful pharmacological probes 
in numerous enzyme systems. 

Current studies indicate that fluorinated sugar phos- 
phates or sugar nucleotides in which one of the hydroxyl 
groups is replaced with the fluorine group can be strong 
inhibitors of the nonfluorinated species and are of interest 
as potential pharmaceuticals or pharmacological pr0bes.l 
The inhibitions are due to the difference of C-F and C-OH 
in reactivity and the similarity of both groups in polarity 
and bond length.2 Despite the usefulness of this class of 
compounds, the synthesis, however, still depends on 
chemical procedures which require multiple protection and 
deprotection steps to overcome the problems of regiose- 
le~t iv i ty .~  In particular, chemical phosphorylation of 
fluorinated sugars requires a different protection strategy 
from that of the nonfluorinated counterparts. As a part 
of our interest in developing enzymatic routes to this class 

(1) Sheit, K. H. “Nucleotide Analogs”; Wiley-Interscience: New York, 
1980. Taylor, N. F. In “Carbon-Fluorine Compounds”; Elsevier: New 
York, 1972; Ciba Found. Symp., p 212. Welch, J. T.; Eswarakrishnan, 
S. J.  Chem. SOC., Chem. Commun. 1985,186. Gould, R. F. “Biochemistry 
Involving Carbon-Fluorine Bonds”; 1976; Acs Symposium Series. Sufrin, 
J. R.; Bernacki, R. J.; Morin, M. J.; Korytnyk, W. J.  Med. Chem. 1980, 
23, 143. Grier, T. J.; Rasmussen, J. R. J .  Bid .  Chem. 1984, 259, 1027. 
Nicolson, G. L.; Poste, G., N .  Engl. J. Med. 1976, 295, 197, 253. Was- 
senaar, W.; Tator, C. Trans. Am. Neurol. Assoc. 1973, 98, 43. 

(2) Walsh, C. Adu. Enzymol. 1983,54, 197. Grier, T. J.; Rasmussen, 
J. R. Biochem. J. 1983, 209, 677. Riley, G. J.; Taylor, N. F. Ibid. 1973, 
135, 773. Bessell, E. M.; Thomas, P. Ibid. 1973, 131, 78, 83. 

(3) Penylis, A. A. E. Adu. Carbohydr. Chem. Biochem. 1981,38, 195 
and references cited therein. Kent, P. W. in Ciba Found. Symp.  of ref 
1, p 169. 

C H F  

d F F  

e F H  

f F 

0.41 260 

0.13 I 6 0  

82 3 0  

70 30 

F 84 30 

H F  3 

s 4  15 

N H  I 30 

- 

a T h e  subs t i tuents  o t h e r  t h a n  t h o s e  f o r  glucose (a )  a r e  
indicated.  1 U = 1 pmol p roduc t  fo rmed  per min. 

Scheme 11: Synthes is  of 2-Deoxy-2-fluoro-~-arabinose 
5-Phosphate  (6) 
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(a)  1. pyr id in ium dichromate /ace t ic  anhydr ide ,  96%. 
2. NaBH,/70% aqueous  e thano l ,  92%. (b)  DAST/CH,Cl,/  
pyridine,  88%. ( c )  D o w e x  50 (H’)/H,O, 92%. ( d )  A T P /  
hexokinase/phosphoenolpyruvate/pyruvate kinase,  86%. 
(e )  Pb(OAc) , /H+,  64%.  

of compounds, we have surveyed the substrate specificity 
of yeast hexokinase (E.C. 2.7.1.1) on a variety of fluorinated 
hexopyranoses and glucose analogues with S or NH in the 
ring (Scheme I).4 As shown, each of compounds a-j can 
be accepted as a substrate for the enzyme. Although high 
specific activity of enzymes used as catalysts in large-scale 
organic synthesis permits the construction of efficient 
reactors, low specific activity of enzymes using weak sub- 
strates could also be valuable and practical provided the 
enzymes and the cofactor regeneration system used are 
inexpensive and stable. In order to illustrate the practi- 
cality of the enzymatic preparation of unnatural sugar 
phosphates using the ATP-requiring hexokinase reactions, 
we selected a weak substrate and a strong ATP regener- 
ation system based on pyruvate kinase as a catalyst and 
phosphenolpyruvate as a phosphoryl donor which has 
excellent stability in s ~ l u t i o n . ~  

(4) For the preparations and kinetic analyses of compounds a-d and 
f-h, see: Bessell, E. M.; Foster, A. B.; Westwood, J. H. Biochem. J. 1972, 
128, 199. For that of compound i, see: Chen, M.; Whistler, R. L. Arch. 
Biochem. Biophys. 1975, 169, 392. Compound e was prepared by acid 
hydrolysis of methyl 3-deoxy-3-fluoro-6-trytil-~-~-allopyranoside prepared 
according to the procedures reported by Card (see ref 7). Compound j 
was prepared by following the procedures reported previously: Inouye, 
S.; Tsuruoka, T.; Ito, T.; Niida, T. Tetrahedron 1968, 24, 2125. 

(5) Hirschbein, B. L.; Mazenod, F. P.; Whitesides, G. M. J. Org. Chem. 
1982, 47, 3766. 
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The representative preparation of 2-deoxy-2-fluoro-~- 
arabinose 5-phosphate (6) was carried out as shown in 
Scheme 11. 1,2:5,6-Di-0-isopropylidene-D-glucofuranose 
(1) was first converted to the D-allose derivative 26 which 
upon reaction with (diethylamino) sulfur trifluoride 
(DAST)7 in methylene chloride and pyridine was trans- 
formed to the diisopropylidene derivative 3. The iso- 
propylidene groups were removed by hydrolysis with Do- 
wex 50 (H+) in water to yield 3-deoxy-3-fluoro-~-glucose 
(4): mp 114-115 "C (lit.8 mp 112-113 "C); [CY]D20 +6.5' (c 
1, HzO) (1it.l [a] +6.4", c 1, H20). Compound 4 (20 mmol) 
in aqueous solution (100 mL, pH 7.0) was phosphorylated 
at  the 6 position to give 5 by ATP (0.2 mmol) catalyzed 
by yeast hexokinase (246 units, immobilized in 5 mL of 
polyacrylamide gels) coupled with a cofactor regeneration 
system containing immobilized pyruvate kinase (315 units, 
3 mL gels) and phosphoenolpyruvate (22 m m ~ l ) . ~  The 
conditions are essentially the same as those reported 
previously? HPLC and enzyme analyses'O indicated that 
the reaction was complete in 7.5 days. Compound 5 was 
isolated as a barium salt as described previously for the 
preparation of glucose 6-ph0sphate.~ Enzymatic analysis 
indicated that 7.9 g of the product contains 87% of com- 
pound 5 as monobarium salts. At  the conclusion of the 
reaction, each of the recovered enzyme activities was about 
90% of their original activities and the turnover number 
for ATP was 100. Further oxidation of 5 (the barium ions 
were removed by treatment with Dowex 50) with 1.6 equiv 
of lead tetraacetate in acetic acid1' gave compound 6 which 
was isolated in 62% yield as a sodium salt: [ c Y ] ~ ~ D  -72' (c  
1.2, H,O); lH NMR (90 MHz) of CY form, 6 (DzO) 4.9 (d, 

= 9.5 Hz, HJ; @form, 4.8 (m, J2,F = 68 Hz, Hz), 5.2 (9, 1 

= 8 Hz, C5). The coupling patterns indicating the F group 
attached to C2 and the P group attached to C5 are con- 
sistent with those expected. 

In summary, this study illustrates that the substrate 
specificity of hexokinase is wider than has been suggested 
in previous studies. This provides potentially critical in- 
formation relating to the in vivo metabolic disposition of 
specific fluorinated sugar analogues. This work also sug- 
gested that hexokinase/pyruvate kinase should be useful 
catalysts in preparative synthesis of fluorinated sugar 
phosphates and analogues using the substrates shown in 
Scheme I. The phosphate group at  the 5 position of 
pentoses enhances the attractiveness of these sugars as 
nucleotide precursors as the phosphate group locks the 
sugar in the furanose form. This allows the formation of 
a nucleotide having only the furanose configuration with- 
out the use of protecting groups.12 Also, the phosphate 
group allows direct formation of a nucleotide eliminating 

J 1 , 2  = J 2 , 3  = 0, J 2 , F  = 68 Hz, HJ, 5.3 (d, 1 H, J1,z = 0, J ~ , F  

H, J1,z = 4 Hz, J1,F = 12 Hz, Hi); 13C NMR 6 63.1 (d, J5 ,p  

(6) Andersson, F.; Samuelsson, B. Carbohydr. Res. 1984, 129, C1. 
Sowa, W.; Thomas, G. H. S. Can. J. Chem. 1966,44,836. 

(7) Tewson, T. J.; Welch, M. J. J. Org. Chem. 1978, 43, 1090. Card, 
P. J.; Reddy, G. S. Ibid. 1983, 48, 4734. 

(8) Foster, A. B.; Hems, R.; Webber, J. M. Carbohydr. Res. 1967, 5, 
292. 

(9) Wong, C.-H.; Whitesides, G. M. J .  Am. Chem. SOC. 1981,103,6227. 
Wong, C.-H.; Whitesides, G. M. J.  Org. Chem. 1983, 48, 3199. 

(IO) The concentration of 4 during the reaction was determined by 
HPLC analysis using a Waters PBondapaklcarbohydrate column (0.4 
X 30 cm), with refractometer detection and aqueous acetonitrile (H,O/ 
CH,CN, 2575 v/v) as solvent. For a flow rate of 2 mL/min the retention 
time for 4 was 6.2 min. Compound 5 was determined enzymatically with 
glucose-6-phosphate dehydrogenase and NAD: Sessell, E. M.; Thomas, 
P. Biochem. J.  1973,131,83. For further physical data, see the supple- 
mentary material section. 

(11) Serianni, A. S.; Pierce, J.; Barker, R. Methods Enrymol. 1982,89, 
73. 

(12) Walt, D. R.; Findeis, M. A.; Rios-Mercadillo, V. M.; Auge, J.; 
Whitesides, G. M. J .  Am. Chem. SOC. 1984, 106, 234. 
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the need for phosphorylation of a nucleoside intermediate. 
Another interesting point which deserves a brief comment 
is that the amino sugar j (Nojirimycin, a transition-state 
analogue of glucose which has been used as an antibiotic 
due to its strong inhibition on glycosidase enzymes)13 is 
a reasonably good substrate for hexokinase and the 
phosphorylated derivative is also a good substrate for 
glucose-6-phosphate dehydr0gena~e.l~ One of the major 
concerns about the design and the use of antibiotic drugs 
is their effectiveness. The study shown here indicates that 
Norjirimycin might not be a long-lasting and effective 
antibiotic because it could be further metabolized and 
inactivated by enzymes in physiological systems. 
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Supplementary Material Available: Experimental details 
for the preparation of compounds e, j, and 1-6 and their physical 
constants (8 pages). Ordering information is given on any current 
masthead page. 

(13) Niwa, T.; Inouye, S.; Tsuruoka, T.; Koaze, Y.; Niida, T. Agric. 
Bid.  Chem. 1970,34,966. Douglas, K. T. Chem. Ind. (London) 1983,311. 

(14) Sweers, H. M.; Wong, C.-H., unpublished results. 
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An Efficient Method for the Generation of 
N-Methylnitrones 

Summary: N-Methylnitrones can be generated in good- 
to-excellent yields from aldehydes and ketones with a 
stoichiometric amount of N-methyl-N,O-bis(trimethy1- 
sily1)hydroxylamine under very mild conditions and their 
formation, involving a bimolecular push-pull type mech- 
anism, is discussed. 

Sir: For our studies in the synthesis of natural products, 
we required a method to generate nitrones under very mild 
conditions' and to subsequently carry out nitrone-alkene 
cycloadditions in situ.2 Herein, we report an extremely 
efficient procedure to prepare a variety of N-methyl- 
nitrones from N-methyl-N,O-bis(trimethylsily1)hydroxyl- 
amine (1)3 and aldehydes or ketones (Scheme I). 

A typical procedure for the synthesis of N-methyl- 
nitrones is as follows. Treatment of benzaldehyde with 
a stoichiometric amount of 1 in benzene at  50 "C for 24 

(1) For the synthesis of nitrones, see: (a) Tufariello, J. J. In "1,3-Di- 
polar Cycloaddition Chemistry": Padwa, A., Ed.: Wilev-Interscience: New 
York, 1984; Vol. 2, Chapter 9. (b) Tennant, G. In "Comprehensive Or- 
ganic Chemistry"; Barton, D., Ollis, W. D., Eds.; Pergamon Press: New 
York, 1979; Vol. 2, Part 8. (c) Delpierre, G. R.; Lamchen, M. Q. Reu., 
Chem. SOC. 1965,19,329. (d) Hamer, J.; Macaluso, A. Chem. Rev. 1964, 
64,473. (e) After this manuscript was submitted, a paper concerning the 
preparation of nitrones from oxime derivatives was published, see: LeBel, 
N. A.; Balasubramanian, N. Tetrahedron Lett. 1985,26, 4331. 

(2) For reviews of nitrone-alkene cycloadditions, see: (a) Padwa, A. 
In "1,3-Dipolar Cycloaddition Chemistry"; Padwa, A., Ed.; Wiley-Inter- 
science: New York, 1984; Vol. 2, Chapter 12. (b) See ref la. (c) Tu- 
fariello, J. J. Acc. Chem. Res. 1979, 12, 396. (d) Oppolzer, W. Angew. 
Chem., Int. Ed. Engl. 1977,16, 10. (e) Black, D.; Crozier, R. F.; Davis, 
V. C. Synthesis 1975, 205. 
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