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Thromboxane A2 (TXA2) 1 the powerful vasoconstricting and 
platelet aggregating principle derived enzymatically from ara-
chidonic acid is unique among the eicosanoids in that it is not as 
yet accessible by either total or partial synthesis. One of the 
reasons for this shortcoming is undoubtedly the lack of stability 
of this substance to hydrolysis expected of the bicyclic oxetane-
oxane1 structure 1, which has been proposed for this molecule by 
Hamberg et al.2 Because of the important biological properties 
of TXA2 a number of more stable analogues of structure 1 have 
been prepared by substituting carbon and/or sulfur for one or both 
of the ring oxygen atoms.3-8 Several of these have shown in­
teresting biological properties. 

It occurred to us that the bicyclic oxane-oxetane 2,6-dioxa-
[3.1.1]bicycloheptane system could probably be constructed more 
easily if fluorine were substituted for hydrogen in the oxetane ring 
a to the acetalic linkage, as, for instance, in compounds of type 
2. Such structures should exhibit great resistance to form the 
carbonium ion intermediates 3 and thus be resistant to acid hy­
drolysis. The unusual acid stability of a-fluoro ketals and acetals 
is well documented.9 Moreover, substitution of two fluorine atoms 
for hydrogen in TXA2 would have a high probability of preserving 
the characteristic biological properties of TXA2, as had been 
demonstrated earlier in the case of 10,10-difluoroprostacyclin.10"12 

In this communication we describe an efficient synthesis of the 
ring system 2 and show that its rate of hydrolysis is 108 times 
slower than that of TXA2. Two structural alternatives were 
selected, represented by 2a and 2b:13 The basic strategy consists 
of the synthesis of the difluoro hemiacetals of the general structure 
4 of known configuration at the hydroxyl-bearing carbons, followed 
by conversion of either one of the hydroxyl groups to a leaving 
group and cyclization to form the oxetane ring. In principle, the 
procedure introduced by Nerdel et al.14 for the construction of 
2-alkoxy-3,3-dialkyloxetanes from the hemiacetals of 3-(tosyl-
oxy)-2,2-dialkylpropionaldehydes appeared reasonable, since the 

(1) The monocyclic oxetane acetal 2-methoxy-3,3-dimethyloxetane, pre­
pared by Nerdel et al. (Nerdel et al. Chem. Ber. 1968, 101, 1850), was 
subjected to a careful kinetic analysis of its hydrolysis by Atkinson and Bruice 
(Atkinson, R. F.; Bruice, T. C. J. Am. Chem. Soc. 1974, 96, 819) who reported 
k = 2.24 X 105 M - ' s_1. From these data a half-life of 78 s is calculated at 
pH 7.4 and 30 0C. This value is sufficiently close to the value of 32 s at pH 
7.4 and 34 0C for TXA2

2 to lend support to the proposed structure 1. For 
additional comparison of 2-methoxy-3,3-dimethyloxetane with TXA2, see: 
Fried, J.; Zhou, Z.; Chen, C. K. Tetrahedron Lett., in press. 

(2) Hamberg, M.; Svensson, J.; Samuelsson, B. Proc. Natl. Acad. Sci. 
U.S.A. 1976, 72, 2994. 

(3) Lefer, A. M.; Smith, E. F„ III; Araki, H.; Smith, J. B.; Aharonig, D.; 
Claremon, D. A.; Magolda, R. L.; Nicolaou, K. C. Proc. Natl. Acad. Sci. 
U.S.A. 1980, 77, 1706 (CH2, CH2). 

(4) Ohuchida, S.; Hamanaka, N.; Hayashi, M. Tetrahedron Lett. 1981, 
1349, 5301 (CH2, S). 

(5) Kosuge, S.; Hamanaka, N.; Hayashi, M. Tetrahedron Lett. 1981, 1345 
(S, CH2). 

(6) Ohuchida, S.; Hamanaka, N.; Hayashi, M. J. Am. Chem. Soc. 1981, 
103, 4597 (S, S). 

(7) Ohuchida, S.; Hamanaka, N.; Hashimoto, S.; Hayashi, M. Tetrahe­
dron Lett. 1982, 2883 (O, S). 

(8) Corey, E. J.; Ponder, J. W.; Ulrich, P. Tetrahedron Lett. 1980, 137 (O, 
CH2). 

(9) Simmons, H. E.; Wiley, D. W. / . Am. Chem. Soc. 1960, 82, 2288. 
(10) Fried, J.; Mitra, D. K.; Nagarajan, M.; Mehrotra, M. M. J. Med. 

Chem. 1980, 23, 234. 
(11) Hatano, Y.; Kohli, J. D.; Goldberg, L. I.; Fried, J.; Mehrotra, M. M. 

Proc. Natl. Acad. Sci. U.S.A. 1980, 77, 6846. 
(12) Harris, D. N.; Phillips, M. B.; Michel, I. M.; Goldenberg, H. J.; 

Haslanger, M. F.; Antonaccio, M. J.; Fried, J. Thrombosis Res. 1981, 23, 387. 
(13) These selections were made in anticipating possible strategies for the 

introduction of the two TXA2 side chains. 
(14) Nerdel, F.; Frank, D.; Lengert, H.-J.; Weyerstahl, P. Chem. Ber. 

1968, 101, 1850. 
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presence of two fluorines should, as in the dialkyl case, prevent 
undesired aldol reactions.15 The required difluoro hemiacetals 
10 and 11 were prepared from the protected hydroxy aldehyde 
5.16 Silylation (J-BuMe2SiCl, 1.2 equiv, triethylamine, 1.2 equiv, 
DMAP, 0.1 equiv in DMF, 16 h at 24 0C, 96%) followed by 
dethianylation of 6 (added in THF to red HgO, 2.4 equiv, 
BF3-Et2O, 2.4 equiv in 15% aqueous CH3CN, quantitative) fur­
nished the aldehyde 7. Reformatskii reaction with ethyl bro-
modifluoroacetate17 in THF (two-step method) yielded the hydroxy 
ester 8, mp 55-57 0C, Rf0Al (hexane/CH2Cl2, 1:1), 37%, and 
its isomer 9, oil, Rf 0.28, 17.4%, readily separable by chroma­
tography. The configuration of the hydroxyl group in 8 and 9 
was established after conversion of the Reformatskii products into 
the cyclic hemiacetals 10 and 11 (70%) by reduction with REDAL 
in ether at -78 0C followed by desilylation (90% CH3CO2H, 60 
0C, 2 h). In both cases mixtures of the two anomers, a, and b, 
were obtained which could be equilibrated by base (LiN(SiMe3)2 

in THF). The stereochemistry at C-I and C-3 was clearly evident 
from the proton-fluorine coupling constants seen in both the 1H 
and 19F NMR spectra. Thus, diaxial i H F was 20-21 Hz and 
diequatorial and axial-equatorial 7 H F ranged from 1 to 6 Hz.18 

The stereochemistry at C-3 in the difluoro esters 8 and 9 now 
being secure, the esters were converted to the 3/3- and 3a-triflates 
12 and 13 (Tf2O, 4 equiv, DMAP, 4 equiv in pyridine, 18 h, 64% 
and 92%, respectively) and then to the hemiacetals 14 and 15 as 
mixtures of anomers, as described above for 8 and 9. When the 
3a-triflate 15 was treated with base (Li(NSiMe3)2, 2 equiv, 
HMPA, 2 equiv in dry benzene, 6 h at 65 0C) a 50% yield of the 
oxetane 16 was obtained after chromatography.19 Methanolysis 
(0.01 N TsOH in MeOH, 30 min) gave rise to the a-anomer of 
the 3/3-hydroxy methyl glycoside 17, identical with material 
prepared by methylation of the 3/3-isomer lOa+b (KOH, ~ 4 
equiv, CH3I, 8 equiv in Me2SO, 30 min) followed by chroma­
tography. The isomeric oxetane 2a could not be obtained by an 

(15) A variant of this process has been used by Varma and Schuerch 
(Varma, A. J.; Schuerch, C. J. Org. Chem. 1981, 46, 799) to prepare a 
multisubstituted 2,6-dioxabicyclo[3.1.1]heptane in the carbohydrate field. 

(16) Seebach, D.; Jones, N. R.; Corey, E. J. J. Org. Chem. 1968, 33, 300. 
(17) Hallinan, E. A.; Fried, J. Tetrahedron Lett., in press. 
(18) For a comparison with 2,2-difluoroglucose, see: Adamson, J.; Foster, 

A. B.; Westwood, J. H. Carbohydr. Res. 1971, 18, 345. 
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analogous procedure from the 3/3-triflate 14. When this latter 
isomer was subjected to base treatment at 25 0C, or even at -80 
0C, rapid fragmentation occurred to form the difluoro olefin 
formate 18, whose structure was evident from its NMR spectra. 
The equatorial orientation of both the 1-hydroxyl (by equilibration) 
and the 3-trifloxy group is, of course, ideal for Grob fragmentation 
to occur. 

The isomeric oxetane 2a19 was obtained as the sole product by 
converting the axial 3a-isomer l la+b into the 1-mesylate (MsCl, 
1 equiv, pyridine, 25 0C, exclusively 1/3) followed by treatment 
with NaH (2.5 equiv in benzene, 23 °C, 16 h). 

The facility with which fragmentation occurred in the case of 
the equatorial 3/S-triflate 14 to the exclusion of oxetane formation 
suggested the preparation of the open-chain hemiacetals 19 and 
20 in the hope that the /S-isomer 19 would undergo oxetane 
formation via a less-strained transition state. Starting from the 
readily available rfs-epoxide 2220 and following a series of steps 
analogous to those described above for the cyclohexane series led 
smoothly to 19 and 20 as mixtures of anomers. Comparison of 
their 19F spectra with those of 10 and 11 served to establish the 
stereochemistry at C-3 and C-I. The 3/3-mesylate 21, mp 
119-120.5 0C, was prepared from 26 as the a-anomer via 28 (8 
equiv MsCl, pyridine, 20 0C, 3.5 h, 92%) followed by reduction 
with REDAL in toluene (2 equiv in ether, -80 0C, 75 min) and 
desilylation (90% acetic acid, 23 0C, 16 h, 71%). In contrast to 
14 compound 21 underwent cyclization to form the oxetane 2b19 

(2 equiv of LiN(Si(CH3)2)2, 2.5 equiv of HMPA in DMF, 82 0C, 
4 h) in 69% yield after chromatography. 

Hydrolysis to the 3a-ol 20 (mixture of anomers) was complete 
after 8 h in 0.05 N HCl in acetonitrile/water 1:1, establishing 
the stereochemistry of the oxetane 2b at C-3 and its formation 
with inversion at that carbon from the 3/3-mesylate. The rate of 
this reaction was determined at pH 1.27 by using the 19F NMR 
signals of both 2b and 20 for following the progress of the reaction. 
The second-order rate constant of hydrolysis at 23 0C was found 
to be 2.4 X 10~3 M"1 s_1 and the half-life of 2b calculated to be 
86 ± 5 min. This compares with k = 5.5 X 105 for TXA2 at 37 
0C and a half-life at pH 7.4 of 30 s, a 108-fold decrease in rate! 
Comparing the rate of hydrolysis of 2b with that of common, 
unstrained acetals, e.g., diethyl acetal, the former is about 100 
times slower.21 It is evident that the 7,7-difluoro-2,6-dioxa-
[3.1.1]bicycloheptane system is sufficiently stable to withstand 

(19) The oxetanes 16 and 2a are exceedingly volatile. Attempts to obtain 
them entirely solvent free failed. The yield figures are derived from "F NMR 
data. 16: fyO.48 in hexane/CH2Cl2, 1:1; TH NMR 6 5.59 (dd JHt = 2.6, 
Jm H3 = 4.1 Hz, H-I), 4.65 (m, JHF = 6.0 Hz, H-3), 4.14 (m, H-5); 19F NMR 
S (CFCl3) 96.2 (dd / F F = 189.8, / H F = 2.9 Hz) and 126.7 (dtd / H F = 2.5, 
6.4, 6.4 Hz); mass spectrum, m/z 189 (M - 1), 144 (M - HCO2H).' 2a: 1H 
NMR S 5.52 (d Jm m = 4.9 Hz, H-I), 4.58 (dd Jm H3 = 4.9, Jn F = 7.9 Hz, 
H-3), 3.76 (dt ; „ „ » 3.7, 9.8, 9.8 Hz, H-5); 19F 5 109.1 (d, / F F = 176.2 Hz), 
136.2 (dd, / H F = 9.0 Hz); mass spectrum, m/z 189 (M -' 1), 144 (M -
HCO2H. 2b:'1H 5 5.62 (d,/Hi H3 = 4.46 Hz, H-I), 4.97 (m,/H3 HI = 4.6, 
/H3F = 8.5 Hz, H-3), 3.94 (dt, >HH = 6-8, H-I, H.l Hz, H-5); 19FNMR 
S 109.4 (d, yFF = 185.1 Hz), 138.4 (dd, JH! = 8.4 Hz). For difluorooxetane 
/ values, see: Bissell, E. R.; Fields D. B. / . Org. Chem. 1964, 29, 249. 

(20) Forster, R. C; Owen, L. N. J. Chem. Soc., Perkin Trans. 1 1978, 822. 
(21) Kreevoy, M.; Taft, R. W., Jr. J. Am. Chem. Soc. 1955, 77, 5590. 

many chemical operations and to be resistant in biological systems 
to nonenzymatic chemical change. 
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The discovery that adsorption on roughened silver electrodes1 

or silver colloids2 can increase the Raman scattering cross section 
of molecules by some 5 orders of magnitude has led to intense 
interest in the mechanism and applicability of surface-enhanced 
Raman (SER) spectroscopy. Several studies of complex biological 
molecules have been published,3 but for such systems there is a 
serious question whether adsorption on a metal surface leaves the 
essential molecular organization intact. We are now able to report 
a SER spectrum of an active enzyme. Glucose oxidase adsorbed 
on colloidal silver particles generates a high-quality flavin Raman 
spectrum (the intrinsic fluorescence being completely quenched) 
at submicromolar concentrations and shows 86% enzymatic ac­
tivity while still on the colloid; 95% of the activity is recovered 
when the enzyme is displaced from the colloid by cyanide. 

Figure 1 compares silver colloid SER spectra for glucose oxidase 
(GO) and riboflavin binding protein (RBP), at 0.58 ^M flavin 
concentration, with the silver-free resonance Raman (RR) 
spectrum of 0.50 mM RBP. The flavin fluorescence is sufficiently 
quenched in RBP to permit acquisition of a detailed RR spectrum,4 

whereas GO fluoresces strongly. The GO resonance CARS 
spectrum has, however, been reported5 and is similar, except in 
a few details, to that of RBP. The 488-nm laser excitation is within 
the first ir-ir* flavin absorption band6 and also the large silver 
particle absorption,7 centered at 398 nm. Although no internal 
standard was used in these experiments, the better signal/noise 
in the 0.58 nM RBP SER spectrum than in the 0.50 mM RR 
spectrum shows that the surface enhancement produces at least 
3 orders of magnitude amplification of the flavin resonance en­
hancement. This accords with the 103 SER enhancement in the 

(1) (a) Jeanmaire, D. L.; Van Duyne, R. P. J. Electroanal. Chem. 1977, 
84, 1-20. (b) Albrecht, M. G.; Creighton, J. A. / . Am. Chem. Soc. 1977, 99, 
5215-5218. 

(2) Creighton, J. A.; Blatchford, C. G.; Albrecht, M. G. J. Chem. Soc, 
Faraday Trans. 2 1979, 75, 790-798. 

(3) (a) Cotton, T. M.; Schultz, S. G.; Van Duyne, R. P. J. Am. Chem. Soc. 
1980, 102, 7960-7962. (b) Cotton, T. M.; Timkovich, R.; Cork, M. S. FEBS 
Lett. 1982,147, 81-84. (c) Suh, J. S.; DiLeIIa, D. P.; Moskovits, M. J. Phys. 
Chem. 1983, 87, 1540-1544. 

(4) Nishina, Y.; Kitagawa, T.; Shiga, K.; Horiike, K.; Matsumura, Y.; 
Watari, H.; Yamano, T. J. Biochem. (Tokyo) 1978, 84, 925. 

(5) Dutta, P. K.; Nestor, J. R.; Spiro, T. G. Proc. Natl. Acad. Sci. U.S.A. 
1977, 74, 4146-4149. 

(6) Eaton, W. A.; Hofrichter, J.; Makinen, M. W.; Andersen, R. D.; 
Ludwig, M. L. Biochemistry 1975, 14, 2146-2151. 

(7) Doremus, R. H. / . Appl. Phys. 1964, 35, 3456-3457. 
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