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extraction, and lyophilization of the 1% extract yielded a white 
powder (62 mg) which was gel filtered on Sephadex G-15 (1.1 x 
110 cm). Fractions eluting between 53 and 58 mL were lyophilized 
to yield 54 mg of homogeneous KKI-69 (87%). 

Acetylarginylseryl[3H]valinamide, KKI-70. Peptide 
KKI-70 was synthesized on 3.0 g of 4-methylbenzhydrylamine 
resin using standard procedures. HF cleavage, extraction, and 
concentration of the 1% extract yielded a white solid (21 mg) 
which was purified to homogeneity by HPLC. 

Acetylseryl['H]prolylphenylalaninamide, KKI-72. Peptide 
KKI-71 was synthesized on 3.0 g of 4-methylbenzhydrylamine 
resin using standard procedures. HF cleavage, extraction, and 
concentration of the EtOAc extract yielded a white solid (20 mg) 
which was gel filtered on Sephadex G-15 (1.1 x 110 cm). Fractions 
eluting between 79 and 83 mL were lyophilized to yield 15 mg 
of homogeneous KKI-71 (75%). 

Acetylseryl[3H]prolinamide, KKI-72. Peptide KKI-72 was 
synthesized on 3.0 g of 4-methylbenzhydrylamine resin using 
standard procedures. HF cleavage, extraction, and concentration 
of the EtOAc extract yielded a white solid (15 mg) which was gel 

filtered on Sephadex G-15 (1.1 x 110 cm). Fractions eluting 
between 93 and 97 mL were lyophilized to yield 8 mg of homo
geneous KKI-72 (53%). 
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Four isomers of [(4-fluoro-5-methyl-tetrahydrofuran-2-yl)methyl]trimethylammonium iodide (4-deoxy-4-fluoro-
muscarines) were prepared in enantiomerically and diastereomerically pure form from (S)-(-)-methyl 4-methylphenyl 
sulfoxide, ethyl fluoroacetate, and allyl bromide. Their absolute configurations were assigned by 1H NMR analyses. 
The four optically pure compounds were tested in vitro on guinea pig and their muscarinic potency was evaluated 
at M3 (ileum and bladder) and M2 (heart) muscarinic receptor subtypes. Compound la, the most potent isomer 
of the series, was also tested in vivo on pithed rat and its muscarinic activity at the M1 receptor subtype was compared 
with that of muscarine. Moreover, affinity and relative efficacy were calculated in vitro for this compound at M2 
(heart force and rate) and M3 (ileum and bladder) receptors in order to investigate muscarinic receptor heterogeneity. 
The 4-deoxy-4-fluoromuscarines display a similar trend of potency as the corresponding muscarines and compound 
la shows differences in the affinity constants among the studied tissues. Replacement of a hydroxyl group for a 
fluorine atom in the 4 position of muscarine produces 1 order of magnitude increase in affinity for cardiac M2 muscarinic 
receptors controlling rate, while the affinity at cardiac M2 muscarinic receptors controlling force is unchanged, opening 
the possibility of a further classification of cardiac muscarinic receptors. 

Fluorine-substituted analogues of naturally occurring 
and biologically active organic compounds have become 
the focus of increasing interest for the purpose of creating 
new drugs.la,b Moreover, there are a number of new 
fluorinated products which are useful probes for studying 
biochemical processes and there may also be a future for 
some of them in clinical diagnostics.lc~f Introduction of 
fluorine atoms allows preparation of modified structures 
which differ only slightly in their steric hinderance from 
the corresponding naturally occurring molecules. As a 
result, several of these fluorinated analogs retain the bio
logical activity of the parent compounds.lgh 

Considerable attention has been recently devoted to 
investigations on muscarinic receptors.2 Many of these 
efforts have involved exploration of the drug-receptor 
interactions for novel structures in order to better distin
guish the different muscarinic receptor subtypes and their 
presence and role in different tissues.3 Some of us have 
been already involved in those studies4 and have recently 
developed new synthetic methods for the construction of 
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fluoroorganic molecules in their optically pure forms.5 We 
expanded our efforts by synthesizing and testing a number 

(1) (a) Taylor, N. F. Fluorinated Carbohydrates, Chemical and 
Biochemical Aspects; ACS Symposium Series 374; American 
Chemical Society, Washington, DC, 1988. (b) Welch, J. T.; 
Eswarakrishnan, S. Fluorine in bioorganic chemistry; J. Wiley 
& Sons: New York, 1991. (c) Filler, R.; Kobayashi, Y., Eds. 
Biomedical aspects of fluorine chemistry; Kodansha: Tokyo, 
Elsevier Biomedical Press: Amsterdam, 1982. (d) Positron 
emission tomography and autoradiography: Principles and 
applications for the brain and heart. Phelps, M. E.; Mazzi-
otta, J. C, Schelbert, H. R., Eds., Raven Press: New York, 
1986. (e) Kilbourn, M. R. Fluorine-18-Labeling of Radio
pharmaceutical; National Academy Press: Washington, DC, 
1990. (f) Liebman, J. F., Greenberg, A., Dolbier, W. R. Eds. 
Fluorine-containing molecules. Structure, reactivity, syn
thesis and applications, VCH Publishers: New York, 1988. 
(g) Resnati, G. Aspects of the medicinal chemistry of fluoro
organic compounds. Part I. Il Farmaco 1990,45, 1043-1066. 
(h) Resnati, G. Aspects of the medicinal chemistry of fluoro
organic compounds. Part II. // Farmaco 1990,45,1137-1167. 

(2) (a) Mihm, G.; Wetzel, B. Chapter 9: Peripheral Actions of 
selective muscarinic agonists and antagonists. Annu. Rep. 
Med. Chem. 1988, 23, 81-90. (b) Hammer, R. Muscarinic re
ceptor subtypes: Historical development. Progress in Pharm-
cology and Clinical Pharmacology; Gustav Fisher Verlag: 
Stuttgard, 1989; Vol. 7/1, pp 1-11. 
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Figure 1. 

Scheme I 

of fluorinated analogs of the muscarines as muscarinic 
agonists. 

(3) Trends Pharmacology Science 10 (Suppl. Subtypes Musca
rinic Receptors, IV); Levine, R. R., Birdsall, N. J. M., Eds.; 
Elsevier: Cambridge, 1989. 

(4) (a) Gualtieri, F.; Angeli, P.; Giannella, M.; Melchiorre, C; Pi-
gini, M. Pentatomic cyclic compounds as tools for ACh recep
tor topography. In Recent Advances in Receptor Chemistry; 
Gualtieri, F., Giannella, M., Melchiorre, C, Eds.; Elsevier/ 
North-Holland Biomedical Press: Amsterdam, 1979; pp 
267-279. (b) Gualtieri, F.; Angeli, P.; Brasili, L.; Giannella, M.; 
Pigini, M. Pentatomic cyclic compounds as probes for the 
cholinergic receptors. In Proceedings of the VIIth Interna
tional Symposium on Medicinal Chemistry; Dahlbom, R., 
Nilsson, J. L. G.; Eds.; Swedish Pharmaceutical Press: Stock
holm, 1985; Vol. II, pp 404-420. (c) Gualtieri, F.; Angeli, P.; 
Brasili, L.; Giannella, M.; Picchio, M. T.; Romanelli, M. N.; 
Teodori, E. Enantioselectivity of chiral cholinergic agonists 
and antagonists carrying a 1,3-ozathiolane nucleus. In Recent 
Advances in Receptor Chemistry; Melchiorre, C, Giannella, 
M., Eds.; Elsevier Science Publishers: Amsterdam, 1988; pp 
235-250. (d) Gualtieri, F.; Romanelli, M. N.; Teodori, E. On 
the site of interaction of some muscarinic agonists and com
petitive antagonists. Il Farmaco 1989, 44, 897-909. 

(5) (a) Bravo, P.; Resnati, G. Preparation and properties of chiral 
fluoroorganic compounds. Tetrahedron Asymmetry 1990,1, 
661-692. (b) Bravo, P.; Frigerio, M.; Fronza, G.; Ianni, A.; 
Resnati, G. Synthesis of four homochiral 3,4-dideozy-3-
fluorohezose8 from a non-carbohydrate precursor. Tetrahe
dron 1990,46,997-1008. (c) Bravo, P.; Piovosi, E.; Resnati, G.; 
Fronza, G. Asymmetric synthesis and structural analysis of 
5-0-Benzoyl-2,3-dideoxy-3-fluoro-o,jS-D-ribofuranose and -xy-
lofuranose from Homochiral l-Fluoro-3-sulfinylacetone. J. 
Org. Chem. 1989, 54, 517-522. (d) Bravo, P.; Piovosi, E.; 
Resnati, G. Homochiral Fluoro-organic compounds. Part 10. 
A new protocol for the synthesis of variously functionalized 
a-fluoro-ketones and a-fluoro-alcohols. J. Chem. Res. (S) 1989, 
134-135; Af, 1115-1147. 
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° (a) Diisobutylaluminum hydride, tetrahydrofuran, -78 8C; (b) 
sodium iodide, trifluoroacetic anhydride, acetone, -40 0C; (c) iod
ine, sodium hydrogen carbonate, dichloromethane, room tempera
ture. , 

This paper reports the asymmetric synthesis of all 
possible stereoisomers of (5S)-muscarine in which the 
hydroxyl group has been replaced by a fluorine atom, 
specifically (2S,4R,5S)- [(4-fluoro-5-methyltetrahydro-
furan-2-yl)methyl]trimethylammonium iodide (la or 4-
deoxy-4-fluoromuscarine),6 the (2#,4i?,5S)-stereoisomer 
( lb 6 or 4-deoxy-4-fluoro-ai/o-muscarine), the 
(2S,4S,5S)-stereoisomer (Ic or 4-deoxy-4-fluoro-epi-mus-
carine), and finally the (2iJ,4S,5S)-stereoisomer (Id or 

(6) Bravo, P.; Frigerio, M.; Resnati, G.; Viani, F.; Arnone, A. Total 
Synthesis of homochiral 3-deoxy-3-fluoromuscarines. Gazz. 
Chim. Ital. 1990, 120, 275-276. 
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4-deoxy-4-fluoro-epia//o-muscarine) (Figure 1). 
The compounds were tested in vitro on guinea pig tissues 

and their muscarinic potency evaluated at M3 (ileum and 
bladder) and M2 (heart) muscarinic receptor subtypes in 
order to further define the role of the hydroxyl group in 
the drug-receptor interaction. 

Chemistry 

The semisynthetic approach to deoxyfluoromuscarines 
la-d required the stereoselective substitution of the hy
droxyl residue of muscarines with fluorine. Such a 
transformation could be realized by treatment of the free 
hydroxyl group with sulfur tetrafluoride or (diethyl-
amido)sulfur trifluoride7 or of its triflate with fluoride ion.8 

However, reported stereoselective routes to enantiomeri-
cally and diastereoisomerically pure muscarines usually 
are not straightforward9 and so we decided to undertake 
a total asymmetric synthesis of fluoromuscarines la-d 
starting from easily available sources of chirality and of 
fluorocarbon units. 

A retrosynthetic analysis of the alkaloid showed how the 
six-carbon framework of the molecule could be divided into 
three parts: a one-carbon unit (corresponding to the ex-
ocyclic methyl), a two-carbon unit (bearing the heterocyclic 
oxygen and the fluorine atom), and a three-carbon unit (on 
which the heterocyclic oxygen and the nitrogen substituent 
would be inserted later on in the synthetic route) (Scheme 
I). 

The three building blocks corresponding to these three 
pieces are (-)-(S)-methyl 4-methylphenyl sulfoxide (2), 
ethyl fluoroacetate (3), and allyl bromide (5). Methyl 
4-methylphenyl sulfoxide (2) also furnished the chiral 

(7) (a) Hudlicky, M. Fluorination with diethylaminosulfurtri-
fluoride and related aminofluorosulfuranes. Org. React. 1988, 
35, 513-637. (b) Wang, C-L. Fluorination by Sulfur Tetra
fluoride. Org. React. 1985, 34, 319-400. 

(8) (a) Colonna, S.; Re, A.; Geibard, G.; Cesarotti, E. Anionic ac
tivation in polymer-supported reactions. Part 2. Stereochem
ical studies on the introduction of fluorine at chiral centres and 
in biologically significant molecules. J. Chem. Soc. Perkin 1 
1979, 2248-2252. (b) Landini, D.; Quid, S.; Rolla, F. A con
venient synthesis of optically active secondary alkyl halides 
under phase-transfer conditions. Synthesis 1975, 430-431. (c) 
O'Hagan, D. Preparation of monofluorocarboxylic acids using 
N,N-diethyl-l,1,2,3,3,3-hexafluoropropylamine. J. Fluorine 
Chem. 1989, 43, 371-377. (d) Watanabe, S.; Fujita, T.; Usui, 
Y.; Kitazume, T. Fluorination of hydroxyesters with N,N-di-
ethyl-1,1,2,3,3,3-hexafluoropropylamine. J. Fluorine Chem. 
1986, 31, 247-254. 

(9) (a) Wang, P-C; Joullie, M. M. Muscarine Alkaloids. In The 
Alkaloids; Academic Press: New York 1984; Vol. XXIlI, pp 
327-378. (b) De Amici, M.; De Micheli, C ; Molteni, G.; Pitre, 
D.; Carrea, G.; Riva, S.; Spezia, S.; Zetta, L. Chemoenzymatic 
synthesis of the eight stereoisomers muscarines. J. Org. 
Chem. 1991,56, 67-72. (c) Adams, J.; Poupart, M-A.; Grenier, 
L. Diastereoselectivity in the synthesis of 3(2H)-Furanones. 
Total Synthesis of (+(-Muscarine. Tetrahedron Lett. 1989, 30, 
1753-1756. (d) Pirrung, M. C ; De Amicis, C. V. Total syn
thesis of the muscarines. Tetrahedron Lett. 1988,29,159-162. 
(e) Mulzer, J.; Angermann, A.; Munch, W.; Schlichthorl, G.; 
Hentzschel, A. Synthesis of (2R,3S)-l,2,3-Butanetrion deriva
tives from (R)-2,3-0-isopropylideneglyceraldehyde and of the 
(2S,3R)-Enantiomers from D-glucose. Liebigs Ann. Chem. 
1987, 7-14. (f) Bandzouzi, A.; Chapleur, Y. Dichloro-
methylenation of sugar -y-Lactones: a stereospecific synthesis 
of L-(+)-Muscarine and L-(-)-Epimuscarine Toluene-p-sul-
phonates. J. Chem. Soc. Perkin Trans. 1 1987, 661-664. (g) 
Amouroux, R.; Gerin, B.; Chastrette, M. Une nouvelle synthese 
totale de la L(+) et de la D(-) muscarine. Tetrahedron 1985, 
42, 5321-5324. (h) Takano, S.; Iwabuchi, Y.; Ogasawara, K. A 
concise enantioselective synthesis of (+(-muscarine from 
(R)-O-Benzylglycidol [(R)-Benzyloxymethyloxirane]. J. Chem. 
Soc, Chem. Commun. 1989, 1371-1372. 
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auxiliary sulfinyl group which is the source of chirality in 
the whole process. It is easily obtainable in both enan
tiomeric forms from the two commercially available (+)-
and (-)-menthyl sulfinates through the Andersen proce
dure.10 

The protocol for the preparation of each one of the four 
possible stereoisomers of (5S)-muscarines is outlined in 
Schemes II and III. The lithium anion of (-)-(S)-methyl 
4-methylphenyl sulfoxide (2) [prepared by treatment with 
lithium diisopropylamide (LDA) in tetrahydrofuran (THF) 
at -78 0C] was acylated with ethyl fluoroacetate (3) to give 
(-)-(S)-l-fluoro-3-[(4-methylphenyl)sulfinyl]propan-2-one 
(4) in 83% yield. The 1,3-dilithium derivative of this 
sulfinyl ketone 4 was formed with 2 equiv of LDA in THF 
at -78 0C and treated with 1 equiv of allyl bromide.50 

(4fi>fls)-4-Fluorohexenone 6 and its (4S,Ss)-diastereoiso-
mer were obtained in 41% and 24% yields, respectively, 
by flash chromatographic purification of the reaction 
mixture.56 

Both diastereoisomeric ketones (4ii,Ss)-6 and (4S,Ss)-6 
were treated separately with diisobutylaluminum hydride 
(DIBAH) and the reduction of the carbonyl occurred in 
both cases with high asymmetric induction11 under control 
of the chirality of the sulfinyl auxiliary group (Scheme II). 

As already observed on several other similar substrates, 
the two sulfinyl alcohols having the (fl)-absolute configu
ration at the carbinol stereocenter were obtained with 
complete diastereoselection and in nearly quantitative 
yields50 independently of the configuration of the a-fluo-
rinated carbon. Deoxygenation12 of the sulfinyl residue 
of the so formed alcohols (4R,5R,Ss)-7 and (4S,5iJ,Ss)-7 

(10) Drabowicz, J.; Bujnicki, B.; Mikolajczyk, M. Improved proce
dure for synthesis of chiral sulfoxides. J. Org. Chem. 1982,47, 
3325-3327. 

(11) (a) Kosugi, H.; Konta, H.; Uda, H. Highly Diastereoselective 
Reduction of Chiral /9-Ketosulphoxides under Chelation Con
trol: Application to the Synthesis of (R)-(+)-n-Hexadecano-
1,5-lactone. J. Chem. Soc, Chem. Commun. 1985, 211-213. 
(b) Solladie, G., Demailly, G.; Greek, C ; SolladiS-Cavallo, A. 
Reduction of ^-Ketosulfoxides: A Highly Efficient Asym
metric Synthesis of Both Enantiomers of Methyl Carbinols 
from the Corresponding Ethers. Tetrahedron Lett. 1982,23, 
5047-5050. (c) Solladie, G.; Demailly, G.; Greek, C. Reduction 
of 0-Ketosulfoxides: A Highly Efficient Asymmetric Synthesis 
of Both Enantiomers of Allylic Alcohols. J. Org. Chem. 1985, 
50, 1552-1554. (d) Solladie, G.; Frechou, C ; Demailly, G.; 
Greek, C. Reduction of Chiral ^-Hydroxy Sulfoxides: Appli
cation to the Synthesis of Both Enantiomers of 4-Substituted 
Butenolides. J. Org. Chem. 1986, 51,1912-1914. (e) Posner, 
G. H. Asymmetric Synthesis using a-Sulfinyl Carbanions and 
/3-Unsaturated Sulfoxides. The Chemistry of Sulfones and 
Sulfoxides; Patai, S., Rappoport, Z., Stirling, C. J. M., Eds.; 
Wiley: New York, 1988, 823-849. 

(12) Drabowicz, J.; Oae, S. Mild reductions of sulphoxides with 
trifluoroacetic anhydride/sodium iodide system. Synthesis 
1977, 404-405. 
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Table I. Selected Physical Data of Compounds la-d, 9,10 

compound 
(2S,4R,hR)-9 
(2R,4RfiR)-9 
(2R,4S,5R)-9 
(2S,4S,5R)-9 
(2S,4fi,5ie)-10 
(2R,4R,5R)-10 
(2R,4S,5fl)-10 
(2S,4S,5R)-U> 
(2S,4fl,5S)-la 
(2ii,4fi,5S)-lb 
(2S,4S,5S)-lc 
(2fl,4S,5S)-ld 

mp, 0C 
(solvent) 

Uq 
58-«0 (EtOH) 
Uq 
44-46 (EtOH) 
Uq 
123-125 (EtOH/pentane) 
Uq 
Uq 
158-160 (acetone/(J-Pr)2O) 
221-223 (acetone) 
180-182 (EtOH/re-hex) 
163-165 (acetone) 

M20D, deg 
(c, solvent0) 

-10.5 (1.05, A) 
+24.6 (1.05, A) 
+80.2 (1.01, A) 
+16.8 (0.87, A) 
+23.6 (1.30, A) 
-24.6 (0.82, A) 
+66.9 (0.89, A) 
+69.9 (1.42, A) 
+10.5 (1.01, B) 
-28.4 (1.00, B) 
+41.7 (0.82, B) 
+16.8* (1.08, B) 

-Solvent: A = CHCl3, B = EtOH. 6X = 365 nm. 

(trifluoroacetic anhydride and sodium iodide in acetone 
solution) afforded, respectively, the sulfenyl hexenols 
(4R,5R)-8 and (4S,5fl)-8 (95% isolated yields). 

The cyclization of the -y-hydroxyolefin (4R,5R)-& pro
moted by iodine13 in tetrachloromethane in the presence 
of sodium hydrogen carbonate was quite sluggish. After 
3 days at room temperature it furnished the 
(2S,4#,5#)-2-(iodomethyl)tetrahydrofuran 9, the 
(2A,4A,5fi)-epimer 9, and unreacted alcohol (4R,5i?)-8 in 
a 36:24:40 mixture, probably the equilibrium mixture. 

Enantiomerically and diastereoisomerically pure (iodo-
methyl)tetrahydrofurans 9 were obtained from the reaction 
mixture by flash chromatography and the unreacted al
cohol 8 was recycled. Under the conditions described 
above, iodine-promoted cyclization of the diastereoisomeric 
7-hydroxyalkene (4S,5.R)-8 furnished a mixture of iodo-
methyltetrahydrofurans (2S,4S,5i?)-9 and (2fl,4S,5i?)-9 
which could be separated in pure form by HPLC (Scheme 
III). 

The final steps to fluoromuscarine la, reported in 
Scheme IV, involve iodine substitution by nitrogen, re
ductive elimination of the sulfur residue by hydrogen on 
Raney nickel, and quaternization of nitrogen. 

The direct substitution of iodine by dimethylamine was 
the best way, among the ones tested, for introducing the 
nitrogen. The (2S,4R,5fl)-(iodomethyl)tetrahydrofuran 9 
gave the [(dimethylamino)methyl]tetrahydrofuran 
(2S,4R,5R)-10 in 80% yield after chromatographic puri
fication when heated for 3 h at about 90 0C in an autoclave 
in the presence of excess dimethylamine. Similarly, the 
[(dimethylamino)methyl]tetrahydrofurans(2i2,4i2,5A)-10, 
(2S,4S,5R)-10, and (2i?,4S,5fl)-10 were obtained in opti
cally pure form and in 70%, 77%, and 94% yields, re
spectively, from the corresponding iodomethyl derivatives 
9. 

The (4-methylphenyl)sulfenyl group was removed from 
the (2S,4i?,5fl)-2-[(dimethylamino)methyl] derivative 10 
by heating at reflux for a few minutes an ethanolic solution 
of the compound under a hydrogen atmosphere in the 
presence of Raney nickel. After the usual workup the 
crude (2S,4R,5S)-5-methyltetrahydrofuran 11 was treated 
with an excess of methyl iodide in ethanol at 0 0C for about 
1 h. The final product, (2S,4fl,5S)-[(4-fluoro-5-methyl-
tetrahydrofuran-2-yl)methyl] -iV^V^V-trimethylammonium 
iodide (la, the deoxyfluoromuscarine of Figure 1), was 
isolated in 78% overall yield from (2S,4JJ,5i?)-10 after 
crystallization from acetone/diisopropyl ether (Table I). 

The three other epimers (2fl,4fl,5S)-[(4-fluoro-5-
methyltetrahydrofuran-2-yl)methyl]-AT^V,N-trimethyl-

(13) CardiUo, G.; Orena, M. Stereocontrolled cyclofunctionaliza-
tions of double bonds through heterocyclic intermediates. 
Tetrahedron 1990, 46, 3321-3408. 

k 
,CHFCH2CH=CH2 

g/l 
0 5^CH2SpToI 

° ^1111CHFCH2CH=CH2 
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Figure 2. 
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ammonium iodide (lb, 4-deoxy-4-fluoro-a/fo-muscarine), 
(2S,4S,5S)-[(4-fluoro-5-methyltetrahydrofuran-2-yl)-
metiiyl]-iV^V^V-trimethylammonium iodide (Ic, 4-deoxy-
4-fluoro-epi-muscarine), and (2iJ,4S,5S)-[(4-fluoro-5-
methyltetrahydrofuran-2-yl)methyl]-N,N^-trimethyl-
ammonium iodide (Id, 4-deoxy-4-fiuorc-epia22o-muscarine) 
were obtained from the corresponding tetrahydrofuran 
derivatives (2fl,4fl,5fl)-10, (2S,4S,5i?)-10, and 
(2R,4S,5i?)-10 in 70%, 70%, and 75% yields, respectively. 

The 1H, 13C, and 19F NMR spectra of the title com
pounds and of their precursors were fully in agreement 
with the proposed structures. 

The absolute configuration at C-5 of the 4-deoxy-4-
fluoromuscarines la-d followed from that established for 
the esters obtained by reacting the corresponding sulfenyl 
alcohols 8 with (R)- and (S)-2-phenylpropionic acids.14 

For the diastereoisomers 12 reported in Figure 2, as well 
as for (4J?,5i2,2'i?)-12 and (4R,5i?,2'S)-12, the shielding 
effects exerted by the phenyl ring of the esterifying acids 
on the protons of the CHFCH2CH=CH2 grouping in 
(4S,5R,2'S)-12 (AS - 0.07-0.31 ppm) and on the 6-
methylene protons in (4S,5R,2'R)-\2 (AS = 0.08 and 0.17 
ppm) parallel those observed for analogous compounds, 
thus proving R as the absolute configuration at C-5. The 
stereochemistry at C-2 and C-4 was established by the 
NOE experiments shown in Figure 3 and by coupling 
constant analysis carried out on the iodo derivatives 9. In 
particular, for the (2S,4i?,5i?)-9 epimer the NOE observed 

(14) The absolute configuration of secondary alcohols [Bravo, P.; 
GanazzoU, F.; Resnati, G.; de Munari, S.; Albinati, A. Homo-
chiral Fluoro-organic Compounds. Part 7. Determination of 
the Absolute and Relative Configurations of Fluorohydrins. J. 
Chem. Res. (S) 1988, 216-217; J. Chem. Res. (M) 1701-1739. 
Nuclear Magnetic Resonance Spectroscopy: Tetrahedron 
Lett. 1965, 4249-4253. Helmchem, G.; Ober Eine Neue Me-
thode zur Bestimmung der Absoluten !Configuration von 
Chiralen Sekundaren Alkoholen und Aminen: NMR-Spek-
troskopie von Diastereomeren Estern und Amiden der a-Phe-
nylbutter- und Hydratropasaure. Tetrahedron Lett. 1974, 
1527-1530], amines [Helmchem, G.; Volter, H.; Schule, W. 
Directed Resolution of Enantiomers via Liquid Chromatogra
phy of Diastereomeric Derivatives III. A Convenient Method 
to Determine the Absolute Configuration of Carboxylic Acids 
R1R2HCCOOH. Tetrahedron Lett. 1977, 1417-1420], and 
thiols [Helchem, G.; Schmierer, R. Determination of the Ab
solute Configuration of Chiral Thiols by 1H-NMR Spectros
copy of Diastereomeric Thiol Esters. Angew. Chem., Int. Ed. 
Engl. 1976,15, 703-704] has been assigned by employing (S)-
and CR)-2-phenylpropionic acid as a chiral derivatizing agent. 
The validity of the conformational model employed for the 
assignment of the configurations was supported by the high 
esterification shift of the carbinol proton (H-5). 
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Table II. Potencies and Intrinsic Activities of 
4-Deoxy-4-fluoromuscarines and Muscarine at M2 and M3 
Muscarinic Receptors in the Guinea Pig 

la 
lb 
Ic 
Id 
mc 

heart (force 

pD2" 

6.73 ± 0.08 
5.59 ±0 .11 
4.43 ± 0.14 
4.07 ± 0.18 
6.69 ± 0.05 

), M2 

intr 
act* 

0.98 
0.97 
0.76 
0.72 
1.00 

ileum, M3 

pD2° 

7.36 ± 0.03 
5.93 ± 0.06 
5.02 ± 0.27 
4.64 ± 0.05 
7.10 ± 0.11 

intr 
act.6 

0.95 
0.92 
0.98 
0.98 
1.00 

bladder, 

PD2" 

5.66 ± 0.03 
4.45 ± 0.12 
3.74 ± 0.09 
3.92 ± 0.09 
5.69 ± 0.06 

M3 

intr 
act.6 

0.88 
0.74 
0.76 
0.52 
1.00 

"-log ED50. The results are the mean ± SEM, and the number 
of observations varies between 6 and 10. b Intrinsic activity, mea
sured as the ratio between the maximum response of the com
pound and the maximum response of muscarine. c (±)-Muscarine. 

between H-5, assumed as a, and H-2 (1.5%), but not with 
H2-7, allowed the assignment of the (S)-configuration to 
C-2. Furthermore, the NOE observed between the /3-
disposed H-6 proton at 5 2.85 and H-3 at 8 1.83 (1%), but 
not with the other H-3 at 2.34, allowed the location of this 
proton on the 0-side of the molecule. The observed values 
of 10.4 and 39.2 Hz for the coupling constants between the 
last proton with H-2a and F-4 respectively require the 
tetrahydrofuran ring preferentially to adopt the half-
chair-like conformation shown in Figure 3 in which these 
atoms are pseudoaxially disposed. It follows that the 
chirality at C-4 is R. 

Finally, the coupling observed between H-3/3 and F-4a 
is higher than the maximum value expected for a cis H,F 
coupling (ca. 31 Hz),15 thus proving not only a trans re
lationship between these atoms but also suggesting a di
hedral angle of ca. 170°. 

For (2S,4S,5i?)-9, irradiation of H-5, assumed as a, en
hanced, inter alia, H-2 (1.5%) and H-3 at 8 2.40 (17c) while 
no significant enhancement was observed for H2-7 and the 
C-3 proton at 8 2.25. This fact indicates that H-2 and H-3 
at 8 2.40 are on the «-side of the molecule and that C-2 
has the (S)-configuration. Here again, the presence of a 
coupling of 37.8 Hz between H-3a and F-4 implies that 
these atoms are trans pseudoaxially disposed, thus sug
gesting that the tetrahydrofuran ring preferentially adopts 
an half-chair-like conformation, inverted with respect to 
that assumed by the C-4 epimer. As a consequence, the 
chirality at C-4 is S. 

It is interesting to note that optical rotation of com
pounds 1 strictly parallels those of corresponding musca
rine isomers. This confirms the structural assignments 
made through spectroscopic technique and further proves 
the ability of fluorine to mimic a hydroxyl residue. 

Results and Discussion 
The four isomers of deoxyfluoromuscarines la-d have 

the same absolute configuration at C-5 and differ from 
each with regard to stereochemistry at the other centers. 
They were tested in vitro for their muscarinic activity on 
guinea pig heart, ileum, and bladder in order to evaluate 
their potency at M2 and M3 muscarinic receptor subtypes, 
respectively. These results were compared with those of 
muscarine (Table II) to investigate the effects of the re
placement of a hydroxyl group for a fluorine atom in the 
4 position on the receptor-ligand interaction. Moreover, 
we compared the potency trend of the four 4-deoxy-4-
fluoromuscarines on the M2 and M3 muscarinic receptor 
subtypes with the trend for muscarine on these subtypes. 

(15) Williamson, K. L.; Li Hsu, Y. F.; Hall, F. H.; Swanger, S.; 
Coulter, M. S. Dihedral angle and bond angle dependence of 
vicinal proton-fluorine spin-spin coupling. J. Am. Chem. Soc. 
1968, 90, 6717-6722. 

Table III. Potencies of Muscarine and la at Cardiac M. 
Receptors Mediating Bradycardia and at Ganglionic M1 
Receptors Mediating Tachycardia in the Pithed Rat 

(±)-muscarine 
la 

ED50," Mg/kg pithed rat 

decrease in 
heart rate (M2) 

3.7 ± 0.46 
23.5 ± 3.1 

increase in 
heart rate (M1) 

2.5 ± 0.23 
4.5 ± 0.70 

" The results are the mean ± SEM, and the number of observa
tions varies between five and nine. 

Table II shows that substitution of the hydroxy group of 
muscarine with a fluorine atom does not have major con
sequences on the potency of the compounds. This table 
also shows that all the agonists display the same trend of 
potency at the investigated tissues: ileum > heart > 
bladder. Compounds la-d show a pattern of activity at 
ileum and heart (fluoromuscarine > alio > epi > epiallo) 
which is quite similar to that at bladder (fluoromuscarine 
> alio > epiallo > epi). 

Apparently, compound la has a pharmacological action 
quite similar to that of muscarine, it possesses all the 
requisites for strong muscarinic potency, and it stands in 
a unique position among the four isomers, the other ones 
being nevertheless endowed with interesting muscarinic 
potency. 

A closer inspection of Table II shows that in all three 
tested tissues, compound la, carrying the methyl and 
aminomethylene residue in a cis relationship, shows a 
higher potency than lb. The same trend was observed for 
diastereoisomeric muscarines, 1,3-dioxolanes, and 1,3-ox-
athiolanes.16"18 

It is well-known that the activity of the muscarine dia-
stereoisomers decreases whenever the 4-hydroxyl group is 
cis to the substituents on C-2 and C-5. A similar effect 
of the chirality in position 4 was observed also in 1,3-ox-
athiolane S-oxides.19 Compounds la and lb are more 
potent that Ic and Id, respectively. The former couple 
of products carry the fluorine on C-4, in the same position 
of the exocyclic oxygen of the more active diastereoisomers 
of muscarines and 1,3-oxathiolane S-oxides. Fluorine 
therefore mimics the hydroxyl of muscarines and the 
sulfinyl oxygen of oxathiolane S-oxides. The hydrogen of 
the hydroxyl group of muscarine is not involved in a hy
drogen bond and the contribution of the hydroxyl to the 

(16) Waser, P. G. Chemistry and Pharmacology of muscarine, 
muscarone, and some related compounds. Pharmacol. Rev. 
1961, 13, 465. 

(17) Gualtieri, F.; Brasili, L.; Giannella, M.; Pigini, M. Molecular 
requirements of the active sites of the cholinergic receptors. 
XIX Size evaluation of the muscarinic subsite. // Farmaco 
1982, 37, 618-626. 

(18) (a) Triggle, D.; Belleau, B. Studies on the chemical basis for 
cholinomimetic and cholinolytic activities. Can. J. Chem. 
1962, 40,1201-1215. (b) Belleau, B.; Puranen, J. Stereochem
istry of the Interaction of Enantiometic 1,3-Dioxolane analogs 
of muscarone with cholinergic receptors. J. Med. Chem. 1963, 
6, 325-328. (c) Belleau, B.; Lavoie, J. L. A biophysical basis 
of ligand-induced activation of excitable membranes and as
sociated enzymes. A thermodynamic study using acetyl
cholinesterase as a model receptor. Can. J. Biochem. 1968,48, 
1397-1409. (d) Teodori, E.; Gualtieri, F.; Angeli, P.; Brasili, 
L.; Giannella, M.; Pigini, M. Resolution, absolute configura
tion, and cholinergic enantioselectivity of (+)- and (-)-cis-2-
Methyl-5-[(dimethylamino)methyl]-l,3-oxathiolane Meth-
iodide. J. Med. Chem. 1986, 29, 1610-1615. 

(19) Teodori, E.; Gualtieri, F.; Angeli, P.; Brasili, L.; Giannella, M. 
Resolution, absolute Configuration and cholinergic enantiose
lectivity of (-)- and (+)-c-2-Methyl-r-5-[(dimethylamino)-
methyl]-l,3-oxathiolane £-3-Oxide Methiodide and related 
sulfones. J. Med. Chem. 1987, 30, 1934-1938. 
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Table IV. Pharmacological Parameters of (i)-Muscarine and la in the Guinea Pig 

m" 

la 

tissue 

heart f 
heart P 
ileum 
bladder 

heart r* 
heart f* 
ileum 
bladder 

-log 
ED60-

6.42 ± 0.04 
6.69 ± 0.05 
7.10 ± 0.11 
5.69 ± 0.06 

6.87 ± 0.04 
6.73 ± 0.08 
7.36 ± 0.03 
5.66 ± 0.03 

-log 
KD° 

4.61 ± 0.19 
4.70 ± 0.10 
5.95 ± 0.10 
4.62 ± 0.09 

5.77 ± 0.17 
4.67 ± 0.12 
5.72 ± 0.11 
4.39 ± 0.09 

rel 
affinity6 

1.0 
1.0 
1.0 
1.0 

14.5 
0.93 
0.59 
0.59 

ED60 

65.8 
98.0 
14.1 
11.8 

12.6 
115.0 
43.7 
18.6 

e,c 

1.00 
1.00 
1.00 
1.00 

0.21 
1.17 
2.96 
1.54 

% receptor 
occupied at ED60 

1.52 
1.01 
6.62 
7.85 

7.36 
0.86 
2.24 
5.11 

"The results are the mean ± SEM, and the number of observations varies between 6 and 10. b(i)-Muscarine = 1. 'Relative efficacy 
((±)-muscarine = 1). d(±)-Muscarine. er = atria rate, f = atria force. 

binding comes either through a dipole-dipole interaction4 

or through an acceptor role of the oxygen in an hydrogen 
bond.17,20 It has already been demonstrated that fluorine 
is capable of interacting significantly with proton donors 
also in enzymatic sites.21,22 Compound la and muscarine 
were also tested in vivo on pithed rat in order to evaluate 
their muscarinic activity at ganglionic M1 and cardiac 
(heart rate) M2 receptors. In fact, these two agonists 
produced biphasic heart rate responses which partly 
overlap in the pithed rat, where the initial bradycardic 
effects are mediated by cardiac M2 receptors and are 
followed by a secondary increase in heart rate which is 
mediated by ganglionic M1 receptors. The suitable use of 
selective antimuscarinic compounds as pirenzepine and 
methoctramine, as recently reported by Angeli et al.,23 

allows the measurement of the unmixed agonist potencies 
at M2 and M1 receptors, respectively. Compound la and 
muscarine are equipotent in increasing heart rate (M1) 
while a 6-fold difference in decreasing heart rate (M2) exists 
between them, muscarine being the more active (Table III). 
Compound la, in fact, shows a slight selectivity (5-fold) 
for M1 muscarinic receptors while muscarine is confirmed 
to be a nonselective (Mi/M2) agonist.23 

It is well-known that comparing only potencies of an 
agonist on different tissues is not sufficient to speculate 
on differentiation among receptor subtypes, while differ
ences in K0 and relative efficacy (er) can be indicative of 
receptor heterogeneity.24 To this end we have further 
investigated compound la (and muscarine for comparison), 
and in addition to potency, other pharmacological param
eters, reported in Table IV, have been determined.25 

(20) Beckett, A. M. Stereospecificity in the reactions of cholin-
esterase and the cholinergic receptor. Ann. N. Y. Acad. Sci. 
1967, 144, 675-688. 

(21) Murray-Rust, P.; Stallings, W. C; Monti, C. T.; Preston, K. R.; 
Glusker, J. P. Intermolecular interactions of the C-F Bond: 
The crystallographic environment of fluorinated carboxylic 
acids and related structures. J. Am. Chem. Soc. 1983, 105, 
3206-3214. 

(22) Takahashi, L. H.; Radhakrishnan, R.; Rosenfield, R. E., Jr.; 
Meyer, E. F., Jr.; Trainor, D. A. Crystal structure of the co-
valent complex formed by a peptidyl a,a-Difluoro-j3-keto am
ide with porcine pancreatic elastase at 1.78A Resolution. J. 
Am. Chem. Soc. 1989, 111, 3368-3374. 

(23) Angeli, P.; Brasili, L.; Cantalamessa, F.; Marucci, G.; Wess, J. 
Determination of muscarinic agonist potencies at M1 and M2 
muscarinic receptors in a modified pithed rat preparation. 
Naunyn-Schmiedeberg's Arch. Pharmacol. 1990,342, 625-629. 

(24) Angeli, P.; Brasili, L.; Giannella, M.; Gualtieri, F.; Picchio, M. 
T.; Teodori, E. Chiral muscarinic agonists possessing a 1,3-
oxathiolane nucleus: enantio and tissue-selectivity on isolated 
preparation of guinea-pig ileum and atria and of rat urinary 
bladder. Naunyn-Schmiedeberg's Arch. Pharmacol. 1988, 337, 
241-245. 

Guinea pig heart rate was studied too, in order to compare 
the in vivo and in vitro potency of compound la and 
muscarine at this tissue. Both agonists exhibit the largest 
number of spare receptors (KJ3ZED50) on atria (force) and 
a small amount of bladder accordingly to the results ob
tained by other authors.24,26"28 

Furchgott29 suggests that differences of at least 0.5 in 
-log KD are indicative of receptor heterogeneity. Table 
IV indicates that the two agonists show the same trend of 
affinity at the studied tissues, discriminating between 
ileum on one hand and heart and bladder on the other, 
with the only exception being the affinity of la for the 
heart. In fact, while muscarine displays a significantly 
higher affinity for ileum than for heart (force and rate) and 
bladder,24 compound la shows similar affinities for ileum 
and heart (rate) which are 1 order of magnitude higher 
than those for bladder and heart (force). Moreover, among 
the investigated tissues, compound la shows a significantly 
lower relative efficacy on heart (rate) compared to the 
other tissues. The fact that on the heart (rate) muscarine 
displays a higher ED50 than that of compound la in vivo 
(6-fold) and a slight lower one in vitro (2.8-fold) could be 
due to differences in metabolism and kinetics between 
these two agonists in the two preparations. 

The total results suggest that the replacement of a hy-
droxyl group for the fluorine atom in the 4 position of 
muscarine does not greatly influence the pharmacological 
behavior of the molecule and causes some change only in 
the receptor-ligand interaction of the cardiac M2 musca
rinic receptors of the atria (rate). 

Finally, the comparison between the affinities and rel
ative efficacies upon heart rate and force in vitro led us 
to conclude that these two M2 cardiac effects could be 
mediated by different muscarinic receptor subtypes, as also 

(25) Angeli, P.; Brasili, L.; Giannella, M.; Gualtieri, F.; Pigini, M. 
Affinity and efficacy correlate with chemical structure more 
than potency does in a series of pentatomic cyclic muscarinic 
agonists. Br. J. Pharmacol. 1985, 85, 783-786. 

(26) Mizushima, A.; Uchida, S.; Matsumoto, K.; Osugi, T.; Kagiya, 
T.; Zhou, X. M.; Higuchi, H.; Yoshida, H. Multiple agonist 
binding sites of muscarinic acetylcholine receptors and their 
relation to the negative inotropic action of agonists in guinea 
pig heart. Eur. J. Pharmacol. 1985,119, 177-182. 

(27) Ringdahl, B. Tissue selectivity of oxotremorine analogs based 
on differences in muscarinic receptor reserve. Proc. West. 
Pharmacol. Soc. 1986, 29, 413-417. 

(28) Grana, E.; Lucchelli, A.; Zonta, F.; Boselli, C. Determination 
of dissociation constants and relative efficacies of some potent 
muscarinic agonists at postjunctional muscarinic receptors. 
Naunyn-Schmiedeberg's Arch. Pharmacol. 1987, 335, 8-11. 

(29) Furchgott, R. F. The classification of adrenoceptors. An 
evaluation from the standpoint of receptor theory. In Hand
book of Experimental Pharmacology; Blaschko, H., Muscholl, 
E., Eds.; Springer: Berlin, 1972; 283-335. 
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reported by other authors.30-34 Moreover muscarine and 
compound l a seem to exhibit some differences between 
the M3 muscarinic receptors of ileum and bladder and 
between ileum (M3) and heart (M2). 

Experimental Sect ion 
Materials. (-)-(S)-Methyl-4-methylphenyl sulfoxide was 

prepared by a slightly modified Andersen procedure10 from 
commercially available (Aldrich) (lS,2ii,5S)-(+)-menthyl (fl)-4-
methylphenylsulfinate. Tetrahydrofuran was freshly distilled from 
lithium aluminium hydride; diisopropylamine was distilled from 
calcium hydride and stored over molecular sieves (4 A); in all other 
cases commercially available reagent-grade solvents were employed 
without purification. Flash column chromatography was per
formed, unless otherwise stated, on silica gel as described in a 
previous paper.35 1H, 13C, and 19F NMR were recorded with a 
Bruker AC 250 or a Bruker CPX-300 spectrometer. Unless 
otherwise stated, CDCl3 was used as solvent, [a]o values were 
obtained on a Jasco DIP-181 polarimeter. Melting points are 
uncorrected and were obtained on a capillary apparatus. Thin-
layer chromatographies were run on silica gel 60 F254. Elemental 
analyses were within 0.2%, 0.3%, and 0.3% for C, H, and N, 
respectively. Chemical shifts and coupling constants of com
pounds 1, 9, and 10 are reported in Table 1 (1H and 19F NMR) 
and Table 2 (13C NMR) of the supplementary material. 

(4i?)-4-Fluoro-5-oxo-6-[(£)-(4-methylphenyl)sulfinyl]-
hex-1-ene (6) and (iS,Sa)-6. A solution of (-)-(S)-methyl 4-
methylphenyl sulfoxide (2) (7.5 g, 50 mmol) in dry tetrahydrofuran 
(100 mL) was added dropwise at -75 0C under argon to a stirred 
solution of LDA (52.5 mmol) in the same solvent (100 mL). Ethyl 
fluoroacetate (5.3 mL, 52 mmol) was added at the same tem
perature to the yellowish solution obtained. After 5 min, 200 mL 
of a saturated aqueous solution of ammonium chloride was added, 
the mixture was extracted with ethyl acetate, the collected organic 
phases were dried over anhydrous sodium sulfate, and the solvent 
was removed under reduced pressure. 

The residue was crystallized from ethyl acetate to give 9.1 g 
(85% yield) of pure (-)-(S)-l-fluoro-3-[(4-methylphenyl)-
sulfinyl]propan-2-one (4): mp 120-122 0C, white crystals; Ia]20D 
-229° (c 1.0, CHCl3); flash chromatography, ethyl acetate/rc-
hexane 1:1; 1H NMR (DMSO-d6) & 2.38 (br s, 3 H, Me), 4.03 (dd, 
J = 14.5 and 2.5 Hz, 1 H, CH.S), 4.21 (dd, J = 14.5 and 1.5 Hz, 
1 H, CHbS), 5.03 (d, J = 46.5 Hz, 2 H, CH2F), 7.40 and 7.59 (m, 
4 H, ArH). Anal. (C10H11FO2S) C, H. 

This fluorosulfinyl acetone 4 (2.1 g, 10.0 mmol) was dissolved 
in anhydrous tetrahydrofuran (80 mL) and the solution obtained 
was added at -78 0C under argon to a solution of LDA (22.0 
mmol), in the same solvent (40 mL). After 3 min allyl bromide 
(1.0 mL, 12 mmol) was added dropwise, the reaction mixture was 
stirred for 5 min, then a saturated aqueous solution of ammonium 
chloride (50 mL) was added, the mixture was extracted with ethyl 
acetate, the collected organic phases were dried over anhydrous 
sodium sulfate, and the solvent was removed under reduced 
pressure. The residue was flash-chromatographed (n-pentane/ 
diethyl ether 4:6) to give (4/J)-4-fluoro-5-oxo-6-[(S)-(4-methyl-
phenyl)sulfinyl]hex-l-ene (6) (1.04 g, 41% yield) and (4S,Ss)-6 

(30) Barlow, R. B.; Burs ton, K. N.; Vis, A. Three types of musca
rinic receptors? Br. J. Pharmacol. 1980, 68, 141-142. 

(31) Mutschler, E.; Lambrecht, G. Selective muscarinic agonists 
and antagonists in functional tests. Trends Pharmacol. Sci. 
1984, 5 (Suppl.), 39-44. 

(32) Fryer, A. D.; El-Fakahany, E. E. An endogenous factor induces 
heterogeneity of binding sites of selective muscarinic receptor 
antagonists in rat heart. Membr. Biochem. 1989, S, 127-132. 

(33) Chassaing, C; Dureng, G.; Boissat, J.; Duchene-Marullaz, P. 
Pharmacological evidence for cardiac muscarinic receptor 
subtypes. Life Sci. 1984, 35, 1739-1745. 

(34) Doods, H. N.; Davidesko, D.; Mathy, M. K.; Batink, H. D.; de 
Jonge, A.; van Zwieten, P. A. Discrimination by N-ethylmale-
imide between the chronotropic and inotropic response to 
muscarinic receptor stimulation in rat atrium. Naunyn-
Schmiedeberg's Arch. Pharmacol. 1986, 333, 182-185. 

(35) Still, W. C.; Kahn, M.; Mitra, A. Rapid chromatographic 
technique for preparative separation with moderate resolution. 
J. Org. Chem. 1978, 43, 2923-2924. 

(0.61 g, 24% yield) as pure compounds. (4fl,Ss)-6: Ia]20D -175° 
(c 1.0, CHCl3);

 1H NMR 6 2.45 and 2.70 (m, 2 H, H2-3), 2.46 (br 
s, 3 H, Me), 4.06 (d, J = 3.0 Hz, 2 H, H2-6), 4.78 (m, 1 H, H-4), 
5.15 and 5.18 (m, 2 H, H2-I), 5.75 (m, 1 H, H-2), 7.36 and 7.60 
(m, 4 H, ArH); 19F NMR & -194.3. Anal. (C13H16FO2S) C, H. 
(4S,Ss)-6: [a]20

D -230° (c 1.0, CHCl3);
 1H NMR 6 2.43 (br s, 3 

H, Me), 2.43 and 2.48 (m, 2 H, H2-3), 3.91 (dd, J = 14.7 and 2.7 
Hz, 1 H, H-6a), 4.17 (dd, J = 14.7 and 3.5 Hz, 1 H, H-6b), 4.78 
(ddd, J = 49.0, 7.2, and 4.4 Hz, 1 H, H-4), 5.12 (m, 2 H, H2-I), 
5.70 (m, 1 H, H-2), 7.34 and 7.57 (m, 4 H, ArH); 19F NMR S -191.6. 
Anal. (C13H16FO2S)CH. 

(iR ,SR )-4-Fluoro-5-hydroxy-6-[(S )-(4-methylphenyl)-
sulfinyl]hex-l-ene (7) and (4S,5i?)-7. A 1.0 N solution of 
diisobutylaluminum hydride in n-hexane (12 mL) was added 
dropwise to a solution of (4R,Ss)-6 (2.54 g, 10 mmol) in dry 
tetrahydrofuran (40 mL) with stirring at -60 0C under an argon 
atmosphere. After 30 min at the same temperature an excess of 
a saturated aqueous solution of sodium hydrogen carbonate was 
added, the resulting mixture was stirred for 30 min, and then a 
10 N solution of hydrochloric acid was added until pH 5 was 
reached. Organic products were extracted with ethyl acetate, the 
collected organic phases were dried with sodium sulfate, and the 
solvent was removed under reduced pressure to give (4R,5#)-4-
fluoro-5-hydroxy-6-[(S)-(4-methylphenyl)sulfinyl]hex-l-ene (7) 
in nearly pure form and in quantitative yield. Crystallization from 
diisopropyl ether afforded an analytical sample: Ia]20D -258° (c 
1.10, CHCl3); mp 99 0C; white crystals; 1H NMR S 2.36 and 2.48 
(m, 2 H, H2-3), 2.45 (br s, 3 H, Me), 2.85 (dt, J = 13.5 and 1.8 
Hz, 1 H, H-6a), 3.16 (dd, J = 13.5 and 9.5 Hz, 1 H, H-6b), 4.16 
(m, 1 H, H-5), 4.42 (dd, J = 3.9 and 1.2 Hz, 1 H, OH-5), 4.47 (dddd, 
J = 48.0, 7.8,6.2, and 4.0 Hz, H-4), 5.05 and 5.12 (m, 2 H, H2-I), 
5.75 (m, 1H, H-2), 7.36 and 7.53 (m, 4 H, ArH); 19F NMR S -192.3. 
Anal. (C13H17FOjS) C1H. 

The reduction of the (4S^-ketone 6 with diisobutylaluminum 
hydride as described above gave the alcohol (4S,5iJ,Ss)-7 in 96% 
yield: Ia]20D -270° (c 1.2, CHCl3); mp 146 0C (diisopropyl ether); 
white crystals; 1H NMR 6 2.44 (br s, 3 H, Me), 2.45 and 2.55 (m, 
2 H, H2-3), 2.73 (dd, J = 13.5 and 2.0 Hz, 1 H, H-6a), 3.21 (dd, 
J = 13.5 and 10.2 Hz, 1 H, H-6b), 3.81 (d, J = 4.6 Hz, 1 H, OH-5), 
4.24 (m, 1H, H-5), 4.36 (m, 1 H, H-4), 5.12 and 5.16 (m, 2 H, H2-I), 
5.75 (m, 1H, H-2), 7.37 and 7.54 (m, 4 H, ArH); 19F NMR S -195.2. 
Anal. (C13H17FO2S) C, H. 

(4JJ ,5R )-4-Fluoro-5-hydroxy-6-[(4-methylphenyl)-
sulfenyl]hex-l-ene (8) and (4S$R)-8. The crude (4R,5fl,Ss)-7 
(1.28 g, 5.0 mmol) was dissolved in acetone (80 mL), sodium iodide 
was added (2.40 g, 16.0 mmol), and a solution of trifluoroacetic 
anhydride (3.5 mL, 25.0 mmol) in the same solvent (35 mL) was 
added dropwise with stirring at -40 0C under argon. After 10 
min an excess of saturated aqueous solutions (saturated sodium 
sulfite and sodium hydrogen carbonate) was added in the stated 
order. Acetone was removed under reduced pressure and the 
aqueous layer was extracted with ethyl ether. The combined 
organic phases were dried over anhydrous sodium sulfate, and 
the solvent was removed to give (4i?,5fl)-4-fluoro-5-hydroxy-6-
[4-methylphenyl)sulfenyl]hex-l-ene (8) in nearly pure form: flash 
chromatography, n-hexane/diethyl ether 85:25; Ia]20D -46° (c 0.8, 
CHCl3);

 1H NMR & 2.32 (br s, 3 H, Me), 2.40 and 2.51 (m, 2 H, 
H2-3), 2.61 (dd, J = 3.7 and 1.0 Hz, 1 H, OH-5), 2.90 (ddd, J = 
14.0, 9.1 and 1.0 Hz, H-6a), 3.30 (ddd, J = 14.0, 3.1, and 1.6 Hz, 
1 H, H-6b), 3.71 (ddddd, J = 10.5, 9.1, 6.0, 3.7, and 3.1 Hz, 1 H, 
H-5), 4.47 (m, 1 H, H-4), 5.11 and 5.13 (m, 2 H, H2-I), 5.82 (m, 
1 H, H-2), 7.12 and 7.32 (m, 4 H, ArH); 19F NMR 5 -192.4. Anal. 
(C13H17FOS) C, H. 

Deoxygenation of the sulfenyl residue of (4S,5fl,Sg)-7 (1.92 g, 
7.5 mmol) with trifluoroacetic anhydride/sodium iodide as de
scribed above afforded the sulfenyl alcohol (4S,5i?)-8 in quan
titative yield: Ia]20D -21.0° (c 0.8, CHCl3); mp 32 0C; white 
crystals; 1H NMR S 2.32 (m, 3 H, Me), 2.41 (dd, J = 5.8 and 1.0 
Hz, 1 H, OH-5), 2.45 and 2.54 (m, 2 H, H2-3), 3.04 (ddd, J = 13.7, 
8.0 and 1.0 Hz, 1 H, H-6a), 3.09 (dd, J = 13.7 and 5.5 Hz, 1 H, 
H-6b), 3.66 (m, 1 H, H-5), 4.60 (dddd, J = 47.4, 7.9, 5.2, and 2.9 
Hz, 1 H, H-4), 5.12 and 5.16 (m, 2 H, H2-I), 5.80 (m, 1 H, H-2), 
7.12 and 7.31 (m, 4 H, ArH); 19F NMR 8 -198.9. Anal. (C13-
H17FOS) C, H. 

(2S ,AR ,5R ) -4-Fluoro-2-iodomethyl-5-[[(4-methyl-
phenyl)sulfenyl]methyl]tetrahydrofuran (9) and 
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(2R,4RfR)-V. A solution of (4fl,5fl)-4-fluoro-5-hydroxy-6-[(4-
methylphenyl)sulfenyl]hex-l-ene (8) (3.00 g, 12.5 mmol) in carbon 
tetrachloride (100 mL) was added dropwise to a suspension of 
iodine (5.00 g, 19.7 mmol) and sodium hydrogen carbonate (1.05 
g, 12.5 mmol) in carbon tetrachloride (150 mL) at 0 0C under 
argon. The reaction mixture was stirred at room temperature 
for 3 days. Then an excess of a saturated aqueous solution of 
sodium sulfite was added, the organic solvent was removed under 
reduced pressure, and the aqueous phase was extracted with ethyl 
acetate (3 X 200 mL). The collected organic layers were dried 
over anhydrous sodium sulfate and the solvent was removed under 
reduced pressure to give a residue which was represented by a 
36:24:40 mixture of (2S,4ft,5fl)-4-fluoro-2-iodomethyl-5-[[(4-
methylphenyl)sulfenyl]methyl]tetrahydrofuran (9), (2R,4R,5R)-9, 
and unreacted (4RfR)-S; flash chromatography, petroleum eth-
er/diisopropyl ether 93:7. (2S,4RfR)-9: Rf = 0.37. (2R,4RfR)-9: 
Rf = 0.34. Physical data are reported in Table I and spectral 
properties as supplementary material. 

Similarly, by reacting (4SfR)-S as described above, the tet-
rahydrofurans (2S,4S,5fl)-9 and (2R,4SfR)-9 were obtained in 
17% and 68% yield, respectively, after preparative HPLC (silica 
gel, 10-Mm Porasil, n-hexane/methylene chloride 1:1). Physical 
data are reported in Table I and spectral properties are reported 
in the supplementary material. 

(2S,4J?^«)-2-[(Dimethylamino)methyl]-4-fluoro-5-[[(4-
methylphenyl)sul fenyl]methyl] te t rahydrofuran (10), 
(2R,4RfR)-IO, (2RASfR)-IO, and (2SASfR)-IO. A solution 
of (2S,4JJ,5fl)-4-fluoro-2-iodomethyl-5-[[(4-methylphenyl)-
sulfenyl]methyl]tetrahydrofuran (9) (1.60 g, 4.40 mmol) and 
dimethylamine (20 mL) in ethanol (140 mL) was heated at 90 0C 
in an autoclave. After 3.0 h at the same temperature, excess 
dimethylamine was evaporated at room temperature, ethanol was 
removed under reduced pressure, the residue was washed with 
a saturated aqueous solution of potassium carbonate, and organic 
products were extracted with ethyl acetate. The collected organic 
phases were dried over anhydrous sodium sulfate and evaporated 
under reduced pressure, and the oily residue was flash chroma-
tographed (aluminum oxide, diisopropyl ether/petroleum ether 
6:4) to give 1.00 g (80% yield) of (2S,4fl,5fl)-2-[(dimethyl-
amino)methyl]-4-fluoro-5-[[(4-methylphenyl)sulfenyl]methyl]-
tetrahydrofuran (10) in pure form. 

Similarly, the pure dimethylamino derivatives (2RARfR)-IO 
(25,45,5A)-IO, and (2R,4S,5R)-10 were isolated in 70%, 77%, and 
94% yields, respectively, by reacting (2R,4RfR)-9, (2S,4S,5fl)-9, 
and (2R,4SfR)-9 as described above and by purifying the crude 
reaction mixture through flash chromatography (aluminum oxide, 
n-hexane/ethyl acetate 7:3). Physical data of the four diaste-
reoisomeric tetrahydrofurans 10 are reported in Table I and 
spectral properties are reported in the supplementary material. 

(3£,4R,5£)-[(4-Fluoro-5-methyltetrahydrofuran-2-yl)-
methyl]-JV^VJV-trimethylammonium Iodide (la). A solution 
of (2S,4J?,5fl)-2-[(dimethylamino)methyl]-4-fluoro-5-[[(4-
methylphenyl)sulfenyl] methyl] tetrahydrofuran (10) (566 mg, 2.0 
mmol) in ethanol (20 mL) was heated at reflux for 5 min in the 
presence of Raney nickel (Fluka) (1.10 g) under a hydrogen at
mosphere. The nickel was filtered off and washed twice with ethyl 
ether, and the collected organic phases were evaporated. The 
residue was (2S,4ii,5S)-2-[(dimethylamino)methyl]-4-fluoro-5-
methyltetrahydrofuran (11). 

The crude (dimethylamino)methyl derivative U was redissolved 
in EtOH (10 mL) and treated at 0 0C with an excess of methyl 
iodide (10 mL). After 1 h the solvent and the excess reagent were 
removed at reduced pressure. The residue was washed twice with 
petroleum ether and then crystallized from acetone/diisopropyl 
ether to give the (2S,4iJ,5S)-[(4-fluoro-5-methyl-tetrahydro-
furan-2-yl)methyl]-N^^-1rimethylammonium iodide (la) in 78% 
overall yield. Anal. (C9H19OFNI) C, H, N. Physical data are 
reported in Table I, and spectral data are reported in the sup
plementary material. 

(2fl,4S,5S)-2-(Dimethylamino)-4-fluoro-5-methyltetra-
hydrofuran (11). Starting from (2i?,4S,5fl)-10, the treatment 
with Raney nickel gave, as already described, a residue which 
contained (2i?,4S,5S)-ll in nearly pure form. In this case, the 
compound was isolated and characterized by 1H NMR spec
troscopy: 1H NMR S 1.29 (dd, J = 6.5 and 1.9 Hz, 3 H, H3-6), 
1.81 and 2.30 (m, 2 H, H2-3), 2.31 (s, 6 H, NMe2), 2.34 and 2.48 
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(m, 2 H, H r 7) , 4.09 (dddq, J = 28.7, 2.8, 0.8, and 6.5 Hz, 1 H, 
H-5), 4.42 (dddd, J = 9.6, 7.6, 6.0, and 4.3 Hz, 1 H, H-2), 4.98 
(ddddd, J = 53.7, 4.2, 2.8,1.0, and 0.6 Hz, 1 H, H-4). 

(2iMi?,5S)-[(4-Fluoro-5-methyltetrahydrofuran-2-yl)-
methyl]-JV,iV,JV-tr imethylammonium Iodide ( l b ) , 
(2SASfS)-Ic, and (2R,4Sf S)-Id. According to the procedure 
described above, desulfenylation with Raney nickel and meth-
ylation of the nitrogen of (2R,4RfR)-10, (2SASfR)-IO, and 
(2RASfR)-IO afforded (2#,4#,5S)-[(4-fluoro-5-methyltetra-
hydrofuran-2-yl)methyl]-JV'^VJV-trimethylammonium iodide (lb), 
(2S,4Sf S)-Ic, and (2R,4Sf S)-Id, respectively, in 70%, 70%, and 
75% overall yield. Anal. Calcd (C9H19OFNI) C1 35.64; H, 6.27; 
N, 4.62. Found: C, 35.72; H, 6.07; N, 4.60. Physical properties 
are reported in Table I and spectral data are reported in the 
supplementary material. 

2-Phenylpropionic Esters 12 of (4B,5i?)-8 and (4S,5.R)-8. 
4-(Dimethylamino)pyridine (1.2 mg, 0.01 mmol) was added to a 
dichloromethane solution (0.5 mL) containing the sulfenyl alcohol 
(4RfR)-S (24 mg, 0.10 mmol), (+)-(S)-2-phenylpropionic acid (17 
mg, 0.11 mmol), and dicyclohexylcarbodiimide (25 mg, 0.12 mmol). 
After 4 h at room temperature the dicyclohexylurea was removed 
by filtration and washed with n-hexane. The collected organic 
phases were dried over anhydrous sodium sulfate, the solvent was 
removed under reduced pressure, and the residue was flash 
chromatographed (n-hexane/diethyl ether 98:2) to give the desired 
(S)-2-phenylpropionate of the alcohol (4RfR)-S: 1H NMR 5 1.44 
(d, J = 7.1 Hz, 3 H, H3-3'), 1.99 and 2.08 (m, 2 H, H2-3), 2.33 (br 
s, 3 H, ArMe), 3.09 and 3.23 (m, 2 H, H2-6), 3.48 (q, J = 7.1 Hz, 
1 H, H-2'), 4.54 (m, 1 H, H-4), 4.84 and 4.98 (m, 2 H, H2-I), 5.03 
(m, 1H, H-5), 5.60 (m, 1H, H-2), 7.0-7.4 (m, 9 H, ArH). Similarly, 
by use of (-)-(R)-2-phenylpropionic acid and (4RfR)-S the cor
responding 2-phenylpropionate 12 of the alcohol (4RfR)-S was 
obtained: 1H NMR d 1.51 (d, J = 7.1 Hz, 3 H, H3-3'), 2.21 and 
2.36 (m, 2 H, H2-3), 2.30 (br s, 3 H, ArMe), 3.02 (ddd, J = 14.3, 
7.6, and 1.5 Hz, 1 H, H-6a), 3.07 (ddd, J = 14.3, 4.8, and 1.2 Hz, 
1 H, H-6b), 3.72 (q, J = 7.1 Hz, 1 H, H-2'), 4.66 (ddt, J = 47.8, 
8.2, and 4.5 Hz, 1 H, H-4), 5.02 and 5.07 (m, 2 H, H2-I), 5.03 (m, 
1 H, H-5), 5.72 (m, 1 H, H-2), 7.0-7.4 (m, 9 H1 ArH). When 
(4SfR)-S was esterified with (+)-(S)-2-phenylpropionic acid, the 
obtained ester 12 showed the following spectrum: 1H NMR 5 1.52 
(d, J = 7.1 Hz, 1 H, H3-3'), 1.90 and 2.05 (m, 2 H1 H2-3), 2.31 (br 
s, 3 H, ArMe), 3.09 (dd, J = 14.0 and 7.4 Hz11 H1 H-6a), 3.18 (ddd, 
J = 14.0, 6.8, and 0.8 Hz, 1 H, H-6b), 3.71 (q, J = 7.1 Hz, 1 H1 
H-2'), 4.73 (dddd, J = 46.5, 8.3, 5.2, and 2.1 Hz11 H1 H-4), 4.78 
and 4.95 (m, 2 H, H2-I), 4.88 (m, 1 H, H-5), 5.53 (m, 1 H1 H-2) 
and 7.0-7.4 (m, 9 H, ArH). The ester 12 obtained from (-)-
(i?)-2-phenylpropionic acid and the alcohol (4SfR)-S showed the 
following spectrum: 1H NMR 6 1.53 (d, J = 7.2 Hz1 3 H1 H3-3'), 
2.15 and 2.36 (m, 2 H, H2-3), 2.30 (br s, 3 H1 ArMe)1 3.01 (d, J 
= 7.0 Hz, 2 H, H2-6), 3.78 (q, J = 7.2 Hz11 H1 H-2'), 4.80 (dddd, 
J = 46.7,8.3, 5.2, and 2.3 Hz11 H, H-4), 4.92 (ddt, J = 25.5, 2.3, 
and 6.9 Hz, 1 H1 H-5), 5.01 and 5.06 (m, 2 H1 H2-I)1 5.70 (m, 1 
H1 H-2), 7.0-7.4 (m, 9 H, ArH). 

Pharmacology. In Vitro Tests. General Considerations. 
Male guinea pigs (200-300 g) were killed by cervical dislocation 
and the organs required were set up rapidly under 1 g of tension 
in 20-mL organ baths containing physiological salt solution (PSS) 
kept at an appropriate temperature (see below) and aerated with 
5% C02-95% O2. Two dose-response curves were constructed 
by cumulative addition of the reference agonist (muscarine). The 
concentration of agonist in the organ bath was increased ap
proximately 3-fold at each step, with each addition being made 
only after the response to the previous addition had attained a 
maximal level and remained steady. Following 30 min of washing, 
a new dose-response curve to the agonist under study was ob
tained. Responses were expressed as a percentage of the maximal 
response obtained in the control curve. The results are expressed 
in terms of p£)2, which is the -log ED50, the concentration of 
agonist required to produce 50% of the maximum contraction. 
Contractions were recorded by means of a force transducer con
nected to a two-channel Gemini polygraph. 

In all cases, parallel experiments in which tissues received only 
muscarine were run in order to check for any variation in sen
sitivity. 

Determination of Dissociation Constants. Dissociation 
constants and relative efficacies for compound la and muscarine 
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were determined as previously described24,26 according to the 
method of Furchgott and Bursztyn.36 

Guinea Pig Ileum. Two-centimer-long portions of terminal 
ileum were taken at about 5 cm from the ileum-cecum junction 
and mounted in PSS at 37 0C. The composition of PSS was as 
follows (mM): NaCl (118), NaHCO3 (23.8), KCl (4.7), MgSO4-
7H2O (1.18), KH2PO4 (1.18), CaCl2 (2.52), glucose (11.7). Tension 
changes were recorded isotonically. Tissues were equilibrated 
for 30 min, and dose-response curves for muscarine were obtained 
at 30-min intervals, the first one being discarded and the second 
one being taken as the control. 

Guinea Pig Stimulated Left Atria. The heart was rapidly 
removed and the right and left atria were separately excised. Left 
atria were mounted in PSS (the same used for ileum) at 30 0C 
and stimulated through platinum electrodes by square-wave pulses 
(1 ms, 1 Hz, 5-10 V). Inotropic activity was recorded isometrically. 
Tissues were equilibrated for 2 h and a cumulative dose-response 
curve to muscarine was constructed. 

Whole Atria. The right and left atria were removed and 
equilibrated for 1 h at the above conditions (see Guinea Pig 
Stimulated Left Atria for PSS and temperature). Contractions 
were recorded isometrically. 

Guinea Pig Bladder. A 2-mm-wide longitudinal strip of 
bladder from urethra to the apex of the bladder was cut, excluding 
the portion under the urethra orefice, and mounted in PSS (the 
same as used for ileum) at 37 0C. Contractions were recorded 
isometrically. Tissues were equilibrated for 30 min (see the 
protocol for ileum). 

In Vivo Tests. Pithed Rat. Male normotensive rats (270-330 
g) were housed five per cage and maintained on a 12 h light/ dark 
cycle. Food and water were available ad libitum. The animals 
were anesthetized with equithesin (9.6 g of nembutal sodium, 42.6 
g of chloral hydrate, 21.2 g of MgSO4,400 mL of propylene glycol, 
50 mL of ethyl alcohol, and water to 1000 mL) at 3 mL/kg of body 
weight ip. The right jugular vein was cannulated (PE 10 poly
ethylene tubing) for drug administration. Blood pressure was 
measured from the left common carotid artery through a PE 50 
catheter connected to a pressure transducer (P23 ID, Statham, 
Hato Rey, Puerto Rico). The heart rate was measured continu
ously by means of a rate meter (Basile) which was triggered by 

(36) Furchgott, R. F.; Bursztyn, P. Comparison of dissociation 
constants and of relative efficacies of selected agonists acting 
on parasympathetic receptors. Ann. N. Y. Acad. Sci. 1967,144, 
882-899. 

the blood pressure pulse in the carotid artery. After catheteri
zation of the trachea, heparin (150 IU/kg) was given iv to prevent 
blood coagulation. Temperature was maintained at approximately 
37 0C throughout the experiment by means of an overhead heating 
lamp. The rats were then pithed by insertion of a steel rod (1.5 
mm in diameter) through the skull and foramen magnum down 
into the spinal canal.37 The animals were respired artificially 
by means of a Harvard Apparatus Model 681 rodent respirator 
at a frequency of 60 cycles/min with a volume of 1 mL/100 g. 
The preparation was allowed to equilibrate for at least 30 min 
before drug administration, until mean heart rate had stabilized. 
The basal heart rate amounted to 300 ± 8 beats/min (n = 50). 
Changes in heart rate were measured for individual doses of the 
agonists given iv (0.1 mL/100 g). Full recovery from the pressure 
and cardiac effects with return to preinjection values are allowed 
between successive doses. After drug injection, the venous cannula 
was flushed with 50 iiL of isotonic saline solution. 

Experimental Protocol. AU drugs were dissolved in saline 
(0.9% w/v) and injected iv in a volume of 0.1 mL/100 g. Because 
of desensitization phenomena, when muscarine and compound 
la were employed, only one single dose-response curve was as
sessed in each preparation. ED60 values were determined 
graphically from the resultant dose-response curves and represent 
the dose causing 50% of the maximum response of the compound 
under study. Pretreatment, iv, with antagonists was carried out 
20 min before the administration of agonists. This interval was 
selected because preliminary experiments showed that after this 
time the antagonistic effects of pirenzepine (50 /ug/kg iv) and 
methoctramine (300 Mg/kg iv) were constant during the whole 
experiment. 

Data are presented as means ± SEM of n experiments. Dif
ferences between mean values were tested for significance by the 
Student's t test. 
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