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Abstract

Four different syntheses of the potent and selective muscarinic antagonist cyclohexyl(4-
fluorophenyl)(3-piperidinopropyl)silanol { p-fluoro-hexahydro-sila-difenidol, p-F-HHSiD (2b); isolated
as hydrochloride 2b- HCI) are described (starting materials: (CH;0);SiCH,CH,CH,Cl and Si(OCH,;)4).
In addition, the synthesis of the corresponding carbon analogue p-fluoro-hexahydro-difenidol ( p-F-HHD
(2a); isolated as 2a-HCl) and the syntheses of three p-F-HHSID derivatives (3-5), with a modified cyclic
amino group, are reported (3: piperidino/pyrrolidino exchange, isolated as 3-HCIl; 4: piperidino/
hexamethylenimino exchange, isolated as 4- HCI; 5: quaternization of 2b with methyl iodide). The chiral
compounds 2a, 2b, 3, 4 and 5 were prepared as racemates. In functional pharmacological studies, 3-5
behaved as simple competitive antagonists at muscarinic M1 receptors in rabbit vas deferens, M2
receptors in guinea-pig atria, and M3 receptors in guinea-pig ileal smooth muscle. The pyrrolidino (3)
and hexamethylenimino (4) analogues of the parent drug p-F-HHSID (2b) displayed the highest affinity
for M1 and M3 receptors (pA, values: 7.0-7.4) but exhibited lower affinity for cardiac M2 receptors
(pA4,: 5.9 and 6.0). Their affinity profile (M1~ M3 > M2) is different from that of p-F-HHSIiD (2b)
(M3 > M1 > M2), but qualitatively very similar to that of p-F-HHD (2a). The methiodide S exhibited the
highest affinity for M1 receptors (pA,: 8.5) but lower affinity for M2 and M3 receptors by factors of 5.6
and 3.6, respectively.

Introduction

Some years ago, we reported the synthesis of the potent and selective muscarinic
antagonist hexahydro-sila-difenidol (HHSiD (1b); Scheme 1) [1]. This silicon com-
pound is now a commercially available drug that is used in experimental pharmacol-
ogy and physiology for the classification of muscarinic receptor subtypes [2—6]. In
functional experiments and radioligand binding studies, HHSiD shows approxi-
mately the same high affinity for muscarinic M1, M3 and M4 receptors, whereas its
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Scheme 1

affinity for M2 receptors is lower by more than one order of magnitude. The carbon
analogue hexahydro-difenidol (HHD (1a); Scheme 1) exhibits a similar affinity
profile. but is somewhat less selective in functional studies than the silicon com-
pound 1b [5]. The selectivity patterns of 1a and 1b have recently been confirmed in
binding studies involving cloned muscarinic m1-m$ receptors expressed in Chinese
hamster ovary cells [7].

In the course of structure-activity relationship studies we synthesized the p-flu-
oro derivatives of HHD and HHSID, p-fluoro-hexahydro-difenidol ( p-F-HHD
(2a)) and p-fluoro-hexahydro-sila-difenidol ( p-F-HHSID (2b)) (Scheme 1), and
studied the pharmacological properties of these C,/Si analogues. These investiga-
tions were carried out as & part of our systematic studies of C /S bioisosterism {for
a recent review on this subject. see ref. 8), Like the parent drugs Ta and 1b. the
derivatives 2a and 2b were found to be selective muscarinic antagonists [3.6]. the
silicon compound 2b displaying a greater selectivity in functional assavs than its
carbon analogue 2a [3]. p-Fluoro-hexahydro-sila-difenidol (2b) «« now a commer-
cially available drug that is used as a selective tool in muscarnnic receptor research.
Various biological data for this muscarinic antagonist. determined in our and other
laboratories. have been published elsewhere [3,6,9--20]. Prelimmary resulis of studies
on the metabolism of the C/Si pair 2a/2b in the rat have been described recently
(21].

We report here the synthesis of the racemic C/Si analogues 2a and 2b. In
addition. the synthesis and some antimuscarinic properties of the racemic p-F-
HHSID derivatives 3--5 (Scheme 1) are described. The muscarinic receptors studied
were M1 receptors in rabbit vas deferens. cardiac M2 receptors in guinca-pig atriu.
and M3 receptors in guinea-pig ileal smooth muscle. The syntheses [22} and some
antimuscarinic properties [6.23] of the pure enantiomers of 2a have been reported
elsewhere.
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Results and discussion

(a) Syntheses

The carbon compound p-fluoro-hexahydro-difenidol (2a) (isolated as 2a - HCI)
was prepared as shown in Scheme 2 by reaction of cyclohexyl 4-fluorophenyl ketone
with (3-piperidinopropyl)magnesium chloride, followed by aqueous workup (overall
yield 76%).

The silicon analogue p-fluoro-hexahydro-sila-difenidol (2b) (isolated as 2b - HCI)
was synthesized by four different procedures, starting from the commercially
available (3-chloropropyl)trimethoxysilane (Scheme 3) or tetramethoxysilane
(Scherme 4).

As shown in Scheme 3, 2b was obtained from (3-chloropropyl)trimethoxysilane
by two similac four-step routes (overall yields of 2b- HCl were 39 and 38%,
respectively) which differ only in the sequence of introduction of the piperidino and
4-fluorophenyl group. In the first step of both syntheses, the (3-chloropropyltri-
methoxysilane was transformed into the corresponding cyclohexylsilane 6 by reac-
tion with cyclohexylmagnesium chloride by a procedure described in ref. 1. Conver-
sion of 6 with (4-fluorophenyl)lithium into the (4-fluorophenyl)silane 7 and its
subsequent reaction with piperidine yielded the (3-piperidinopropyl)silane 8. Alter-
natively, 8 was obtained by conversion of the (3-chloropropyl)silane 6 with piperi-
dine into the (3-piperidinopropyi)silane 11, followed by reaction of the latter with
(4-fluorophenyl)lithium. Finally, the silanol 2b was prepared by acid-catalyzed
hydrolysis of the methoxysilane 8 and then isolated as the hydrochloride 2b - HCI.

As shown in Scheme 4, 2b was obtained from tetramethoxysilane by a four-step
©r 2 Hve-siep rome Tnar Oiifer omy 1 Ine melnod vsed jor Ine Sormanon o) Ine
SeOR lunctian (datal 31l@ 2F @ad 227, cespectivelyy relatad ta 2 - BE2). e ke fest
step tetramethoxysifane was converied into the corresponding (4-fluorophenyijsiiane
12 by reaction with (4-fluorophenyl)lithium. Conversion of 12 by cyclohexylmag-
nesium chloride into the corresponding cyclohexylsilane 13 and reaction of the latter
with (3-piperidinopropyl)magnesium chloride yielded the (3-piperidinopropyl)silane
8. which upon acid-catalyzed hydrolysis gave the silanal 2b. Altesnatively. 2b was
synitesized by a Vancaiaiyd hiydiolysis U e hiydrdosdere 34, wiich was
opianed from the corresponding methowysiiane B Dy rteaction with hithom
tumnum RYanae.

The p-fluoro-hexahydro-sila-difenidol derivatives 3 and 4 were prepared by a
route analogous to one of those used in the synthesis of 2b (sequence 7 — 8 — 2b),
as outhined in Scheme 3. In the first step, the {3-pyrighdinopropybsilane 9 and the
(3-hexamethyleniminopropyl)silane 10 were synthesized by reaction of the (3-chlo-

F 1. CsH1oN(CHz)3MgCl F.
\Q 2. Ho/Ho" \Q ,/OH
C=0 C

U g NCHy=CHp=CH, =N )

2a (isolated as 2a-HCI)

Scheme 2
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ropropyl)silane 7 with pyrrolidine and hexamethylenimine. respectively. Acid-cata-
lyzed hydrolysis of the methoxysilanes 9 and 10 then vielded the corresponding
silanols 3 and 4, which were isolated as the hydrochiorides 3 - HCH and 4 - HCI (total
vield 31 and 29%. respectively. based on the (3-chloropropvhtrimethoxysilane
initially used).

The methiodide 5 was obtained by quaternization of 2b with methvl 1odide as
outlined in Scheme 5 (yield 89%).
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liquids. The identities of alt the new compounds described in this paper were
confirmed by elemental analysis and by NMR spectroscopic (‘H, °C, ¥’Si) and mass
spectrometric studies (EI MS, FAB MY).

(b) Pharmacological studies
Neurogenic twitch contractions of rabbit vas deferens were inhibited by the M1
receptor agonist 4-Cl-McN-A-343 [2] (ECs, =25 nM ). This effect was concentra-
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Table 1

Affintties (pA . values) and slopes of Arunlakshana-Schild plots (in parenthesesy for p-fluoro-hexahydro-
difenidol (2a), p-fluoro-hexahydro-sila-difenidol {2b) and compounds 3-5 at nuscannic M1 receptors in
rabbit vas deferens. M2 receptors i guinea-pig atria and M3 receptors in guinea-pig ileum. The
parameters given represent the mean -+ s.e.mean. K, ratios (pA, = ~ log Ky, tare given as a measure of
reveptor selectivity. These values were caleulated from the anulog o the differences between the

respective p - values

Compound  pA, values Selectivity ratios

Vas deferens (M1) Atna (M2) Heum (M3)  MI1-M2 M2 MT M3\

2a” 7564007 658003 793+ 003 e 2

2h 6.65% £0.03 601 £ 0.06 7844003 47 14 R

3 7384 0.03 5941005 7024004 2 i3 R
(110 +0.035) (0.98 + 0.08)

4 7.03+0.04 6.04 004" 737002 §x 1.4 iR
(1,194 0.0%) 10,06 5 (LOE)

5 8.47-4+0.04 77240003 791 003 S 3.3 e
(0.97+0.87) (102 £ 0.05) t1.07 2 0.06)

R ~ F N . P . .
Duta taken from ref. 3. 7 Data taken from ref. 9. Onlv two concentrations (1 and 3 gmol <1y of the

antagonists were mvestigated duc o the negative inotropic effects of the antagonists themselves at higher

concentrations. The pad~ values were therefore determined from the mndividuasl dose ratios secording o

ref. 26

ton-dependently antagonized by the p-F-HHSID (2b) derivatives 3--5. Similarly.
compounds 3-5 antagonized the negative inotropic responses in guinea-pig atria
(M2 receptors: £C,,, = 6 n M ) and ileal contractions (M3 receptors: £C,, = 20n M)
induced by the potent muscarinic agonist arecaidine propargyl ester [24]. Increasing
concentrations of 3--5 produced parallel shifts of the agonist concentration-response
curves progressively to the right without appreciable changes 1t basal tension or
maximum agonist responses.  Arunlakshana-Schild plowts were linear over the
antagonist concentration-range examined. and the slopes of the regression lines
(Table 1) were not significantly different from unity. Thus, 3 5 were apparently
simple competitive muscarinic antagonists at M1, M2 and M3 receptors. These
results are summarnized in Table 1 (which includes published data for p-F-HHD (2a)
and p-F-HHSID (2b) {3.9]). and Hlustrated in Fig. 1

Compounds 2a, 2b and 3--§ showed quite wide variations in their affinities for
muscarinic receptors i yas deferens. atria, and ileum. their p4. values (Table 1. Fig,
1) differing by more than two orders of magnitude. The influence of the ring size of
the cyclic amino group on affinity and receptor selectivity can be seen by compari-
son of the data for silanols 2b, 3 and 4. As with the parent compound. p-F-HHSID
(2b). the pyrrolidine (3) and hexamethvienimino (4) analogue exhibited the same
affinity at M2 receptors. In contrast. reduction i ring size of 2b ¢ -+ 3y and ring
extension (- 4) resulted i an increase and decrease in affinity for M1 and M3
receptors. respectivelv. Thus, the silanols 3 and 4 show a scelectivity pattern (M1 -
M3 > M2) similar to that of the carbinol p-F-HHD (2a) but different from that of
its sila-analogue p-F-HHSiD (2b) (M3 = MT = M23,

N-Methylation of 2b (> 5) increased the affinity for M1 and M2 receptors by
factors of 63 and 30. respectivelv. In contrast. the affinity for M3 receptors was
unaffected. Thus, the methiodide § exhibits high affinitv. with preference for M1
over M2 and M3 receptors
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Fig. 1. Affinity profiles of p-fluoro-hexahydro-difenidol (2a), p-fluoro-hexahydro-sila-difenidol (2b) and
compounds 3--5 at muscarinic M1 receptors in rabbit vas deferens, M2 receptors in guinea-pig atria and
M3 receptors in guinea-pig ileum.

Experimental

{a) Syntheses

All synthetic procedures were performed under nitrogen and in dry solvents
unless stated otherwise. Melting points were determined with a Buchi apparatus
(type 510) and are uncorrected. Kugelrohr distittations were performed with a Bich:
GKR-50 apparatus. 'H and >C NMR spectra were recorded on a Bruker AM-400
SPECATUMRART (PRTAUNE &t Q8.2 and 124 MUz, cespeciively) and qn 2 Rowker
WP-300 spectrometer (operating at 3U0.1 and 73.3 MHz, respectively]. P31 MR
SPELNTE WRIL TRIULIIRA Uh & Brwdwer WP- 302 specioemuter aqeratiag &t 3194 dMHez,
Chemical shifts (ppm) were determined with respect to those of (CH,),Si (‘H, § 0)
and CDCl, (**C, 8 77.05) as internal references and to that of (CH,),Si (*Si, § 0)
as external reference (in the case of 2a - HCl. CD,OD was used as internal reference;
B¢, 8 49.0). Assignment of the >*C NMR data was supported by DEPT experi-
menis. Mass spectra were ablained with & Vanar-MAT-711 and 2 Finngra-MAT-
8430 mass spectrometer (EI MS: 70 eV; FAB MS: glycerot (liquid matrix), xenon
(FAB source)). The m/z values given refer to the isotopes 'H, ¢, “N, "0, "F,
*Si, ¥Cl and 71

1-Cyclohexyl-1-(4-fluorophenyl)-4-piperidino-1-butanol hydrochloride (p-fluoro-
hexahydro-difenidol hydrochloride) (2a - HC)

A Grignard reagent was prepared as described in ref. 1 from 1-chloro-3-
piperidinopropane (0.74 g, 4.58 mmol) and magnesium turnings (0.15 g, 6.17 mmol)
in THF (5 ml), and was then added dropwise at 0°C during 5 min to a stirred
solution of cyclohexyl 4-fluorophenyl ketone (0.72 g, 3.49 mmoil) in diethyt ether (20
ml). After 4 h stirring at room temperature and subsequent heating under refiux for
4 h, saturated aqueous NH,Cl solution (10 ml) was added at room temperature. The
organic phase was separated and the aqueous layer extracted three times with
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diethvl ether (3 X% 20 ml). After drying of the combined organic layers with anhvdrous
Na,S0,; and removal of the solvent under reduced pressure. the residue was
dissolved in diethyl ether (20 ml) and an 0.5 M ethereal HCT solution (7.0 mi, 3.5
mmol HCI) was added. The mixture was stirred at room temperature tor 10 min and
the resulting precipitate was filtered off, washed with diethvl cther (20 ml), and
recrystallized from 2-propanol to give 0.98 g (vield 76%) of colourless cryvstals. mp.
240°C. 'H NMR (CD,ODY: 6 09-1.3. 1.3 1.6 and 1.6 2.1 (m. 21H: CCHC ..
CCHLCY. 2272902930 and 3325 (m, 6H; NCH.C). 7.0- 7.1 and 7.35 7.45 (m.
4H: CC H,F). NH and OH not localized. "C NMR (CD,0Dy: 8 20.0. 227, 242
(2C). 27.6. 27.7. 27.8. 279 and 28.5 (CCH ). 37.0 (OCCH ,C). 503 (C-1. CCH .
541 (2C) (NCH,C.NCH ). 58.6 (CCHLCHLCH N 79.3 (COH). 1153 (. J(CT)
21.3 Hz: C-3/C-5, CC,HLF). 129.1 (d. J(CF) 7.7 Hz: -2, Co6. CCH L F) 142.0 (d.
VICF) 31 Hz: C-1, CC,HLFY. 1629 (d. J(CF) 243.4 Hey C 40 CC HL )Y FAB MS:
m 2 334 (100%. cation of the salt), Anal. Found . 681 H 91 N 37
C H L CIFNO (369.9) cale: € a% IR H 899 N 2709

Cyclohexyl(4-fluorophenyiy 2-piperidinopropyljsiluncl hydrochioride (p-fluoro-hexa-
hvdro-sila-difenidol hvdrochloride; (2b - HCI)

Method @ Hydrochloric acid (0.5 M. 430 mb was added to o surred solution of
8 (5.30 g. 15.1 mmol) in 2-propanol (160 ml). The clear pixture was stirred at room
temperature for 16 h and pH was then adjusted ¢ & with aqueous NaOH soluton.
The mixture was extracted three tumes with diethyi ether (2 - 100 mh, and the
extracts were combined. washed with water (260 mb. and dned over anhvdrous
Na ,S0,. Atfter removal of the solvent under reduced pressure the oy residue was
dissolved in diethyl ether (100 ml) and 0.5 M ethercal HCH (0.0 mi. 150 mmol HCH
was added at room temperature. After 13 nun stirring at room temperature, the
crude product was filtered off and recrystallized rom 2-propanol o give 300 g
(vield 86%) of colourless crystals; mop. 1877 C. For analviical dati. see below,

Method b, A mixwure of 14 (0.60 g, 1.79 mmol) and KOH (17 mg. 9.2 mmol) in
ethanol /water (96,74, v /v) {25 ml) was stirred for 24 h at room remperatare. Aflter
removal of the solvent under reduced pressure, water {10 miy und 2-propano! (3 mi)
were added and the resulting mixture was extracted three umes with diethvl ether
(3 > 10 ml). The combined extracts were dried over anhvdrous N .SO,. the solvent
removed under reduced pressure, and the residue dissolved in diethyl ether (16 mly.
After addition of 1.3 M cthereal HCE (1.5 mil. 2.0 mumol HCTL the mixture was
surred at room temperature for 15 min. and the crude product then Oltered off.
washed with diethyl ether. and recrystallized from Z-propanot o give .38 ¢ ivield
35%) of colourless crystals: mup. 187°C.

"H NMR (CDCH ) 6 722 ¢me 21H: SICH.CL SICHC., CCH Oy 2507,
2.8--3.0 and 3.3 34 (m. 6H: NCH,Cy. 5.2 (°s" broad. 1H: SiOH). 6.9 7.0 and
7.5-7.6 (m. 4H: SiC,H,F) 109 s broad. 1H: NH). "'C NMR (WCDCH )y 8 9
(SICHLC). 17.6, 21.8 and 22.5 (2C)y (COHLCy 26.2 (C-1 SiCH L 26,4, 26,6 (20,
27.5 and 27.6 (CCH.C), 52,6 and 529 (NCH,C. NC.H, 0 590 (SICH .CHL.CH N,
1147 (d. “J(CF) 19.5 Hz C-3/C-5. SIC,H,FY. 1320 (d. WCF) 37 Hao C-1
SIC,H,F). 135.7 (d. Y{CF) 7.4 Hz: (-2, C-6. SIC,H,F) 163,60 (d. J(CF) 2480 He:
C-4, SICHLF). 7SI NMR (CDCH ) 8 1.3 FAB MS: w2 350 (1007 cation of the
salt). Anal. Found: C. 62.6: H. 8.9 N 26, C. HL.CIFNOS (386.0) cales €. 6223
HL 8620 N, 3.63%,
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Cyclohexyl(4-fluorophenyl)(3-pyrrolidinopropyl)silanol hydrochloride (3 - HCl)

Prepared as described for the synthesis of 2b - HCl (method a), by hydrolysis of 9
(700 g, 200 mmol) in a mixture of 0.5 M hydrochloric acid (570 ml) and
2-propanot (216 mi)y and subsequent transformation of the crude amine 3 into its
hydrochloride by reaction with 0.5 M ethereal HCI (40.0 ml, 20.0 mmol HCI). Yield
5.22 g (70%) of colourless crystals; m.p. 150° C (2-propanol). '"H NMR (CDCl,): 8
0.8-1.2 and 1.6-2.3 {m, 188; SiCRH.C, SiCHC,, CCH,C), 2.7-3.3 and 3.6-3.7 (m,
6H; NCH,C), 5.1 (‘s’, broad, 1H; SiOH), 6.9-7.0 and 7.5-7.6 (m, 4H; SiCcH,F),
11.2 (‘s’, broad, 1H; NH). 13C NMR (CDCl,): 6 9.9 (SiCH,C), 19.7 and 23.1 2C)
(CCH C) 262 (C-1, SiC(Hy,), 26.5, 26.6 (2C), 27.57 and 27.62 (CCH,C), 532 and
53.5 (NCH,C,NC,H ) 57.3 (SiCH,CH,CH,N), 114.8 (d, ?J(CF) 19.5 Hz; C-3 /C-5,
SiC,H,F), 131.8 (d, *J(CF) 3.6 Hz; C-1, SiC,H,F), 1358 (d J(CF) 7.2 Hz;
C-2/C-6, SiC,H F), 163.7 (d, 'J(CF) 248.2 Hz; C-4, SiC,H,F). S NMR {CDCl,):
6 1.6. FAB MS: m/z 707 (2%, 2 X cation of the salt + Cl™), 336 (100%, cation of
the salt). Anal. Found: C, 61.6; H, 8.6; N, 3.8. C,,H,,CIFNOSi (372.0) calc: C,
61.33; H, .40, N, 3.77%.

Cyclohexyl(4-fluorophenyl)(3-hexamethyleniminopropyl)silanol hydrochloride (4 -
HCl)

Prepared as described for the synthesis of 2b - HCI (method a), by hydrolysis of
1® [7.DD g 13.5 mmo) in a mixture o} D.5 M nyadrochoric acid |53D m)) and
2-propansl {195 ml) and subsaguent trencfommedion of the orude amine 4 inte ie
hydrochloride by reaction with 0.5 M ethereat HCt sotution (37.0 mt, 18 5 mmot
HCI). Yield 4.64 g (63%) of colourless crystals; m.p. 185° (2-propanol). '"H NMR
(CDCl,): 8 0.7-2.1 (m, 23H; SiCH,C, SiCHC,, CCH,C), 2.8-3.0 and 3.3-3.5 (m,
6H; NCH,C), 5.2 (*s’, broad, 1H; SiOH), 6.9-7.0 and 7.5-7.6 (m, 4H; SiC,H,F),
10.9 (‘s’, broad, 1H, NH). >’C NMR (CDCl,): & 9.8 (SiCH,C), 18.0 and 23.1 (2C)
(CCN,0), 262 )02, iGN, 2b.3, 2b.5, 22.5 and 22.5 1n 1012) ')C))CL‘BZ[‘) 53.3
and 54.2 (NCH,C, NC¢H,,), 59.3 (SiCH,CH,CH,N), 114.6 (d, J(CF) 19.5 Hz;
C-3/C-5, SiC,H,F), 132.0 (d, J(CF) 3.5 Hz; C-1, SiC(H,F), 135.7 (d, .I(CF) 7.3
Hz; C-2/C-6, SiC,H,F), 163.6 (d, J(CF) 248.1 Hz; C-4, SiC,H,F). ¥’Si NMR
(CDOY;): 21.6. FAB MS: »/2 763 [2%, 2 X canon of e sa) + C) ), 364 [2DDY,
cation of the salt). Anal. Found: C, 63.5; H, 89; N, 3.5. C,,H;;CIFNOSi (400.1)
calc: C, 63.05; H, 8.82; N, 3.50%.

Cyclohexyl(4-fluorophenyl)(3-piperidinopropyl)silanol methiodide (5)

Methyl iodide (2.60 g, 18.3 mmol) was added to a solution of 2b (2.80 g, 8.01
mmol) in ethanol (2b was obtained from 2b-HC] by reaction with NaOH and
subsequent aqueous workup). The mixture was stirred at 30° C for 3 h, pentane (75
ml) was added dropwise, and the mixture stirred for a further 90 min. The
precipitate was filtered off, washed with pentane (25 ml), dried in vacwo, and
recrystallized from acetone / pentane to give 3.50 g (yield 83%) of colourless crystals;
m.p. 98°C. 'H NMR (CDCl;): 8 0.8-1.2 and 1.6-2.1 (m, 21H; SiCH,C, SiCHC,,
Cct, C‘), 3.7 )s 3N PN, 353, b)m bN; DAL, 3.3 )5, proad. 1N: HUN),
TU0- 7.1 and' 7"S—T7.7 (I, 417} 51C6H4F) W RRIR T N 0 3 S, 163,
00 (), 283, 28.3, 8.8 (2T}, ZT.3 and Z7'8 \CCF?zC)‘, 28.2 (C:1, 3G, ), 4823
(NCH,), 61.0, 61.1 and 65.7 (NCH,C), 1148 (d, °J(CF) 19.6 Hz; C-3/C-5,
SiC,H,F), 131.5 (d, “8iJ(CF) 3.8 Hz; C-1, SiC,H,F), 1360 (d, Y(CF) 7.4 Hz;
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(-2/C-6, SiC,H,F). 163.7 (d. J(CF) 248.2 Hz: C-4, SiC H,F). FAB MS: w1/ 364
(100%. cation of the salt). Anal. Found: C. 51.7; H, 7.1: N, 3.0. (', HsFINOSI
(491.5) cale: €. 51.32; H. 7.18: N, 2.85%.

(3-Chloropropyl)cyclohexvidimethoxysilane (6)
Synthesis as described in ref. 1 (vield 71%).

(3-Chloropropyljcyclohexyi(4-fluorophenyl)methoxysilane (7}

A 1.6 M solution of n-butyllithium (0.20 mol) in n-hexane (125 ml) was added
dropwise at —-45°C during 30 min to a stirred solution of 1-bromo-4-fluorobenzene
(35.0 g, 0.20 mol) in diethvl ether (250 ml). The mixture was stirred at -~ 30°C for |
h then added dropwise at - 10°C during 1 b to a stirred solution of 6 (50.2 g. .20
mol) in diethyl ether (200 ml). The mixture was stirred «t room temperature for 16
h. then saturated aqueous NH,Cl solution (400 ml) was added ar 0°C and the
organic laver separated. The aqueous phase was extracted three times with diethyl
ether (3 X 50 ml) and the combined organic extracts were dried over anhvdrous
Na,SO,. After removal of the solvent under reduced pressure. the residue was
distilled in racuo (Vigreux column) to give 48.0 g (vield 76%} of a colourless liquid:
b.p. 120°C 0.1 Torr. '"H NMR (CDCl.): 8 0.9-1.3 and 1.6-1.9 (m. 13H; SiCH.C.
SiICHC,, CCH.C), 3.53 (s. 3H; OCH ). 3.53 ("¢, 2H: CCH,CI). 7.0-7.1 and 7.4--7.5
(m, 4H: SiC H,F). ""C NMR (CDCl,): 8 9.2 (SiCH,C). 25.2 (C-1. SiC H,,). 267,
26.8. 26.9 (2C), 27.8 and 279 (CCH,C). 47.9 (CCH.CI), 31.4 (OCH ). 1151 (d.
“J(CF)19.5 Hz: C-3/C-5. SiC. H,F). 130.1 (d, YJ(CF) 3.9 Hz: C-1. SiC, H F). 136.1
(d. J(CF) 7.5 Hz; C-2/C-6, SiC H,F), 164.1 (d. J(CF) 2488 Hz: C-4. SiC, H,F).
Si NMR (CDCl,): 8 54. EI MS: m/z 237 (9%. M~ CH,Cl). 231 (459,
M'—=C.H,). 189 (100%. C-H,CIFOSi"). Anal. Found: C. 61.2: H. 7.7
C, H,CIFOSi (314.9) cale: C. 61.03: H. 7.68%.

Cyclohexvi4-fluorophenylimethoxy(3-piperidinopropyl)silane (8)

Method a. A solution of 7 (15.0 g, 47.6 mmol) and pipenidine (12.2 g, 143 mmol)
in methanol (25 ml) was heated under reflux for 16 h. After removal of the solvent
under reduced pressure. n-pentane (100 ml) was added and the mixture kept at
room temperature for 2 h. The precipitate was filtered off. the filtrate concentrated
under reduced pressure, and the residue distilled in vacue (Vigreux column) to give
14.7 g (vield 85%) of an oilv liquid: h.p. 1517 C0.001 Torr. For analvtical data. see
below,

Method b. A 1.6 M solution of n-butyllithium (0.10 moi) in n-hexane (63.0 ml)
was added dropwise at —35°C during 30 min to a stirred solution of 1-bromo-4-
fluorobenzene (17.5 g. 0.10 mol) in diethyl ether (100 ml). The mixture was stirred at
~35°C for 2 h then added dropwise at 0° C during 30 min to a stirred solution of
1 (259 g, 86.5 mmol) in dicthyl ether (200 ml). The mixture was stirred at room
temperature for 16 h. then saturated aqueous NH,Cl solution (100 mb) was added.
The organic phase was separated and the aqueous layer extracted three times with
diethyl ether (3 X 300 ml). The combined organic extracts were washed with water
(20 ml) and dried over anhydrous Na,SO,. After removal of the solvent under
reduced pressure, the oily residue was distilled /n cacue (Vigreux column) to give
21.9 g (vield 70%) of a colourless hiquid: b.p. 151°C0.001 Torr. For analvtical
data. see below.
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Mehod . A Orpnatd 1ea30n1 was prepartd attoidims 1o 189, 1 fiom 1-nioro-
3-piperidinopropane (7.44 g, 46.0 mmol) and magnesium turnings (1.46 g, 60.1
mmol) in THF (25 ml) and was then added dropwise at 0°C during 1 h to a stirred
solution of 13 (9.50 g, 35.4 mmol) in diethyl ether (150 ml). After stirring at room
temperature for 15 h and heating under reflux for 8 h, saturated aqueous NH,Cl
solution (80 ml) was added at room temperature. The organic phase was separated
and the aqueous layer extracted three times with diethyl ether (3 X 40 ml). After
drying of the combined organic extracts over anhydrous Na,SO, and removal of the
solvemt under reduced pressure. the oty restdue was distdted i vacuo {Vigreax
column) to give 10.1 g (yield 78%) of an oily liquid; b.p. 151°C/0.001 Torr.

'H NMR (CDCl,): 6 0.8-1.3 and 1.4-1.8 (m, 21H; SiCH,C, SiCHC,, CCH,C),
2.3-24 (m, 6H; NCH,C), 349 (s, 3H; OCH,), 7.0-7.1 and 7.4-7.5 (m, 4H;
SiC4H,F). >°C NMR (CDCl,); 8 9.3 (SiCH,C), 20.4 and 24.5 (CCH,C), 25.2 (C-1,
SiCH;,), 25.9 (2C), 26.8, 26.9 (2C), 27.8 and 27.9 (CCH,C), 51.4 (OCH,), 54.6
(2C) (NCH,C, NCsH,,), 63.1 (SiCH,CH,CH,N), 114.9 (d, “J(CF) 19.5 Hz; C-3/C-
S, SiC,H,F), 130.6 (d, ¥(CF) 3.7 Hz; C-1, SiC,H,F), 136.2 (d, ¥(CF) 7.3 Hz;
C-2/C-6, SiC,H  F), 164.0 (d, 'J(CF) 248.4 Hz; C-4, SiC,H,F). >Si NMR (CDCl,):
8 5.9. ELMS: m/z 363 (3%, M ™), 98 (100%. CH,=NC,H;} ). Anal. Found: C, 69.5;,
H, 9.4; N, 3.8. C,;H,,FNOSi (363.6) calc: C, 69.37; H, 9.43; N, 3.85%.

Cyciohexyif4-fluorophenylymethoxy{3-pyrrotidinopropylisitane (9)

Prepared as described for the synthesis of 8 (method a) by reaction of 7 (15.0 g,
47.6 mmol) with pyrrolidine (10.2 g, 143 mmol) in methanol (25 ml). Yield 13.8 g
(83%) of an oily liquid; b.p. 153°C/0.001 Torr. 'H NMR (CDCl,): & 0.8-1.0,
1.1-1.Z and 1.5-1.8 (m, I9H; SiCH,C, SICHC,, CCH,C}, Z.4-1.5 (m, 6i1; NCH,C),
3.49 (s, 3H; OCH,), 7.0-7.1 and 7.4-7.5 (m, 4H; SiC,H,F). ’C NMR (CDCl,): &
9.5 (SiCH,C), 22.7 and 23.4 (2C) (CCH,C), 25.2 (C-1, SiC,H,,), 26.8, 26.9 (2C),
278 and 279 (CCH,C), 514 (OCH,), 542 (2C) (NCH,C, NC,Hg), 60.1
(SiCH,CH,CH,N), 114.9 (d, */(CF) 19.4 Hz; C-3/C-5, SIC,H,F), 130.6 (d, */(CF)
3.7 Hz. C-1, SICH,F\. 136.1 (d. I(CF\ T2 Hz. C-2/C-6, SIC,H,F\. 1639 (d.
J(CF) 248.3 Hz; C-4, SiC,H,F). **Si NMR (CDCL,): & 59. El MS: m/z 349 (2%,
M), 84 (100%, CH,=NC,H; ). Anal. Found: C, 68.8; H, 9.3; N, 4.1. C,,H,,FNOSi
(349.6) calc: C, 68.72; H, 923; N, 401%.

Cyclohexyl(4-fluorophenyl)(3-hexamethyleniminopropyl)methoxysilane (10)

Prepared as described for the synthesis of 8 (method a) by reaction of 7 (150 g,
47.6 mmol) with hexamethylenimine (14.2 g, 143 mmol) in methanol (25 ml). Yield
15.3 g (85%) of an oily liquid; b.p. 166°C/0.001 Torr. 'H NMR (CDCl5): &
0.8-0.9, 1.0-1.2 and 1.5-1.7 |m, 231; SiICH,C, 5iICHC,, CCRH,0), 2.3-2.6 jm. bN;
NCH,C), 349 (s, 3H; OCH,), 7.0-7.1 and 7.4-75 (m, 4H; SiC,H,F). *C NMR
(CDCl,): § 9.2 (SiCH,C), 21.0 (CCH,C), 25.2 (C-1, SiC4Hy,), 26.8, 26.9 (2C), 27.0
(20), 27.8, 27.9 and 28.0 (2C) (CCH%C), 51.4 (OCH,;), 55.6 (2C) (NCH,C, NC¢H,,),
61.8 (SiCH,CH,CH,N), 114.9 (d, J(CF) 19.7 Hz; C-3/C-5, SiC,H,F), 130.7 (d,
“J(CF) 3.8 Hz, C-1, SIC,H,F), 136.2 (d, /(CF\ 7.2 Hzy C-2/C-6. SiC.H F1. 163.9
(d, J(CF) 248.6 Hz; C-4, SiC,H,F). “Si NMR (CDCl,): 6 6.1. EI MS: m/z 377
(6%, M%), 112 (100%, CH,=NC(H,,"). Anal. Found: C, 70.1; H, 9.7; N, 3.7.
C,,H;,FNOSi (377.6) calc: C, 69.98; H, 9.61; N, 3.71%.
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Cyclohexyldimethoxy(3-piperidinopropyljsilane (11)

A solution of 6 (50.1 g. 0.20 mol) and piperidine (51.1 2. 0.60 mol) in methanol
(100 ml) was heated undcr teflux for 16 h. The solvent \Vd\ removed under reduced
pressure and diethyl ether (100 ml) and saturated aqueous NH,Cl solution (100 ml)
were added. The organic laver was separated and the aqueous phase extracted three
times with diethyl ether (3 > 100 ml). The combined organic extracts were washed
with water (15 ml) and dried over anhydrous Na,S0,. After removal of the solvent.
the oilv residue was distilled in vacuo (Vigreux column) to give 32.5 g (vield 88%) of
a colourless liquid: b.p. 112°C /0.05 Torr. 'H NMR (CDCl,3: 8 0.2-0.3. 0.4-0.6
and 0.9-1.5 (m, 21H: SiCH,C. SiCHC,, CCH,C). 2.0- 2.1 (m. 6H: NCH.C), .20 (s,
6H: OCH,). "¢ NMR (CDCI 0 8 7.8 (SICH-Oy, 198 (CCHLOL 241 (C-1.
SiC H, ). 24.1, 25.6. 26.3. 26.4 and 27.4 (CCH,C) 499 (OCH ), 54.2 (NCH.C.
NC:H,y). 62.5 (SiCH,CH.CH.N). FAB MS: m,7> 300 (20%. (M + Hy " 1. 98 (100%.
CH,=NCH,, ). Anal. Found: C.64.2: H. 11.6: N. 4.7, ¢, H:NO-Si (299.5) cale:
C.64.16: H. 11.10; N, 4.68%.

(4-Fluorophenyl)trimethoxysilane (12)

A Grignard reagent was prepared from 1-bromo-4-fluorobenzene (87.6 g. 0.50
mol) and magnesium turnings (12.5 g. 0.51 mol) in diethyl ether (300 ml) and then
added dropwise at 0° C during 4.5 h to a stirred solution of tetramethoxysilane (75.7
2. 0.50 mol) in diethyl ether (1 1), The mixture was stirred at room temperature {or
15 h then heated under reflux for 4 h. The precipitate was filtered off and washed
with n-pentane. the filtrate was combined with the washings and the solvent
removed under reduced pressure. Then n-pentane (500 mil) wus added and the
mixture kept for 5 h at —20°C. The precipitate formed was filtered off, the solvent
of the filtrate was evaporated under reduced pressure and the residue distilled /n
vacuo (Vigreux column) to give 44.8 g (yield 42%) of a colourless fiquid: b.p.
79°C /10 Torr. '"H NMR (CDCl,): 8 3.60 (s. 9H; OCH ). 7.0-7.1 and 7.6- 7.7 (m.
4H: SiC,H,F). 'C NMR (CDCl,): 8 50.9 (OCH,), 115.3 id. J(CF) 19.9 Hu
C-3/C-5, SiC,HF), 125.1 (d. */(CF) 3.9 Hz: C-1, SiCH,F). 137.0 {d. /CEF) 7
Hz. C-2,/C-6, SiC,H,F). 164.7 (d. 'J(CF) 250.0 Hz: C-4. SiC,H,F). *'Si NMR
(CDCly): 8 550, EI MS: m/z 216 (69%. M*), 91 (100%, C,H.0O.Si"). Anal.
Found: €. 50.1: H, 6.1. C,H, ,FO,51 (216.3) calc: C. 49.98; H. 6.06%.

Cyclohexyl(4-fluorophenvhidimethoxysilane (13)

A Grignard reagent was prepared from cyclohexyl chloride (23.8 g, 0.20 mol) and
magnesium turnings (5.35 g. 0.22 mol) in diethyl ether (75 ml) and then added
dropwise at 0°C during 3 h to a stirred solution of 12 (43.4 g, 0.20 mol) in diethv]
ether (500 ml). The mixture was stirred at room tempemmm for 5 h then heated
under reflux for 5 h. and the precipitate then filtered off and washed with
n-pentane. The filtrate was combined with the washings, the solvent removed under
reduced pressure, and the residue distilled in vacuo (Vigreux column) to give 44.7 ¢
(vield 83%) of a colourless liquid: b.p. 99°C /0.7 Torr. "M NMR (CDHCL): &
1.0--1.3 and l.6-1. h (m 1TH; SiC,H,;). 3.58 (s, 6H: OCH,). 7.0-7.1 and 7.5-7.6
(m, 4H: SiC,H,F). "'C NMR (CDCl,): & 24.2 (C-1. SiC H,,) 26.6 (2C). 26.7 and
27.7 (2C) (CCH 20), 50.8 (QCH ), 115.0 (d, “J( CF) 19.8 Hz: C-3,/C-5. SiC H, F).
127.8 (d. “J(CF) 3.8 Hz: C-1. SiC H,F), 136.8 (d. NCF) 7.6 Mz C-2,C-6,
SiC H,F). 164.3 (d. Y(CF) 249.0 Hz: C-4. SiC,H F). ""Si NMR (CDCl,): § - 19.1.
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EIMS: m/z 268 (2%, M™*), 185 (100%, M — C,H;;). Anal. Found: C, 62.7; H, 7.9.
C,.H,,FO,Si (268.4) calc: C, 62.65; H, 7.89%.

Cyclohexyl(4-fluorophenyl)(3-piperidinopropyl)silane (14)

A solution of 8 (2.00 g, 5.50 mmol) in di-n-butyl ether (5 ml) was added dropwise
at room temperature during 15 min to a stirred suspension of lithium aluminium
hydride (0.42 g, 11.1 mmol) in di-n-butyl ether (15 ml). The mixture was under
refiux jor 16 b and the mnsowbie matena) then MYtered off and the sovem removed
from the filtrate under reduced pressure. The residue was purified by Kugelrohr
distillation (150°C/0.005 Torr) to give 1.50 g (yield 82%) of a colourless liquid. 'H
NMR (CDCl,): § 0.7-1.0, 1.1-1.2 and 14-1.7 (m, 21H; SiCH,C, SiCHC,,
CCH,(), 2.2-2.3 (m, 6H; NCH,C), 4.1 (m, centre, 1H; SiH), 7.0~7.1 and 7.4-7.5
(m, 4H; SiC H,F). C NMR (CDCl,): 6 8.0 (SiCH,1C), 22.0 (CCH,(), 23.6 (C-1,
SiC Hy, ), 24.5, 26.0 2C), 26.7, 27.81, 27.83, 28.2 and 28.3 (CCH,C), 54.6 Q)
(NCH,C, NCsH,,), 62.8 (SiCH,CH,CH,N), 115.0 (d, *J(CF) 19.5 Hz; C-3/C-5,
SiC,H, F), 130.3 (d, Y(CF) 3.9 Hz; C-1, SiC,H,F), 136.9 (d, J(CF) 7.2 Hz;
C-2/C-6, SiC,H,F), 163.8 (d, V(CF) 248.0 Hz; C-4, SiC,H,F). ®Si NMR (CDCl,):
8 —45.EI MS: m/z 333 (< 1%, M*), 98 (100%, CH,=NCsH,,"). Anal. Found:
C 20N SN 32 C PN )333.b cae: TI2.D2; N, Db, N, 32D%.

(b) Pharmacological studies

Rabbit isolated vas deferens

Experiments on rabbit isolated vas deferens were carried out as described in ref.
Z. Briefly, male New Zealand wiite raddits were Riffed Dy 1. v. Injection or
pentobarbital sodium (120 mg/kg). Vasa deferentia were isolated and segments of
1.5 cm length were set up in 6 ml organ baths containing modified Krebs buffer
(Ca™" concentration was 1.0 m M ). The bathing fluid was maintained at 31° C and
acrated with 95% Q, /5% CG,. A basal tension of 730 mg was applied and aftes a 30
mia period of wmitial equilioration NEeurogenic SOMEUIC tWitch Coniractions were
elicited by elecincal field stimulation {0.05 Hz, 0.5 ms, 40 V). These effects were
concentration-dependently inhibited by the M1 receptor agonist 4-(4-chlorophenyl-
carbamoyloxy)-2-butynyltrimethylammonium iodide (4-Cl-McN-A-343, synthesized
as described in ref. 24) [2].

Guinea-pig isolated left atria and ileal longitudinal muscle

Left atria and strips of ileal longitudinal muscle from adult guinea pigs were set
up in 6 ml organ baths, under 500 mg tension, in oxygenated (95% O,/5% CO,)
Tyrode solution (32° C). Arecaidine propargyl ester (made as described in ref. 25)
was used as an agonist [3]. Left atria were paced electrically (2 Hz, 3 ms, 5 V).
Negative inotropic effects to the agonist were measured as changes in isometric
tension. Responses of ileal longitudinal muscle strips to arecaidine propargyl ester
were measured as isotonic contractions.

Antagonist affinities
Concentration-response curves were constructed by cumulative addition of the
agonists. When these responses were constant, concentration-reSponse curves were
repeatedly obtained in the presence of antagonists. Two to five different concentra-
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tions of each antagonist were used (log concentration interval 0.5; » = 4-6 for each
conc.). The antagonists were allowed to equilibrate for 30-60 min (vas deferens and
ileum) and 1 h (atria), respectively. ECy, values of agonists in the absence and
presence of antagonists were determined graphically for calculation of dose-ratios.
The slopes of the Arunlakshana—Schild plots [26] were determined by least squares
linear regression. pA. (= -log K,) values, a measure ol the antimuscarnnic poten-
cies of the antagonists, were estimated as the intercept on the abscissa scale by
fitting to the data the best straight line with a slope of unity [26]. All data (see Table
1) are presented as means + s.e.means of 8-18 experiments. Differences between
mean values were tested for statistical significance by Student’s 7 test. £ < 0.05 was
accepted as being significant.
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