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Abstract

Four different syntheses of the potent and selective muscarinic antagonist cyclohexyl(4-
fluorophenyl)(3-piperidinopropybsilanol ( p-fluoro-hexahydro-sila-difenidol, p-F-HHSiD (2b); isolated
as hydrochloride 2b- HCIl) are described (starting materials: (CH,0)3SiCH,CH,CH,Cl and Si{OCH3) ).
In addition, the synthesis of the corresponding carbon analogue p-fluoro-hexahydro-difenidol ( p-F-HHD
(2a); isolated as 2a-HC) and the syntheses of three p-F-HHSIiD derivatives (3-5), with a modified cyclic
amino group, are reported (3: piperidino/pyrrolidino exchange, isolated as 3-HCI; 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 (p4, values: 7.0-7.4) but exhibited lower affinity for cardiac M2 receptors
(pA,: 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 5 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-m5 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 CSi analogues. These mvestiga-
tions were carried out as a part of our systematic studies of € 8i hioisosterism {{or
a recent review on this subject, see ref. 8). Like the parent drugs 1a and 1b. the
derivatives 2a and 2b were found to be selective muscarinic antagonisis {3.6]. the
silicon compound 2b displaving a greater selectivity in functional assavs than is
carbon analogue 2a [3]. p-Fluoro-hexahydro-sila-difenidol (2b) & now a commer-
cially available drug that is used as a selective tool in muscarinic receptor research.
Various biological data for this muscarinic antagonist. determined in our and other
laboratories. have been published elsewhere [3.6,9--20]. Preliminary resulis of studics
on the metabolism of the ¢ /Si pair 2a/2b in the rat have been described recently
(21].

We report here the synthesis of the racemic C/Si anajogues 2a and 2b. In
addition, the synthesis and some antimuscarinic propertics 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 guinea-pig atria.
and M3 receptors in guinea-pig ileal smooth muscle. The svntheses [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- HCl)
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
(Schermne ).

As shown in Scheme 3, 2b was obtained from (3-chloropropyl)trimethoxysilane
by two similar four-step routes (owverall 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-chloropropyl)tri-
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-piperidinopropyl)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 - HCL

As shown in Scheme 4, 2b was obtained from tetramethoxysilane by a four-step
©r 2 Tive-niep rouie tnat Oifier omy b Ine menob vseb Sor ine Sormanon of Ine
SR lucection (¢t Jield 27 ead 228, respactivelyy radeled ba - BLY. da e s
step tetramethoxysifane was converied into the corresponding (4-fluciophenyljsilane
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 sianol 2b. Alternatively, 2b was
SYSTZRG Y a vaRawmalyRd tydrolysic ol e hydnaositare i€, which was
opianed from Yhe commespondimg meihoxysiiane B By reachion with Himwm
atuminiem Ryadnae.

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 outlined in Scheme 3. In the first step, the (3-pyriohdinopropybisilane 9 and the
(3-hexamethyleniminopropyl)silane 10 were synthesized by reaction of the (3-chlo-

£ 1. CsHyoN(CHp)sMgCl F.
Q 2. HO/H0T \Q /O
N
U U CHy—CHp—CHy—=N )

2a (isolated as 20-HCI)

Scheme 2
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ropropyl)silane 7 with pyrrolidine and hexamethylenimine, respectivelv. Acid-cata-
lyzed hydrolysis of the methoxysilanes 9 and 10 then vielded the corresponding
silanols 3 and 4, which were isolated as the hvdrochlorides 3 - HCY and 4 - HCl (total
yield 31 and 29%. respectively. based on the (3-chloropropvhitnimethoxysilane
mitially used).

The methiodide 5 was obtained by quaternization of 2b with methv! iodide as
outlined in Scheme 5 (vield 8§9%).
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crysinttit®e COMpOUID, "Witites it SHuied 6—1% Wit YUy o Puit TUIIHIRS
liquids. The identities of all 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 MS).

(b) Pharmacological studies
Neurogenic twitch contractions of rabbit vas deferens were inhibited by the M1
receptor agonist 4-Cl1-McN-A-343 [2] (ECs; = 25 nM). This effect was concentra-

F
OH

2b i, o] 1
(:( CHy—CH,—CHy=N )

5

Scheme 5
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Table 1

Affinities (pA. values) and slopes of Arunlakshana-Schild plots (in p;u‘cmlm esy for p-fluoro-hexahvdro-
difenidol (2a), p-fluore-hexahydro-sila-difenidol (2b) and compounds 3-8 at muscarninic M1 receptors i
rahbit vas deferens. M2 receptors o guinea-pig atna and M3 receptors in guinea-pig ileum. The
parameters given represent the mean +s.e.mean, Ky ratios (pA; = ~ log Kyt are given as a measure of

hetween the

reveptar selectivity, These values were calcudated from the annlog of the

respective pA . vadues

C ompmmd pA - values Selectivity ratios
Vas deferens (M1) Atria (M) Heum (M3) M1 /N2 M3 MY '\ﬂ \i“

2" 756+ 007 658 +0.03 93 23 2

2b” 6.68+0.03 { - .06 ] 47 14 03

3 7.38.£0.03 S84 4005 TAT A0 R i P s
(110 + 0.05) (0.98 + 0.0Ky

4 T3+ 0.04 .04+ 0.04 717+ 002 ERS 1.4 13
(1.194-0.05) (0,960 = QL6

5 847 £0.04 772003 THT 003 RS 03 Lt
(.97 +0.67) (1.02 +0.05) (107 + 0.06)

“ Data taken from ref. 3. 7 Daty taken from ref. ()nl\ two nmcntrn.nn\ i md 3 mu] I) of 1}

antagonists were mvestig Lm,d duc to the negative molmpu effects of the antagonists themselves at higher
concentrations. The pd- vatues were therefore determined from the individual dose ritos secording io

ref. 26

tion-dependently antagonized by the p-F-HHSID (2b) derivauves 3- 50 Similarly,
compounds 3-5 antagonized the negative notropic responses in guinea-pig atria
{M2 receptors. EC,, = 6 n My and ileal contractions (M3 receptors; [-'( o= 200 M
induced by the potent muscarinic agonist arecaidine propargyl ester {24]. Increasing
concentrations of 3-5 produced parallel shifts of the agonist cor uL,nL, ation-response
curves progressively to the right without appreciable changes i basal tenston or
maximum agonist responses. Arunlakshana-Schild ploits were hinear over the
antagonist concentration-range examined. and the slopes of the regression hnes
(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 summarized i Table 1 (which includes published data for p-F-HHD (2a)
and p-F-HHSID (2b) {3.9]). and illustrated in Fig. 1
Compounds 2a, 2b and 3--5 showed quite wide variations in their affinities for
muscarinic receptors i vas deferens, atria. and deum. thelr pd. values (Table 1, Fig,
) differing by more than two orders of magnitude. The influence of the ring size of
the cyclic amino group on affinity and receptor sclectivity can be seen by compari-
son of the data for silanols 2h, 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 in ring size of 2b ¢ > 3y and ring

extension ( —4) resulted m an increase and decrease in affinity for M1 and M3
receptors. respectively., Thus the silanols 3 and 4 show a selectivity pattern (M1
M3 > M2} similar to that of the carbinol p-F-HHD (2a) bui different from that of
its sila-analogue p-F-HHS!D (2b) (M3 = M1 = M2y

N-Methylation of 2b (-~ 5) increased the affinity for M1 and M2 receptors by
factors of 63 and 3. respa.‘mvcly In contrast. the affimity for M3 receptors was
unaffected. Thus, the methiodide S exhibits hugh affinity. 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 Biichi apparatus
(type 510) and are uncorrected. Kugetrohr distillations were performed with a Buchi
GKR-50 apparatus. 'H and ?C NMR spectra were recorded on a Bruker AM-400
SPECATOMIRARS (OpRratng &t 4001 and 2004 Mz, rmecpecuinely) and en 2 Bouker
WP-300 spectrometer (operating at 300.1 and 73.3 MHz, respectively]. Y NMR
SpERTG WG RIS U % Brudwr WP- 300 speciaemnter eqerating @t 194 MMz,
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, 8 0)
as external reference (in the case of 2a - HCI. CD,0D was used as internal reference;
Ve, 8 49.0). Assignment of the *C NMR data was supported by DEPT experi-
menss. Mass spechra were ahitained with & Variar-MAT-711 aad 2 Fianigan-MAT-
8430 mass spectrometer (EI MS: 70 eV; FAB MS: giycerot (liquid matrix), xenon
(FAB source)). The m/z values given refer to the isotopes 'H, 2¢, N, 0, "F,
#St, PCl and 7L

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 mmot) in diethyl ether (20
ml). After 4 h stirring at room temperature and subsequent heating under reflux 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). x\f[er drying of the combined organic lavers with anhvdrous
Na .50, 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 ml, 2.3
mmol HC) was added. The mixture was stirred at room temperature tor 10 min and
the resulting precipitate was filtered off, washed with diethvl cther (20 mil), and
recrystallized from 2-propanol to give 0.98 g (vield 76%) of colourless crystals: mop.
240°C. '"H NMR (CD,0OD): 8 {).9 P30 B2 16 and 162200 (e 21H: CCHC .,
COH.Cy 2.7-29.29 -3 1 and 3.3-3.5 (m. 6H NCH-Cy 7.0-7.1 and 7.35 745 (m.
4H. CC H,F), NH and OH not iucalucd \\1R (CD.ODy: 5 200, 227, '"'-3 2
(2C), 27.6. 27.7. 278,279 and 28.5 (CCH.C). 37.0 (OCCH Oy 50.3 ¢ (11 cC H

241 (2C) (NCHLC, NCH 3 58.6 (CCHLCHLCH NG, 793 z(.,()H). Ido )

2V 3 Hz C-3/C-5, CC HLFy 1291 (d. l.l((‘F) 7.7 Hzp -2 70-6.CC é,ll,,f . »l;,.'\) (d
4J((‘F) 31 Hz C-1, CC H )Y 1629 ¢d. !J((‘"F) 2434 Mo 4 GO H Y FAB MY
m o 334 (100%, cation of the salt), Anal. Found: . 6x.i: M. 91 ™. 3.7
Co HCIENO (369.9) cale: € a% I8 H 899 N 376%

Cyclohexyl(4-fluorophenyiyi 3-piperidinopropylisilunc! hvdrochioride (p-fluoro-hexa-
hvdro-silu-difenidol hvdrochioride; (26 - HCIj

Method a. Hydrochloric acid (0.5 M 430 mb was added o o surred solution of
8 (5.50 g. 15.1 mminl) in 2-prop am)l (160 mh). The clear mixture was stirred 4t room
temperature for 16 h and pH was then adjusted ¢ & with agueous NaOH solution,
The mixture was extracted three umes with diethyi ether (2= 100 mly and the
extracts were combined, washed with water (20 ml. and dried over anhvdrous
Nu,50,. After removal of the solvent under reduced pressure the only residue was
dissolved in diethyl ether 100 mly and 0.5 M ethereal HCHG.0 mi 15,0 mmol HCH
was added at room temperature. After 13 min stirring at room temperature, the
crude producl was filtered off and recrystallized from 2-propanol o give 300 ¢

s}

(vield 86%) of colouriess vryvstals; mup. 1877, For analvtical dat, see below,

Method b A mixwure of 14 (0.60 g, 179 mmoly and KOH (11 mg. ¢.2 mmol) in
ethanol /water (96,74, v /vy {25 ml) was stirred for 24 h at room :fr*\pudtun Alter
removal of the solvent under reduced pressure, water {10 md) and 2-propano! (3 mb
were added and the resulting mixture was extracted three umes with diethvl ether
(35010 ml). The combined extracts were dried over anhvdrous Na S0, the solvent
removed under reduced pressure, and the residue dissolved in diethyvt ether (10 miy,
After addition of 1.3 M cthereal HCT (1.5 ml 2.0 mmo! HODL the mixture was
stirred at room temperature for 15 min, and the crude produce then {iltered off.

washed with diethyl ether. and recrystallized from Z-propancl 1o give 038 ¢ (vield
35%) of colourless Lf'\\(d]}n; mp. 1877

'H NMR (CDC] & 0722 ¢me 2THD SICHLC SiCHC ., CCHLCy 28 07,
2.8--3.0 and 3.3 3.4 (m, 6H: NCH,Cyo 5.2 ¢80 broad, TH: SIOH). 69 7.0 and
7.5-7.6 ¢m, 4H: SiC H, By, 109 5. broad, H' \'H x’:‘(' NMR (0DCH & 9
(SICHLCy 176, 218 and 225 (2Cy (CCHLCy, 262 iL L Hojn 2040 266 (20
27.5 and 27.6 (CCH,Cy, 52,6 and 529 (NCH,LU ) ( g «3, m( HOH.OH.N,
147 «d. :/(CF) 19 5 Hz’ -3 705, '\}i(’,wH Fy 1320 {U;_ YCFy 27 M CoL
SiIC HFy 135, 7 (d y 7.4 H/ - ( -6 SIC H, F) B d, U(CF) 2450 Hee
C-4. SIC HLF). sy \\/IR \( DCH) 8 13 FAB MS: o1 ,x‘?éi (100% . canon of the
salt). Anal. Found: €. 62.6: H. 8.9 N, 1,\,, CopHCIENOS (386,07 caler € 0203
L8620 N 3.63%,




347

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

Prepared as described for the synthesis of 2b - HCI (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 miy and suosequent transformation of the crude amine 3 into iis
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 (CDCl5): 8
0.8-1.2 and 1.6-2.1 {m, 38H; SiCH.C, SiCRC,, CCH,C), 2.7-3.2 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; SiC,H,F),
11.2 (‘s’, broad, 1H; NH). °C NMR (CDCl,): 6 9.9 (SiCH,C), 19.7 and 23.1 (2C)
(CCH,Q0), 26.2 (C-1, SiC,H,,), 26.5, 26.6 (2C), 27.57 and 27.62 (CCH,C), 53.2 and
53.5(NCH,C, NC,Hy), 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 (4, J(CF) 248.2 Hz; C-4, SiC,H,F). ¥Si NMR (CDCl,)
8 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;,CIFNOS;i (372.0) calc: C,
61.33; H. ¥4, N, 3.77%.

Cyclohexyl(4-fluorophenyl)(3-hexamethyleniminopropyl)silanol  hydrochloride (4 -
HC(CI)

Prepared as described for the synthesis of 2b - HCl (method a), by hydrolysis of
1® [7.DD g, 1B.5 mmo)) in a mixture o} D.5 M hyadrochloric acid [53D m)) and

2-propans! {195 ml) and subsaguent fremciormation of the crude amine 4 inde it
hydrochloride by reaction with 0.5 M ethereat HCt sotution (37.0 mt, 18.5 mmotl
HCI). Yield 4.64 g (63%) of colourless crystals; m.p. 185° (2-propanol). '"H NMR
(CDCl,): § 0.7-2.1 (m, 23H; SiCH,C, SiCHC,, CCH,(), 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)
(CCRH,T) 260 )10, ICM, D 263, 2b.5 20.5 and 20.56 )10 1032 20 JULN ), 53.3
and 542 (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, “(CF) 3.5 Hz; C-1, SiC,H,F), 135.7 (d, J(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
(COOY; > 32.6. FABMS: m,/2 763 (2%, 2 X canon of the sa) + O ), 3b4 1DDY,
cation of the salt). Anal. Found: C, 63.5; H, 8.9; N, 3.5. C,;H;CIFNOSIi (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- HCl by reaction with NaOH and
subsequent aqueous workup). The mixture was stirred at 30 ° C for 3 h, pentane (75
mi) was added dropwise, and the mixture stirred for a further 90 min. The
precipitate was filtered off, washed with pentane (25 ml), dried in vacuo, and
recrystallized from acetone /pentane to give 3.50 g (yield 89%) of colourless crystals;
m.p. 98°C. '"H NMR (CDCl,): & 0.8-1.2 and 1.6-2.1 (m, 21H; SiCH,C, SiCHC,,
CCtNH,0) 330 )s 30, NN, 353 b)m b DN, 5.3 175, proad. 10; UMW),
TW- 11 and 76— 77 (m, 4F% ST I, F) ¢ WRIK (COUL, ) 68 3 (ST EL0); 16.3,
200 (), 0.3, 8.3, 8.6 (2L, Z7.F and 2768 (OCTLL), 8.2 (O-E, 3iErTy, ), 9825
(NCH,), 61.0, 61.1 and 65.7 (NCH,C), 114.8 (d, ’J(CF) 19.6 Hz; C-3/C-5,
SiC,H,F), 1315 (d, ‘8iJ(CF) 3.8 Hz; C-1, SiCsH,F), 136.0 (d, ’J(CF) 7.4 Hz;
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(-2,/C-6, SiIC,H,F), 163.7 (d. J(CF) 248.2 Hz; C-4, SiC,H,F). FAB MS: m .z 364
(100%., cation of the salt). Anal. Found: C. 51.7: H. 7.1: N, 3.0, (. H;FINOSi
(491.5) cale: €. 51.32: H. 7.18; N, 2.85%.

(3-Chloropropyljcyclohexvidimethoxysilane (6}
Synthesis as described in ref. 1 (vield 71%).

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

A 1.6 M solution of n-butyllithium (0.20 mol) in n-hexane (125 mi)y was added
dropwise al —45°C during 30 min to a stirred solution of i-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 h to a stirred solution of 6 (50.2 ¢. 0.20
mol} in diethyl ether (200 ml). The mixture was strred «t room temperature for 16
h. then saturated agueous NH,CI solution (400 ml) was added at 07C and the
organic layer separated. The aqueous phase was extracted three tmes with diethyl
ether (3} 50 mly and the combined organic exiracts were dried over anhivdrous
Na,SO,. After removal of the solvent under reduced pressure. the residuc was
distilled in racuo (Vigreux column) to give 48.0 g (yvield 76% ) of a colourless liguid:
b.p. 120°C 0.1 Torr. "H NMR (CDC!,): 8 0.9-1.3 and 1.6-1.9 (m. 15H: SiCH N
SICHC,, CCH.C), 3.53 (5. 3H; OCH .y, 3.53 (¢, 2H: CCH,CH. 7.0- 7.1 and 7.4--7.3
(m, 4H: SiC, H,F). ""C NMR (CDCI,j: 8 9.2 (SiCH,C). 25.2 (C-1. SIC H, 0 26,7,
26.8. 26.9 (2C), 27.8 and 279 (CCH,C), 47.9 (CCH,Ch, 31.4 (OCH ). 1151 (d.
“J(CF) 19.5 Hz: C-3/C-5. SiC,H,F). 130.1 (d. J(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 5.4, EI MS: my/z 237 (9%. M°— C.H,Cl. 231 (43%.
M= CHypo 189 (100%. C-H,CIFOS:i 7). Anal. Found: . 6120 H. 77
C HACIFOS) (314.9) caler €L 61.03: H, 7.68%.

Cyclohexyif4-fluorophenylymethoxy(3-piperidinopropyl)silane (8]

Method a. A solution of 7 (15.0 g, 47.6 mmol) and piperidine (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 coneentrated
under reduced pressure, and the residue distilled in cacuo {(Vigreux columny to give
14.7 g (yield 85%) of an oily liquid: b.p. 1517 C /0061 Torr. For analytical data. sec
below.,

Method b. A 1.6 M solution of n-butyllithtum (0.10 mol} 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
11 (259 g 86.5 mmol) in diethyl ether (200 ml). The mixture was stirred at room
temperature for 16 h. then saturated aqueous NH,Cl solution (100 mby was added.
The organic phase was separated and the aqueous laver 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 m cacno (Vigreux column) to give
21.9 g (vield 70%) of a colourless Liquid: hop. 151°C /0001 Torr. For apalvtical
data, see below.
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Meinod . A GRZDATH 1R220N1 Was DITDaTtd a0toithing 1o 181, 1 fHiom i-Uhioio-
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
solvent under reduced pressure, Tne ofy residue was dwtled i vacuo {Vigreux
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;
SiC,H,F). ’C NMR (CDCl,); 8 9.3 (SiCH,C), 20.4 and 24.5 (CCH,C), 25.2 (C-1,
SiCgH,,), 25.9 (2C), 26.8, 26.9 (2C), 27.8 and 27.9 (CCH,C), 51.4 (OCH,), 54.6
(2C) (NCH,C, NCH,,), 63.1 (SiCH,CH,CH,N), 114.9 (d, *J(CF) 19.5 Hz; C-3/C-
5, SiC,H,F), 130.6 (d, “/(CF) 3.7 Hz; C-1, SiC,H,F), 136.2 (d, J(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,,FNOSIi (363.6) calc: C, 69.37; H, 9.43; N, 3.85%.

Cyciohexyif4-fluorophenybimethoxyi3-pyrrotidinopropytjsitarne {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,CJ, Z.4-2.5 (m, 6H; NCH,C),
3.49 (s, 3H; OCH,), 7.0-7.1 and 7.4-7.5 (m, 4H; SiC,H,F). °C NMR (CDCl,): 8
9.5 (SiCH,(C), 22.7 and 23.4 (2C) (CCH,C), 25.2 (C-1, SiCH,,), 26.8, 26.9 (20),
27.8 and 279 (CCH,C), 514 (OCH,)., 542 (2C) (NCH,C, NC,H;), 60.1
(SiCH,CH,CH,N), 114.9 (d, “J(CF) 19.4 Hz; C-3/C-5, SIC,H,F), 130.6 (d, */(CF)
37 Hz. C-1. SICH,F). 136.1 (d. S(CF\ 72 Hz. C-2/C-6. SIGH,F). 1639 (.
'J(CF) 248.3 Hz; C-4, SiC,H,F). *Si NMR (CDCL,): & 59. ELl MS: m/z 349 (2%,
M™), 84 (100%, CH,=NC,Hy). Anal. Found: C, 68.8; H, 9.3; N, 4.1. C,,H,,FNOSi
(349.6) cale:. C, 68.72; H,9.23; N, 401%.

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

Prepared as described for the synthesis of 8 (method a) by reaction of 7 (15.0 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 (CDCl;): &
0.8—-0.5, 1.0-1.2 anad 1.5-1.7 jm, 231; SiICH,C, $iICNC,, CCR,0), 2.3-2.6 jm. 61;
NCH,C), 349 (s, 3H; OCH,), 70-7.1 and 74-7.5 (m, 4H; SiC,H,F). *C NMR
(CDCl,): 8 9.2 (SiCH,0), 21.0 (CCH,0), 25.2 (C-1, SiCsHy,), 26.8, 26.9 (2C), 27.0
(2C), 27.8, 27.9 and 28.0 (2C) (CCHfC), 51.4 (OCH;), 55.6 (2C) (NCH,C, NC,H,,),
61.8 (SiCH,CH,CH,N), 114.9 (d, 2J(CF) 19.7 Hz; C-3/C-5, SiC,;H,F), 130.7 (d,
“J(CF) 38 Hz C-1, SIC,H,F). 136.2 (d, /(CF) 7.2 Hz: 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-piperidinopropyl)silane (I 1)

A solution of 6 (50.1 g. 0.20 mol) and piperidine {51.1 g. .60 mol) in methanol
(100 ml) was heated under reflux for 16 h. The solvent was removed under reduced
pressure and diethyl ether (100 ml) and saturated aqueous NH,C1 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,SO,. After removal of the solvent.
the oilv residue was distilled in racuo (Vigreux column) to give 2.5 g {vield 88%) of
a colourless liquid; b.p. 112°C /0.05 Torr. "H NMR (CDCL s 8 0.2-03. 0.4-0.6
and 0.9-1.5 (m, 21H: SiCH ,C, SICHC,, CCH,C). 2.0-2.1 (m. 6H: NCH Oy, 220 (s,
6H: OCH,). "'C NMR (CDCl,); 8§ 7.8 (SICH.C), 198 (CCH.CO) 241 (C-1.
SiC,H, ) 241, 2560 26.3. 264 and 274 (CCH,C) 499 (OCH ), 342 (NCH.LCL
NCH,y) 62.5 (SiCH,CH.CH.N). FAB MS: m,/: 300 (20%. (M + H 7y 98 (100%.
CH.=NCH,, ). Anal. Found: €. 642 H. 1160 N 47O HL NOSSE299.5) 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. 4.51 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
g, 0.50 mol) in diethyl ether (1 1), The mixture was stirred at room temperature for
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 (504 mi) was added and the
mixture kept for 5 h at —20°C. The precipitate formed was filteced off, the solvent
of the filtrate was evaporated under reduced pressure and the residue distilled /v
vacuo (Vigreux column) to give 44.8 g (yield 42%) of a colourless hiquid: b.p.
79°C /10 Torr. '"H NMR (CDCH,): 8 3.60 (s. 9H; OCH,), 7071 and 7.6 7.7 (n1.
4H: SIC.H,F). "C NMR (CDCl,): 8 509 (OCH,), 1153 (d. J(CF) 19.9 Hu:
C-3/C-5, SiC,H, F), 1251 (d. *(CF) 3.9 Hz: C-1, SiC,H,F). 137.0 (d. JCF) 7.8
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. BT MS: m/z 216 (69%. M ' 91 (100%, C.H.O.81" )y Anal
Found: . 50.1; H, 6.1. C,H,,FO,S1 (216.3) calc: C. 49.98; H. 6.06%

Cyclohexyl(4-fluorophenvijdimethoxysilane (13)

A Grignard reagent was prepared {rom 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, (.20 mol) in diethyvl
ether (500 ml). The mixture was stirred at room temperature 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 remnoved under
reduced pressure, and the residue distilied 1 vacuo (Vigreux column) to give 44.7 ¢
(vield 83%) of a colourless liquid: b.p. 99°C /0.7 Torr. 'H NMR (CDCl,): &
1.0-1.3 and 1.6-1.8 (m, 11H: SiC,H ). 3.58 (s, 6H: OCH,). 7.6-7.1 and 75-76
(m, 4H: SiC,H,F). "C NMR (CDCL): 6 242 (C-1. SiCH, ). 26.6 (2C) 26.7 and
27.7 (2C) (CCH,C), 50.8 (OCH, ), 115.0 (d, “J(CF) 19.8 Hz: C-3,C-5, SIC H,Fy
127.8 (d. Y(CF) 3.8 Hz C-1, SiCH,F), 1368 (d. J(CF) 76 Hz C-2/C-6.
SIC,H F). 1643 (d. J(CF) 249.0 Hz: C-4. SiC, H,F). ’Si NMR (CDCl.): § - 191,
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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-fluorophenylj(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
refiox for 16 1 and the msohudie matenal then Miered off and the soiven: resnoved
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,;): 6 0.7-1.0, 1.1-1.2 and 1.4-1.7 (m, 21H; SiCH,C, SiCHC,,
CCH,0), 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). YC NMR (CDCl,): 8 8.0 (SiCH,1C), 22.0 (CCH,0), 23.6 (C-1,
SiC HL 3}, 24.5, 26.0 2C3, 26.7, 2781, 27.83, 28.2 and 28.3 (CCH (), 546 20}
(NCH,C, NC;H,,), 62.8 (SiICH,CH,CH,N), 115.0 (d, *J(CF) 19.5 Hz; C-3/C-5,
SiC,H,F), 130.3 (d, “J(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, J(CF) 248.0 Hz; C-4, SiC,H,F). *’Si NMR (CDCl,):
8 —4.5 EI MS: m/z 333 (< 1%, M*), 98 (100%, CH,=NCH,,"). Anal. Found:
C. 220N 3N, 32 0N, PR3 333 B caxe: T2 1, 360 N, 32D%.

(b) Pharmacological studies

Rabbit isolated vas deferens

Experiments on rabbit isolated vas deferens were carried out as described in ref.
Z. Brierfly, mate New Zealand wiite raddits were Rilled 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 mM ). The bathing fluid was maintained at 31°C and
aerated with 85% Q, /5% CQ,. A basal tension of 750 mg was applied and after a 30
min period of waitiat equitioralion QEUragenic SOmeEic Wich coniracions were
ehicited by elecincal field simulation {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-C1-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; n = 4.-6 for each
conc.). The antagonists were allowed to equilibrate for 30-60 min (vas deferens and
ileum) and 1 h (atria), respectively. EC, 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 bv least squares
linear regression. pA4. (= —log Ky) values, a measure of the antimuscarinic 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. P < 0.05 was
accepted as being significant.
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