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Abstract

The fluorine-containing sila-pridinol and sila-difenidol derivatives p-fluoro-sila-pridinol (5a), p, p'-difluoro-sila-pridinol (6a), p-flu-
oro-sila-difenidol (7a), p, p'-difluoro-sila-difenidol (8a), p-fluoro-sila-difenidol methiodide (9a) and p, p'-difluoro-sila-difenidol methio-
dide (10a) were synthesized, starting from the silanes Cl;SiCH=CH, (5a and 6a) and (CH;0),Si(CH,),Cl (7a-10a) respectively. The
chiral compounds 5a, 7a and 9a were obtained as racemic mixtures. The muscarinic pharmacology of the silanols Sa—10a was studied
and compared with that of their carbon analogues, the carbinols 5b—10b (studies on silicon—carbon bioisosterism). The affinities and
receptor selectivities (M1-M4 receptors) of the Si-C pairs 5a/5b—10a/10b were found to depend on the following structural
parameters: length of the carbon chain E1-(CH,),~N (El = Si or C; n = 2, 3), N-methylation, fluorine substitution of the phenyl rings
and the nature of the central atom (silicon or carbon). Most interestingly, replacement of the central carbinol carbon atom in
p-fluoro-difenidol methiodide (9b) by a silicon atom (— 9a) Ieads to an increase in affinity for muscarinic receptor subtypes by factors of

32-81. Such a high increase in biological activity by sila-substitution (C—Si exchange) has not yet been reported.

Keywords: Sila-pridinol; Sila-difenidol; Si/C bioisosterism; Muscarinic receptor subtypes

1. Introduction

In previous papers, we reported the syntheses and
some pharmacological properties of the muscarinic an-
tagonists sila-pridinol (1a) [1-5], sila-difenidol (2a) [3—
7], sila-pridinol methiodide (3a) [5] and sila-difenidol
methiodide (4a) [5,6] (Scheme 1). All these silanols
were found to exhibit a significantly higher antimus-
carinic potency than their corresponding carbon ana-
logues pridinol (1b), difenidol (2b), pridinol methiodide
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(3b) and difenidol methiodide (4b) (Scheme 1). Differ-
ences in potency up to one order of magnitude were
observed.

We report here the syntheses of the fluorine-contain-
ing silanols 5a—10a (5a, 7a and 9a obtained as racemic
mixtures) and the antimuscarinic properties of the Si—C
pairs 5a/5b—10a/10b (Scheme 2). The carbon ana-
logues 5b—10b (5b, 7b and 9b obtained as racemic
mixtures) were prepared according to standard proce-
dures (no experimental data given) [8]. The affinities of
compounds 5a/5b—10a/10b for muscarinic receptors
were studied by the use of functional pharmacological
experiments (M1, M2 and M3 receptors) and radiolig-
and binding studies (M1, M2, M3 and M4 receptors).
The studies presented here were carried out as a part of
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our systematic investigations on silicon—carbon bio-
isosterism (for a recent review on this subject, see [9]).

2. Results and discussion
2.1. Syntheses

p-Fluoro-sila-pridinol (5a) was prepared by a five-
step synthesis, starting from commercially available
trichloro(vinyD)silane (11) (Scheme 3). In the first step,
11 was transformed into tripiperidino(2-piperidinoeth-
yDsilane (12) with a mixture of piperidine and its
lithium amide. This conversion involves an amide-cata-
lysed addition of piperidine to the vinyl group and a
substitution of the three chlorine atoms of 11 by
piperidino moieties. Subsequent methanolysis of the
triaminosilane 12 (isolated as crude product) gave the
corresponding trimethoxysilane 13 (yield, 83%, related
to 11), which upon reaction with (4-fluorophenyl)mag-
nesium bromide yielded the (4-fluorophenyl)silane 14
(yield, 68%). Conversion of 14 with phenylmagnesium
bromide into the corresponding phenylsilane 15 (yield,
52%) and subsequent hydrolysis of its Si—-OCH, group
gave the silanol 5a (yield, 58%). The overall yield of
p-fluoro-sila-pridinol (5a) was 17% (related to 11).

p, p'-Difluoro-sila-pridinol (6a) was prepared analo-
gously, starting from the above-mentioned trimethoxy-
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(2-piperidinoethyDsilane (13) (Scheme 3). Thus conver-
sion of 13 with two equivalents of (4-fluorophenyl)mag-
nesium bromide into the corresponding di(4-fluoro-
phenyDsilane 16 (yield, 60%) and subsequent hydroly-
sis of its Si~OCH; group gave the silanol 6a (yield,
64%). The overall yield of p,p’-difluoro-sila-pridinol
(6a) was 32% (related to 11).

p-Fluoro-sila-difenidol (7a) was prepared by a four-
step synthesis, starting from commercially available (3-
chioropropyi)trimethoxysilane (17) (Scheme 4). In the
first step, 17 was transformed into the phenylsilane 18
by reaction with phenylmagnesium bromide (yield,

NN ./Cl HNC3H1o [ LiNCSHyo Q\ /?O CH30H CHs0  ,OCH;
/Sl\ /Si\ Si
c1” “cH=CH, O CH,—CH;-N ) CH30”  “CHp—CHp~N )
1 12 13
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F F F 2
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Scheme 3.
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73%). Conversion of the (3-chloropropylsilane (18)
with piperidine into the corresponding (3-piperidino-
propyl)silane (19) (yield, 85%) and reaction of the latter
with (4-fluorophenyDlithium gave the (4-fluorophen-
yDsilane (20) (yield, 88%), which upon hydrolysis of its
Si-OCH; group yielded the silanol 7a (yield, 85%).

The overall yield of p-fluoro-sila-difenidol (7a) was
46% (related to 17).

p, p-Difluoro-sila-difenidol (8a) was synthesized by
a three-step synthesis, starting from (3-chloropropyDtri-
methoxysilane (17) (Scheme 4). Conversion of 17 with
piperidine into the corresponding (3-piperidinopropyl)-

Table 1
Affinities (pA, values) and slopes of Arunlakshana—Schild plots (in parentheses) as well as receptor selectivities for 7a, 7b, 9a and 9b at
muscarinic M1 receptors in rabbit vas deferens (RVD), M2 receptors in guinea-pig atria (GPA) and M3 receptors in guinea-pig ileum (GPI)

Compound pA, values ? Selectivity ratios °
RVD (M1) GPA (M2) GPI (M3) M1/M2 M1/M3 M3/M2

7a 7.45 + 0.09 6.46 1+ 0.05 7.44 1 0.05 9.8 1.0 9.6
(1.16 + 0.09) (0.89 + 0.09) (1.22 £ 0.07)

> 6.13 £ 0.03 571 +£0.03 6.19 £ 0.03 2.6 0.9 3.0
(1.01 £ 0.13) (0.99 1 0.04) (0.96 £ 0.08)

9a 8.41 £ 0.03 8.14 £ 0.03 7.90 £ 0.04 1.9 32 0.6
(1.10 £ 0.05) (1.07 £ 0.07) (0.92 + 0.05)

9% 6.67 + 0.07 6.23 £ 0.03 6.01 + 0.05 2.8 4.6 0.6
(0.98 £+ 0.05) (0.90 £ 0.05) (0.84 £ 0.08)

? The parameters given represent the mean + standard error of the mean (n = 3-4).
b K, ratios are given as a measure of receptor selectivity (M1 over M2; M1 over M3; M3 over M2); these values were calculated from the
antilogarithms of the differences between the respective pA, values.

Table 2
Affinities (pK; values) and receptor selectivities (M1 over M2) for 5a/5b-10a/10b obtained in binding studies on homogenates of human
NB-OK 1 cells (NB-OK 1) (M1 receptors), rat heart (RH) (M2 receptors), rat pancreas (RP) (M3 receptors) and rat striatum (RS) (M4 receptors)

Compound pK; values * Selectivity ratio (M1/M2) °
NB-OK 1(M1) RH (M2) RP (M3) RS (M4)
Sa/5b 8.3/8.1 7.1/6.8 7.4/7.1 7.9/7.7 16,/20
6a/6b 8.1/8.0 6.8/6.5 7.4/~ 75/7.4 20/32
7a/7Tb 75/6.5 6.4/5.7 7.3/6.4 7.6/6.4 13/63
8a/8b 7.2/6.8 6.1/59 7.1/6.6 7.2/6.7 13/7.9
9a /9 8.2/6.6 7.8/6.1 7.7/6.2 8.1/6.5 2.5/32
10a/10b 7.6/6.8 7.1/6.0 7.1/6.1 7.2/6.4 3.2/6.3

* All experiments were repeated three times in duplicate. The standard deviations of the pK; values were generally close to +0.10, always lower
than +0.15.

b K, ratios are given as a measure of receptor selectivity (M1 over M2); these values were calculated from the antilogarithms of the differences
between the respective pK; values.
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Table 3

Affinity ratios between the silanols Sa—10a and the corresponding carbinols Sb—10b at muscarinic M1 receptors in human NB-OK 1 cells, M2
receptors in rat heart, M3 receptors in rat pancreas and M4 receptors in rat striatum

Compound Si—C affinity ratios *
Human NB-OK 1(M1) Rat heart (M2) Rat pancreas (M3) Rat striatum (M4)
5a/5b 16 2.0 2.0 16
6a/6b 13 2.0 - 13
T7a/7Tb 10 5.0 7.9 16
8a/8b 25 1.6 32 32
9a/9b 40 50 2 40
10a/10b 6.3 13 10 6.3

® These values are the antilogarithms of the differences between the respective pK; values (see Table 2).

silane 21 (yield, 78%) and reaction of the latter with
two equivalents of (4-fluorophenyl)magnesium bromide
gave the di(4-fluorophenyDsilane (22) (yield, 66%),
which upon hydrolysis of its Si—-OCH, moiety yielded
the silanol 8a (yield, 81%). The overall yield of p,p'-
difluoro-sila-difenidol (8a) was 42% (related to 17).

p-Fluoro-sila-difenidol methiodide (9a) and p, p'-di-
fluoro-sila-difenidol methiodide (10a) were synthesized
by N-quaternization of 7a and 8a respectively with
methyl iodide (yields, 66% and 78% respectively)
(Scheme 4).

The chiral compounds 5a, 7a, 9a, 15 and 20 were
prepared as racemic mixtures. The silanes 13—-16 and
18-22 were isolated as pure ('H and *C NMR) colour-
less liquids, whereas the silanols Sa—10a were obtained
as pure (!H and C NMR) crystalline solids. The
identity of all new compounds described in this paper
was confirmed by elemental analyses and by NMR
spectroscopy and mass spectrometry (MS) studies.

2.2. Pharmacological studies
The Si—~C pairs 5a/5b—10a/10b were studied for

their affinities for muscarinic M1, M2, M3 and M4
receptors by radioligand binding experiments. In addi-

tion, the binding affinities of 7a, 7b, 9a and 9b were
compared with their functional antimuscarinic proper-
ties at M1-M3 receptors. The results of these investiga-
tions are summarized in Tables 1-3 and illustrated in
Fig. 1.

All compounds investigated in functional studies (7a,
7b, 9a and 9b) antagonized in a concentration-depen-
dent manner the 4-F-PyMcN *-induced inhibition of the
neurogenic twitch contraction in rabbit vas deferens
(M1 receptors). Furthermore, they inhibited the negative
inotropic responses in guinea-pig atria and ileal contrac-
tions (M2 and M3 receptors respectively) induced by
arecaidine propargyl ester. Compounds 7a, 7b, 9a and
9b produced parallel shifts of the agonist concentra-
tion—response curves without changes in basal tension
or maximum agonist responses. Arunlakshana—Schild
plots were linear over the antagonist concentration range
examined, and the slopes of the regression lines were
not significantly different from unity. In addition, all the
competition curves obtained in binding studies were
compatible with the existence of a single receptor sub-
type; the Hill coefficients were not different from unity.
Thus all compounds studied exhibited an apparently
competitive antagonism at M1-M3 receptors in func-
tional and at M1-M4 receptors in binding experiments.
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Fig. 1. Affinity profiles (pK; values) of 5a/5b—10a/10b at muscarinic M1 receptors in human NB-OK 1 cells, M2 receptors in rat heart, M3

receptors in rat pancreas and M4 receptors in rat striatum.
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The pK; values obtained in binding studies for 7a,
7b, 9a and 9b at M1-M3 receptors were very similar to
their antimuscarinic potencies (pA, values) determined
in functional experiments at M1, M2 and M3 receptors.

The selectivity pattern of all compounds investigated
corresponded to the following rank order: M1 > M4 >
M3 > M2. Only 7a, 7b, 8a and 8b had a clear prefer-
ence for M1, M3 and M4 over M2 receptors. In this
series, the greatest selectivity was found for the silanol
6a (M1 > M2 = 32-fold).

In general, all silanols (5a—10a) displayed higher
affinities for the four muscarinic receptor subtypes than
their corresponding carbon analogues (5b—10b). This
increase in affinity by C—Si exchange was rather low
(up to 3.2-fold) for the Si—C pairs with an El-CH,—
CH,-N chain (El = Si or C) (5b — 5a; 6b — 6a) and
also for the Si—C pair 8a/8b, but high for all the other
Si—C pairs with an EI-CH,-CH,—CH,-N moiety (El
= Si or C) (7b — 7a; 9b — 9a; 10b — 10a). The great-
est difference in affinity between the Si—C analogues
studied was observed for 9a and 9b (up to 81-fold;
functional studies).

Introduction of a second fluorine atom in the para
position of the unsubstituted phenyl group did not affect
the affinity of the carbinols (Sb — 6b; 7b — 8b; 9b —
10b) in a special way but consistently decreased recep-
tor affinity of the silanols (5a — 6a; 7a — 8a; 9a — 10a)
up to eightfold (M4: 9a — 10a).

Compounds with an ethylene group between the El
(El =Si or C) and the N atom (5a, 5b, 6a and 6b)
always displayed higher receptor affinities than the
corresponding compounds with a propylene moiety (7a,
b, 8a and 8b).

Furthermore, N-methylation did not influence the
affinity of the carbinols (7b — 9b; 8b — 10b) to a
greater extent but increased the affinity of the silanols
(7a — 9a; 8a — 10a) at all muscarinic receptor subtypes
(except for 10a at M3 and M4 receptors), the increase
being highest at M2 receptors. Thus N-methylation
reduced the receptor selectivity of 7a and 8a.

In conclusion, the high increase in receptor affinity
by sila-substitution (up to about two orders of magni-
tude) is the most interesting result obtained in these
structure—activity relationship studies. Such a high in-
crease in biological activity by sila-substitution (C-Si
exchange) has not yet been described in the literature.
These results again demonstrate that sila-substitution is
a very useful method for drug design.

3. Experimental details
3.1. Syntheses
3.1.1. General aspects

All syntheses were performed under dry nitrogen.
The organic solvents used were dried according to

standard procedures. Melting points were determined
with a Leitz Laborlux S microscope equipped w1th a
healer (Leitz, model M 350) and are uncorrected. 'H
and C NMR spectra were recorded on a Bruker WM-
400 (*H, 400.1 MHz; ’C, 100.6 MHz) and a Bruker
AC-250 spectrometer (‘H, 250.1 MHz; B¢, 62.9 MHz)
respectively. Chemical shifts were determined relative
to internal CHCl, (*H, 8 = 7.25 ppm) and CDCl, (**C,
8=77.05 ppm) respectively. Assignment of the “C
data was supported by DEPT experiments; the results of
these experiments are included in the assignments. Mass
spectra were obtained with a Varian MAT 711 mass
spectrometer (electron impact (EI) MS, 70 eV; field
desorption (FD) MS, methanol, 11 kV) and a Finnigan
MAT 8430 mass spectrometer (fast atom bombardment
(FAB) MS, glycerol (liquid matrix), xenon (FAB
source)) respectively. The selected m /z values given
refer to the isotopes 'H, *C, "*N, 0, "°F, **Si and
*ClL

3.1.2. (4-Fluorophenyl)phenyl(2-piperidinoethyl)silanol
(p-fluoro-sila-pridinol) (5a)

A solution of 15 (2.80 g, 8.15 mmol) in a mixture of
ethanol (16.2 ml) and water (3.7 ml) was stirred at room
temperature for 20 h. The precipitate formed was iso-
lated by filtration and recrystallized from diethyl ether
to give 1.57 g (yield, 58%) of colourless crystals (melt-
ing point (m.p.), 129°C). '"H NMR (CDCl,): 8 1.2-1.3
(m, 2H, SiCH,C); 1.4-1.5 and 1.5- 17 (m, 6H,
CCH,0); 2.3~ 26 and 2.6-2.7 (m, 6H, NCH,C); 7.0
7.1, 73 7.5 and 7.5-7.7 (m, 9H, SiC.H;, SlC H,F)
ppm; SiOH not localized. >C NMR (CDC13) 5 114
(SiCH,0); 243 (C4, NC;H,); 26.0 (C-3/C-5,
NC H,(,) 54.3 (C-2/C-6, NCH,,); 54.6 (SiCCH,N);
1150(d *J(CF) = 19.7 Hz, C- -3/C-5, SiC¢H,F); 127.9
(C3/C5 SiC¢H,); 129.8 (C-4, SiC(H ) 1328 (d,
‘J(CPH =37 Hz C-1, SiC4H,F); 1340 (C-2/C-6,
SiC(Hj); 136.1 (d, J(CF) =75 Hz, C-2/C-,
SiC¢H, .F); 137.0 (C1, SiC¢Hy); 164.1 (d, 'J(CF) =
248. 5 HZ C-4, SiC,H ,F) ppm. EI MS: m/z 329 (9%,
M*), 98 (100%, CH2 =NC5H1+0). Anal. Found: C, 69.2;
H, 7.3; N, 4.3. C,,H,,FNOSi (329.5) calc.: C, 69.26;
H, 7.34; N, 4.25%.

3.1.3. Di(4-fluorophenyl)(2-piperidinoethyl)silanol
(p,p-difluoro-sila-pridinol) (6a)

A solution of 16 (1.70 g, 4.70 mmol) in a mixture of
ethanol (9.0 ml) and water (2.2 ml) was stirred at room
temperature for 20 h. The precipitate formed was iso-
lated by filtration and recrystallized from diethyl ether
to give 1.04 g (y1eld 64%) of colourless crystals (m.p.,
121-122°C), 'H NMR (CDCLy): 6 1.2-1.3 (m, 2H,
SiCH,C); 1.4-1.6 and 1.6- 17(m 6H, CCH,C); 2.3~
2.7 (m 6H, NCH,0); 7.0-7.1 and 7.5-7.7 (m, 8H,
SiC(H,F) ppm; S1OH not localized. >C NMR (CDCl,):
8 114(SICH C); 24.2 (C-4, NC,H,); 26.0 (C- 3/C5
NCsH,); 54.3 (C-2/C-6, NCH ,): 54.6 (SICCH,N):
115.1 (d, *J(CF) = 19.8 Hz, C- -3/C-5, SiC,H F); 132.6
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(d, “J(CF) = 3.8 Hz, C-1, SiC,H,P); 136.1 (d *J(CF)
=7.6 Hz, C-2/C-6, SiC.H, F) 164.2 (d, 'J(CF) =
248.9 Hz, C-4, SiC H,F) ppm. EI MS: m/z 347 (5%,

M), 98 (100%, CH —NC H7,). Anal. Found: C, 65.8;
H, 6.8; N, 4.0. C19H23F N051 (347.5) calc.: C, 65.68;
H, 6.67; N, 4.03%.

3.1.4. (4-Fluorophenyl)phenyl(3-piperidinopropyl)-
silanol (p-fluoro-sila-difenidol) (7a)

Hydrochloric acid (0.5 M, 270 ml) was added to a
stirred solution of 20 (3.30 g, 9.23 mmol) in 2-propanol
(100 ml). The resulting mixture was stirred at room
temperature for 16 h and the pH was then adjusted to 8
with 1 M aqueous NaOH solution. The mixture was
extracted three times with diethyl ether (3 X 100 ml),
and the extracts were combined, washed with water (20
ml) and dried over anhydrous Na,SO,. After removal
of the solvent under reduced pressure, the oily residue
crystallized within about 10 days at room temperature.
Recrystallization from diethyl ether:2-propanol (3:1,
v/v) gave 2.70 g (yield, 85%) of colourless crystals
(m.p. 64°C). 'H NMR (CDCl,): 6 1.1-1.2 (m, 2H,
SiCH,C); 1.5-1.6 and 1.7- 19(m 8H, CCH,C); 2.8-
31(m 6H, NCH,(); 7.1-7.2, 7.3- 74and75 7.7 (m,
9H, SiC.H,, SlC H,F); 9.1 (broad ‘‘s”’, 1H, SiOH)
ppm. 1C NMR (CDCI) 5 124 (SICH C); 18.0
(SiCCH,CN); 222 (C-4 NC.H,,); 22.7 (C -3/C-5,
NC Hw) 53.1 (C- -2/C-6, NC sHyp) 59.1 (SiCC-
CHZN) 115.0 (d, J(CF) 19.7 Hz, C3/C-5,
SiC¢H,F); 127.9 (C-3/C5 SiC¢H,); 129.8 (C-4,
SiC¢H; ) 132.0 (d, ‘J(CF) = 3.6 Hz c1 SiC¢H,F);
134, 1 (C-2/C 6, SiC4H,); 136.1 (C—l SiC,H ) 1363
(d *J(CF) = 7.6 Hz, C-2/C -6, SiC,H F) 164.1 (d,
'J(CF) = 249.0 Hz, C-4, SiC,H,F) ppm. EI MS: m/z
343 2%, M™*), 98 (100%, CH2=NCSH;“0). Anal.
Found: C, 70.5; H, 7.6; N, 4.0. C,,H,,FNOSi (343.5)
calc.: C, 69.93; H, 7.63; N, 4.08%.

3.1.5. Di(4-fluorophenyl)(3-piperidinopropyl)silanol
(p,p'-difluoro-sila-difenidol) (8a)

A solution of 22 (5.26 g, 14.0 mmol) in a mixture of
ethanol (22.4 ml) and water (5.6 ml) was stirred at room
temperature for 17 h. After removal of the solvents
under reduced pressure, the oily residue was diluted
with diethyl ether (100 ml) and the resulting solution
dried over anhydrous Na,SO,. The solvent was evapo-
rated under reduced pressure and the residue crystal-
lized from n-pentane to give 4. 11 g (yield, 81%) of
colourless crystals (m.p., 69°C) '"H NMR (CDCl,): &
1.1-1.2 (m, 2H, SiCH,C); 1.4-1.6 and 1.6— 18(m 8H,
CCH,0); 2.3-2.4 (m, 6H NCH,C); 7.0-7.1 and 7.5-
7.6 (m 8H, SiC,H, F); 9.4 (broad s, 1H, SiOH)
ppm. “C NMR (CDCl) 86 15.7 (SlCH 0); 19.8
(SiCCH,CN); 24.1 (C-4, NCH,y); 25.0 (C -3/C-5,
NC Hm) 54.6 (C- 2/C -6, NC H,)); 61.3
(Sl\,\,CH N); 114.9 (d, J(CF)— 19.6 Hz, C-3/C-5,

SiC,H F) 133.2 (d, “J(CP) = 3.8 Hz, C-1, SiC,H,F);
136. 0 (d *J(CF) = 7.5 Hz, C-2/C-6, SiC4H,F); 164.0
(d, 'J(CF) = 248.3 Hz, C-4, SiC,H,F) ppm. EI MS:
m/z 361 (8%, M*), 98 (100%, CH, =NC,H},). Anal.
Found: C, 66.5; H, 7.0; N, 3.9. C,,H,;F,NOSi (361.5)
calc.: C, 66.45; H, 6.97; N, 3.87%.

3.1.6. 1-{1-[(4-Fluorophenyl)hydroxy(phenyl)silyl]pro-
pan-3-yl}-1-methylpiperidinium iodide (p-fluoro-sila-
difenidol methiodide) (9a)

Methyl iodide (5.60 g, 39.5 mmol) was added at
room temperature to a solution of 7a (2.70 g, 7.86
mmol) in acetonitrile (42 ml). The mixture was stirred
under reflux for 2 h and then cooled to room tempera-
ture; the precipitate was isolated by filtration. Recrystal-
lization from diethyl ether : 2-propanol (1:3, v/v) gave
2.50 g (yield, 66%) of pale-yellow crystals (m.p.,
164°C). '"H NMR (CDCL,): 8 1.1-12 (m, 2H,
SiCH,O); 15-1.9 (m, 8H, CCH,C); 3.03 (s, 3H,
NCH,); 3.3-3.5 (m, 6H, NCH,C); 7.0-7.1, 7.2-7.4
and 7.6-7.7 (m 9H, SiC Hj, SlC H,F) ppm; SiOH
not localized. >C NMR (CDCl ): 8 125 (SiCH,0);
17.9 (SiCCH,CN); 22.4 (C-4, NC sHyo)s 22.9 (C- 3/C-
5, NC,H,o); 531 (NCH,); 63.1 (SlCCCH N); 65.3
(C- 2/c -6, NCsH,,); 1151 (d, *J(CP) = 197 Hz, C-
3/C-5, SiC{H,F); 129.0 (C- 3/C5 SiC¢Hy); 130.8
(C-4, SiC, H ) 1330 (d, J(CH) =36 Hz C-1,
SiC,H,F); 133.2 (C- Z!C -6, SiC¢Hs); 1363 (C-1,
SiC,H ) 137.7 (d J(CF) = 76 Hz, C-2/C-6,
SiC H \F); 164.2 (d, "J(CF) = 249.0 Hz, C-4, SiC¢H,F)
ppm. FAB MS (positive): m/z 358 (80%, cation of the
salt), 98 (100%, CH, =NC,H],). Anal. Found: C, 51.8;
H, 6.1; N, 2.9. C,,H,,FINOS;i (485.4) calc.: C, 51.96;
H, 6.02; N, 2.89%.

3.1.7. 1-{1-|Di(4-fluorophenyl) hydroxysilyl]propan-3-
yl}-1-methylpiperidinium iodide (p,p'-difluoro-sila-di-
fenidol methiodide) (10a)

Methyl iodide (1.00 g, 7.05 mmol) was added at
room temperature to a solution of 8a (500 mg, 1.38
mmol) in a mixture of acetone (5 ml) and n-pentane (5
ml). After stirring at room temperature for 2 h, the
precipitate was isolated by filtration and recrystallized
from acetone: n-pentane (1:1, v/v) to give 540 mg
(yield, 78%) of colourless crystals (m.p., 142°C). 'H
NMR (CDCl,): & 1.0-1.3 (m, 2H, SiCH,C); 1.6-2.2
(m, 8H, CCH,C); 3.09 (s, 3H, NCH,); 3.4-3.5 and
3.5-3.6 (m, 6H, NCH 2C); 5.0 (broad “‘s”, 1H, SiOH);
7.0-7.1 and 7.5-7.7 (m, 8H, SiC,H F)ppm ’C NMR
(CDCl,): & 11.8 (SiCH,0); 16.6 (S1CCH CN); 20.0
(C-3/C-5, NC.H,) 20.6 (C-d, NCyH,); 48.5
(NCH,); 612(C -2/C-6, NCsH,,); 65. 8(S1CCCH N);
1151 (d 2J(CF) = 21.7 Hz, C- -3/C-5,SiC H F) 1314
(d, *J(CF) = 3.9 Hz, C-1, SiC4H,F); 136.4 (d *J(CF)
=75 Hz, C-2/C-6, SiC,H, F) 164.0 (d, 'J(CF) =
249.4 Hz, C-4, SiC,H F) ppm. FD MS: m/z 376
(100%, cation of the salt). Anal. Found: C, 50.1; H, 5.6;
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N, 2.7. C, H,F,INOSi (503.4) calc.:
5.61; N, 2.78%.

C, 50.10; H,

3.1.8. Trichloro(vinyl)silane (11)
Trichloro(vinyl)silane was commercially available
(Aldrich).

3.1.9. Trimethoxy(2-piperidinoethyl)silane (13)

A 1.6 M solution of n-butyllithium in n-hexane (656
ml, 1.05 mol n-BuLi) was added at 0 °C within 2.5 h to
a stirred solution of piperidine (119 g, 1.40 mol) in
tetrahydrofuran (THF) (100 ml). The reaction mixture
was then allowed to warm up to room temperature
during 45 min and stirred for a further 30 min. Then a
solution of 11 (50.0 g, 310 mmol) in THF (150 ml) was
added dropwise at 0°C during 45 min, and the resulting
mixture was stirred at room temperature for 72 h. After
addition of a solution triethylamine (21.8 g, 220 mmol)
in THF (80 ml) and a solution of chlorotrimethylsilane
(20.6 g, 190 mmol) in THF (80 ml), the reaction
mixture was stirred at room temperature for 5 h, the
precipitate filtered off and the solvent removed com-
pletely in vacuo. Then n-pentane (450 ml) was added to
the residue, the resulting precipitate filtered off and the
solvent removed completely under reduced pressure.
After addition of methanol (300 ml) to the residue
(crude tr1p1per1d1no(2 plperldmo thyDsilane (12); iden-
tity proved by 'H NMR, >C NMR and EI MS studies),
the mixture was stirred at room temperature for 16 h.
Then the solvent was removed in vacuo, n-pentane (200
ml) was added to the residue, the resulting precipitate
filtered off, and the solvent removed under reduced
pressure. The oily residue was distilled in vacuo
(Vigreux column) to yield 60.0 g (83%) of a colourless
liquid (boiling point (b.p.), 77°C (1 Torr)). '"H NMR
(CDCl,): & 0.8-0.9 (m, 2H, SiCH,C); 1.3-1.6 (m, 6H,
CCH C) 2.3-2.4 (m, 6H, NCH C) 3.51 (s, 9H, OCH,;)
ppm. >C NMR (CDCl,): & 75 (SiCH,C); 24.5 (C- 4
NC.H,,); 27.0(C-3/C-5,NCH,,); 504(OCH ); 52.9
(SiCCHZN); 53.8 (C-2/C-6, NC,H,,) ppm. EI MS:
m/z 233 (7%, M), 98 (100%, CH, =NC;H})). Anal.
Found: C, 51.6; H, 9.9; N, 6.1. C10H23NO351 (233.4)
calc.: C, 51.46; H, 9.93; N, 6.00%.

3.1.10. (4-Fluorophenyl)dimethoxy(2-piperidinoethyl)-
silane (14)

A Grignard reagent was prepared from 1-bromo-4-
fluorobenzene (5.25 g, 30.0 mmol) and magnesium
turnings (870 mg, 35.8 mmol) in diethyl ether (30 ml)
and then added dropwise at 0°C within 1 h to a stirred
solution of 13 (7.74 g, 33.2 mmol) in diethyl ether (50
ml). After stirring the reaction mixture at room tempera-
ture for 16 h, the solvent was removed under reduced
pressure and n-pentane (70 ml) added to the residue.
The resulting mixture was kept at —20°C for 12 h, the
precipitate formed was filtered off, the solvent removed

under reduced pressure, and the oily residue distilled in
vacuo (Vigreux column) to give 6.70 g (yield, 68%) of
a colourless liquid (b.p., 98-101°C (0.01 Torr)). 'H
NMR (CDCl,): & 1.0-1.2 (m, 2H, SiCH,C); 1.3-1.5
and 1.5-1.6 (m, 6H, CCH,C); 2.2-24 (m, 6H,
NCH,C); 3.52 (s, 6H, OCH ,); 70 7.1 and 7.5-7.6 (m,
4H, slc H,F) ppm. ®C NMR (CDCl,): & 10.5
(SiCH, C) 245 (C-4, NC4H,y); 259 (C-3/C-s,
NC Hm) 50.6 (OCH,); 53.0 (SiCCH,N); 53.9 (C-
2/C-6, NCsH,y); 115. i (d, J(CF) =197 Hz, C-3/C-
5, SICHF) 128.5 (d ‘J(CF) = 3.6 Hz, C-1,
SiC,H,F); 136.4 (d J(CF) = 7.6 Hz, C-2/C-6,
SiC,H,F); 164.4 (d, 'J(CP) = 249.3 Hz, C-4, SiC H F)
ppm. E1 MS: m/z 297 (6%, M*), 98 uUU%,
CH, =NCH},). Anal. Found: C, 60.7; H, 8.2; N, 4.7.
C,sH,,FNO,Si (297.4) calc.: C, 60.57; H, 8.13; N,
4.71%.

3.1.11. (4-Fluorophenyl)methoxy(phenyl)(2-piperidino-
ethyl)silane (15)

A Grignard reagent was prepared from bromoben-
zene (2.90 g, 18.5 mmol) and magnesium turnings (490
mg, 20.2 mmol) in diethyl ether (40 ml) and then added
dropwise at room temperature within 45 min to a stirred
solution of 14 (5.00 g, 16.8 mmol) in diethyl ether (20
ml). After stirring the reaction mixture at room tempera-
ture for 16 h, the solvent was removed under reduced
pressure and n-pentane (100 ml) was added to the
residue. The resulting mixture was kept at —20°C for
12 h, the precipitate formed was filtered off, the solvent
removed under reduced pressure, and the oily residue
distilled in vacuo (Vigreux column) to give 3.00 g
(yield, 52%) of a colourless liquid (b.p., 128-130°C
(0.01 Torr)). '"H NMR (CDCl,): 6 1.4-1.5 and 1.5-1.6
(m, 8H, SiCH,C, CCH,C); 2.3-2.5 (m, 6H, NCH,C);
3.52 (s, 3H, O\/H 3 7U—71 7.2-7.4 and 7.5-7.6 (m
9H, SiC.H;, SlC H,F) ppm. “C NMR (CDCl,): &
11.7 (SlCH O 245 (C-4, NC,H,,); 26.0 (C-3/C-5,
NC.H,,); 514 (OCH,); 534 (SICCH N); 54.0 (C-
2,/C-6, NC;H,,); 115. ) (d, >J(CP) = 19. 6 Hz, C-3/C-
5, SiCzH F) 128.0 (C3/C5 SiC¢H,); 130.1 (C-4,
SiC¢H; 2 1302 (d, “J(CF) = 3.9 Ha, c1 SiC¢H,F);
1343(C 1, SiC4H,); 134.6 (C-2/C-6, SiC,H ) 136.7
(d *J(CF) = 77 Hz C-2/C-6, SiC,H F) 1643 (d,
'J(CF) = 249.4 Hz, C-4, SiC,H,F) ppm. EI MS: m/z
343 (8%, M™), 98 (100%, CH =NC.H{,). Anal
Found: C, 69.8; H, 7.6; N, 4.2. CZOH%FNOSi (343.5)
calc.: C, 69.93; H, 7.63; N, 4.08%.

3.1.12. Di(4-fluorophenyl)methoxy(2-piperidinoethyl)-
silane (16)

A Grignard reagent was prepared from 1-bromo-4-
fluorobenzene (13.7 g, 78.3 mmol) and magnesium
turnings (2.19 g, 90.1 mmol) in diethyl ether (60 ml)
and then added dropwise at room temperature within
1.5 h to a solution of 13 (7.74 g, 33.2 mmol) in diethyl
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ether (20 ml). After stirring under reflux for 5 h, the
solvent was removed under reduced pressure and n-pen-
tane (70 ml) added to the residue. The resulting mixture
was kept at —20°C for 12 h, the precipitate formed was
filtered off, the solvent removed under reduced pres-
sure, and the oily residue distilled in vacuo (Vigreux
column) to give 7.20 g (yield, 60%) of a colourless
liquid (b.p., 135°C (0.01 Torr)). '"H NMR (CDCL,): &
1.3-1.6 (m, 8H, SiCH,C, CCH,C); 2.3-2.5 (m, 6H,
NCH,C); 3.49 (s, 3H, OCH 3 71 7.2 and 7.5-7.6 (m,
8H, SIC H,F) ppm. “C NMR (CDCL): & 11.7
(SiCH, C) 245 (C-4, NC;H,)); 259 (C-3/C-5,
NC Hm) 51.3 (OCH,); 533 (SiCCH,N); 54.0 (C—
2/C-6, NC;H ,); 115.1 (d, J(CF) = 198 Hz, C-3/C-
5, SiC¢H F) 129.8 (4, ‘J(CF) = 3.7 Hz, C-,
SiC,H, F) 136.6 (d *J(CF) =78 Hz, C- 2/C-6,
SiC4H,F); 163.3 (d, 'J(CF) = 249.6 Hz, C-4, SiC,H,F)
ppm. EI MS: m/z 361 (14%, M*), 98 (100%,
CH, =NC,H7). Anal. Found: C, 66.5; H, 7.0; N, 3.9.
C,H,sF,NOSi (361.5) calc.: C, 66.45; H, 6.97; N,
3.87%.

3.1.13. (3-Chloropropyl)trimethoxysilane (17)
(3-ChloropropyDtrimethoxysilane was commercially
available (Aldrich).

3.1.14. (3-Chloropropyl)dimethoxy(phenyl)silane (18)

A Grignard reagent was prepared from bromoben-
zene (78.5 g, 500 mmol) and magnesium turnings (12.1
g, 498 mmol) in diethyl ether (350 ml) and then added
dropwise at room temperature during 1.5 h to a stirred
solution of 17 (99.4 g, 500 mmol) in diethyl ether (500
ml). After stirring at room temperature for 16 h and
heating under reflux for 4 h, the precipitate was filtered
off and the filtrate concentrated under reduced pressure.
Then n-pentane (400 ml) was added and the resulting
precipitate filtered off. The filtrate was concentrated
under reduced pressure and the residue distilled in
vacuo (Vigreux column) to give 89.4 g (yleld 73%) of
a colourless liquid (b.p., 106°C (0.1 Torr)). 'H NMR
(CDClL,): 6 1.1-1.3 (m, 2H, SiCH,C); 1.6-2.0 (m, 2H,
CCH,C); 3.42 (centre of an m, 8H CCH,Cl, OCH,);
72-76 (m, SH, SiC4Hs) ppm. 5C NMR (CDCL,): &
11.1 (SiCH,0); 26.5 (CCH C); 47.7 (CCH,Cb; 51.3
(OCH,); 127.9 (C-3/C-5, SiC¢Hy); 130.0 (C-4,
SiC4H); 1340 (C-1, SiC,H,); 1345 (C-2/C-6,
SiC(H,) ppm. EI MS: m/z 244 (1%, M™), 167 (100%,
M* —CH,CH,CH,CD. Anal. Found: C, 54.2; H, 7.2.
C,,H,,Cl0,Si (244.8) calc.: C, 53.97; H, 7.00%.

3.1.15. Dimethoxy(phenyl)(3-piperidinopropyl)silane
(19)

A solution of 18 (29.4 g, 120 mmol) and piperidine
(51.9 g, 610 mmol) in methanol (125 ml) was heated
under reflux for 16 h. After removal of the solvent
under reduced pressure, n-pentane (150 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 oily residue distilled in
vacuo (Vigreux column) to give 29.8 g (yleld 85%) of
a colourless liquid (b.p., 120°C (0.01 Torr)). 'H NMR
(CDCL,): & 0.7-0.8 (m, 2H, SiCH,C); 1.3-1.4 and
1.5-1.6 (m, 8H, CCH,0); 2.2-2.3 (m, 6H, NCH,C);
3.53 (s, 6H, OCH) 72 7.4 and 7.5-7.6 (m, SH
SiC4H,) ppm. >C NMR (CDCl,): & 9.9 (SiCH,0);
19.9 (SiCCH,CN); 24.4 (C-4, NC sHyp); 25.9 (C- 3/C-
5, NCsH,y); 505 (OCH,); 54.6 (C-2/C-6, NC,H o)
62.5 (SiCCCH,N); 127.0 (C-3/C-5, SiC¢Hj); 127.8
(C-4, SiC4H;); 132.8 (C-1, SiC¢H,); 134.2 (C-2/C-6,
SiC¢Hs) ppm. EI MS: m/z 293 (5%, M*), 98 (100%,
CH, =NCH[,). Anal. Found: C, 65.3; H, 9.2; N, 4.7.
C,sH,;NO,Si (293.5) calc.: C, 65.48; H, 9.27; N,
4.77%

3.1.16. (4-Fluorophenyl)methoxy(phenyl)(3-piperidino-
propylsilane (20)

A 1.6 M solution of n-butyllithium in n-hexane (54.7
ml, 87.5 mmol n-BuLi) was added dropwise at —35°C
during 40 min to a stirred solution of 1-bromo-4-fluoro-
benzene (15.7 g, 89.7 mmol) in diethyl ether (100 ml).
The mixture was stirred at —35°C for 30 min and then
added dropwise at —20°C during 60 min to a stirred
solution of 19 (25.0 g, 85.2 mmol) in diethyl ether (200
ml). The mixture was stirred at room temperature for 16
h; then saturated aqueous NH ,Cl solution (30 ml) and
water (30 ml) were added. The organic phase was
separated, the aqueous layer extracted four times with
diethyl ether (4 X 50 ml), and the combined organic
extracts were dried over anhydrous Na,SO,. After re-
moval of the solvent under reduced pressure, the oily
residue was distilled in vacuo (Vigreux column) to give
269 g (88%) of a colourless liquid (b.p., 148°C (0.2
Torr)). '"H NMR (CDCl,): & 1.1~1.2 (m, 2H, SiCH,C);
1.4-1.7 (m, 8H, CCH C) 2.2-2.4 (m, 6H, NCH C)
3.51 (s, 3H, OCH,); 70 7.1, 7.3-7.5 and 7.5- 76(m
9H, SiCH,, SiC,H,F) ppm. "C NMR (CDCL,): &
11.3 (SICH 0); 20.3 (SiCCH,CN); 245 (C-4,
NCH,,); 260(C -3/C-5,NC HIO) 51.4 (OCH,); 54.6
(C -2/C-6, NC,H,,); 62.8 (SICCCH N); 1151 (d,
*J(CF) = 19.7 Hz, C-3/C-5, SiC,H,F); 127.9 (C-3/C-
5, SiC¢H,); 130.0 (C-4, SiC,H ) 13U4 (d, “J(CF) =
3.6 Hz C1 SiCcH,F); 1344 (Cl SiC H.); 134.6
(C—2/C6 SiC Hs;, 136.3 (d *J(CF) = 76 Hz, C-
2/C-6, SiC;H F) 164.1 (d, 'J(CF) = 249.0 Hz, C-4,
SiC H,F) ppm. EI MS: m/z 357 (1%, M*), 98 (100%,
CH2 =NC5H;‘0). Anal. Found: C, 70.5; H, 8.1; N, 4.0.
C,, H,;FNOSi (357.5) calc.: C, 70.55; H, 7.89; N,
3.92%.

3.1.17. Trimethoxy(3-piperidinopropyl)silane (21)
A solution of 17 (10.0 g, 50.3 mmol) and piperidine
(10.7 g, 126 mmol) in methanol (75 ml) was heated
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under reflux for 24 h. After removal of the solvent
under reduced pressure, n-pentane (300 mi) 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 oily residue distilled in
vacuo (Vigreux column) to give 9.70 g (yleld 78%) of
a colourless liquid (b.p., 98°C (3 Torr). '"H NMR
(CDCL,): 8 0.5-0.6 (m, 2H, SiCH,C); 1.3-1.4 and
1.5-1.6 (m, 8H, CCH,C); 2.2-2.3 (im, 6H, NCH,0);
3.50 (s, 9H, OCH,) ppm. °C NMR (CDCl ): 6 6.8
(SiCH,0); 19.8 (SlCCH CN); 24.4 (C-4, NC sHig)s
259 (C-3/C-5, NC,H,y); 50.4 (OCH,); 54.5 (C-2/C-6,
NCH,,); 62.4 (SiCCCH,N) ppm. EI MS: m/z 247
(4%, M™), 98 (100%, CH, =NCsH;;,). Anal. Found: C,
53.5; H, 10.3; N, 5.8. C,;H,sNO,Si (247.4) calc.: C,
53.40; H, 10.18; N, 5.66%.

3.1.18. Di(4-fluorophenyl)methoxy(3-piperidinopropyl)-
silane (22)

A Grignard reagent was prepared from 1-bromo-4-
fluorobenzene (28.2 g, 161 mmol) and magnesium turn-
ings (4.60 g, 189 mmol) in diethyl ether (100 ml) and
then added dropwise at room temperature during 2 h to
a stirred solution of 21 (16.8 g, 67.9 mmol) in diethyl
ether (40 ml). After heating under reflux for 5 h, the
solvent was evaporated under reduced pressure and
n-pentane (200 ml) was added to the residue. The
resulting mixture was kept at —20°C for 12 h, the
precipitate formed was filtered off, the solvent removed
under reduced pressure, and the oily residue distilled in
vacuo (Vigreux column) to give 16.9 g (yield, 66%) of
a colourless liquid (b.p., 143-146°C (0.01 Torr)). 'H
NMR (CDCL,): 8 1.0-1.1 (m 2H, SiCH,0); 1.3~1.6
(m, 8H, CCH ,C); 2.2-2.3 {(m, 6H, NCH,C); 3.48 (s,
3H, OCH,); 70 7.1 and 7.5-7.6 (m, 8H SiC¢H,F)
ppm. 3¢ NMR (CDCL,): & 10.4 (SlCH c) 19.5
(SiCCH,CN); 23.7 (C4 NCsH,y); 24.9 (C-3/C—
NC Hw) 50.4 (OCH,); 53. 8(C—2/C—6 NC,H,,); 61.8
(SlCCCH N); 114.3 (d 2J(CF) = 19.6 Hz, C-3/C-5,
SiC,H, F) 129.4 (d, *J(CF) = 3.9 Hz, C-1, SiC,H ,F);
135, ) (3J(CF) 7.5 Hz, C-2/C-6, SiCH F); 163.5 (d,
'J(CF) = 247.8 Hz, C-4, SiCH,F) ppm. EI MS: m/z
375 (3%, M*), 98 (100%, CH,=NC;H{,). Anal
Found: C, 67.2; H, 7.4, N, 3.7. C,;H,,F,NOSi (375.5)
calc.: C, 67.17; H, 7.25; N, 3.73%.

3.2. Pharmacological evaluation

3.2.1. Functional pharmacological studies

As a measure of affinity, pA, values of 7a, 7b, 9a
and 9b were determined at muscarinic M1 receptors in
rabbit vas deferens {1-[4-(4-fluorophenylcarbam-
oyloxy)-2-butyn-1-yl]-1-methylpyrrolidinium tosylate
(4-F-PyMcN™) as agonist}, M2 receptors in guinea-pig
atria and M3 receptors in guinea-pig ileum (arecaidine
propargyl ester as agonist) according to published pro-
cedures [10].

Concentration-response curves of the agonists were
constructed in the absence and in the presence of the
antagonists. Dose ratios calculated from the respective
EC,, values of the agonists were used to perform an
Arunlakshana—Schild [11] analysis. As the obtained
Arunlakshana—Schild plots of all the compounds inves-
tigated were linear and the slopes of the regression lines
were not significantly different from unity (P > 0.05),
pA, values were estimated as the intercept on the
abscissa scale by fitting to the data the best straight line
with a slope of unity (constrained plot) [12]. The pA,
values given in Table 1 correspond to —log K, values
(K, is the dissociation constant of the antagonist—re-
ceptor compiex).

3.2.2. Radioligand binding studies

Radioligand binding studies were carried out with
homogenates of human NB-OK 1 neurcoblastoma cells
(M1 receptors), as well as homogenates of rat heart (M2
receptors), rat pancreas (M3 receptors) and rat striatum
(M4 receptors). The radioligand was (*H)-N-methyl-
scopolamine (0.24—1.0 nM). Data of the binding experi-
ments were analysed by an iterative curve fitting proce-
dure. Dissociation constants (K; values) of 5a/5b-
10a/10b were determined from IC, values obtained
from competition curves. The pX; values shown in
Table 2 correspond to —log K, values. For more
details, see [10,13].

3.2.3. Statistics

All pharmacological data are presented as arithmetic
means of the indicated number of experiments (see
Tables 1 and 2). Linear regression analyses were carried
out by the method of least squares. Differences between
mean values were tested for statistical significance by
Student’s ¢ test; P < 0.05 was accepted as being signif-
icant.
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