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Sila-Haloperidol, a Silicon Analogue of the
Dopamine (D,) Receptor Antagonist
Haloperidol: Synthesis, Pharmacological
Properties, and Metabolic Fate

Reinhold Tacke,*™ Friedrich Popp,® Barbara Miiller,”” Bastian Theis,”
Christian Burschka,® Alexandra Hamacher,® Matthias U. Kassack,™
Dirk Schepmann,' Bernhard Wiinsch,' Ulrik Jurva,™ and Eric Wellner'

Haloperidol (1a), a dopamine (D.) receptor antagonist, is in clini-
cal use as an antipsychotic agent. Carbon/silicon exchange (sila-
substitution) at the 4-position of the piperidine ring of 1a (R;COH
— R;SiOH) leads to sila-haloperidol (1b). Sila-haloperidol was
synthesized in a new multistep synthesis, starting from tetrame-
thoxysilane and taking advantage of the properties of the 2,4,6-
trimethoxyphenyl unit as a unique protecting group for silicon.
The pharmacological profiles of the C/Si analogues 1a and 1b
were studied in competitive receptor binding assays at D,-D;, o,
and o, receptors. Sila-haloperidol (1b) exhibits significantly differ-
ent receptor subtype selectivities from haloperidol (1a) at both

Introduction

Haloperidol (1a) has remained one of the most widely used
antipsychotics for the treatment of neuropsychiatric disorders
such as schizophrenia since its development in the late
1950s," due mainly to its efficacy in alleviating the positive
symptoms (e.g. hallucination and delusion) of such diseases.”
The unfortunate short- and irreversible long-term extrapyrami-
dal side effects (EPSs), including Parkinsonism-like tardive dys-
kinesia, present a drawback, particularly in lengthy therapies
with haloperidol (1a), and have motivated the search for halo-
peridol analogues and other “atypical” antipsychotics that ex-
hibit fewer EPSs.”! With these considerations in mind, we ex-
amined the biological effects of sila-substitution (C/Si ex-
change)® of haloperidol (1a) and thus synthesized its silicon
analogue, sila-haloperidol (1b),”" whereby the R,COH carbon
atom in the piperidine ring was replaced by a silicon atom. In
context with our systematic research on silicon-based drugs,®
we carried out a full characterization of 1b-HCI (solution NMR
studies, crystal structure analysis, ESI-MS studies of aqueous
solutions) complemented by radioligand binding studies on
hD,, hD,, hD,, and hDs; human dopamine receptors at that
time.

In the original synthesis of 1b, certain selectivity problems
were encountered during the last step, resulting in a some-

receptor families. The C/Si analogues 1a and 1b were also stud-
ied for 1) their physicochemical properties (log D, pK, solubility in
HBSS buffer (pH 7.4)), 2) their permeability in a human Caco-2
model, 3) their pharmacokinetic profiles in human and rat liver
microsomes, and 4) their inhibition of the five major cytochrome
P450 isoforms. In addition, the major in vitro metabolites of sila-
haloperidol (1b) in human liver microsomes were identified using
mass-spectrometric techniques. Due to the special chemical prop-
erties of silicon, the metabolic fates of the C/Si analogues 1a and
1b are totally different.
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we report a new synthesis of 1b in which we took advantage
of the special properties of the 2,4,6-trimethoxyphenyl unit as
a protecting group for silicon”’ to achieve a more mild and se-
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lective cleavage of the protect-
ing group in the presence of MeO_
other Si—C bonds.

In addition, we also present
the missing pharmacological
data for the hD; receptor, and
we reinvestigated the affinities
of 1a and 1b for all the other
human dopamine receptors. As
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peridol (1a) is supported by its 7
interaction with o receptors,®

and selective o receptor antago-

nists are considered “atypical”
antipsychotics,”) the o, and o,

receptor affinities of the C/Si an- 8
alogues 1a and 1b were also
studied. In addition to their in vi-
tro pharmacodynamic proper-
ties, we also studied some physi-  1mop
cochemical properties (logD, 9
pK,, solubility in HBSS buffer
(pH 7.4)), the permeability in a
human Caco-2 model, and the
pharmacokinetic profiles (intrin-
sic clearance in human and rat liver microsomes) of haloperidol
(1a) and sila-haloperidol (1b). Because inhibition of CYP450
enzymes is responsible for many severe side effects of drugs,
the 1Cs, values of 1a and 1b for the five major CYP isoforms
were measured as well. As one of the metabolites of haloperi-
dol (1a) has been speculated to be responsible for the long-
term, irreversible Parkinsonism-like side effects of this drug,”
we were also interested in the metabolic fate of sila-haloperi-
dol (1b) and performed comparative in vitro studies of the me-
tabolism of the C/Si analogues 1a and 1b using human liver
microsomes. This broad spectrum of studies aimed at a repre-
sentative assessment of the potential of the carbon/silicon
switch strategy™® for drug design.

In addition to the carbon/silicon switch strategy, it should
be mentioned that there are also other ways of applying orga-
nosilicon chemistry to drug design. Another innovative ap-
proach is the development of silicon-based drugs, the carbon
analogues of which do not exist (for recent examples, see ref-
erence [10]). This strategy is also very versatile, as it has the po-
tential to create new silicon-based drugs with structural motifs
that would be chemically impossible for carbon-based drugs.

Results and Discussion
Syntheses

Sila-haloperidol (1b) was synthesized in a multistep synthesis
starting from tetramethoxysilane (2) and was isolated as the
hydrochloride 1b-HCI (Scheme 1). Reaction of 2 with (2,4,6-tri-
methoxyphenyl)lithium gave the (2,4,6-trimethoxyphenyl)silane
3 (61% yield), which upon treatment with (4-chlorophenyl)-
magnesium bromide afforded the (4-chlorophenyl)silane 4
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Scheme 1. Synthesis of sila-haloperidol hydrochloride (1 b-HClI).

(29% vyield)." The reaction of 4 with vinylmagnesium chloride
gave the divinylsilane 5 (63 % yield). The aforementioned syn-
thetic steps can also be performed starting with 2, and without
extensive purification of the intermediates 3 and 4, to give 5
in 34% overall yield. This compares very favorably to the 11%
overall yield with isolation of the intermediates. Compound 5
was then treated with 9-borabicyclo[3.3.1]lnonane (9-BBN), fol-
lowed by sequential treatment with aqueous solutions of
sodium hydroxide and hydrogen peroxide, to give the bis(2-
hydroxyethyl)silane 6 (69% yield). Reaction of 6 with methane-
sulfonyl chloride in the presence of triethylamine, followed by
the addition of sodium iodide, afforded the bis(2-iodoethyl)si-
lane 7 (81% yield). Treatment of 7 with 3-[2-(4-fluorophenyl)-
1,3-dioxolan-2-yl]propylamine (8) gave the cyclization prod-
uct, the 4-silapiperidine 9 (50% yield). Deprotection of 9 by
treatment with hydrochloric acid afforded the title compound
as the hydrochloride (sila-haloperidol hydrochloride, 1b-HCl,
71% yield). The identities of 1b-HCl, 3-7, and 9 were estab-
lished by elemental analyses (C, H, N) and NMR studies ('H, "*C,
YF, 2%Sj), Compounds 5 and 6 were additionally characterized
by single-crystal X-ray diffraction.

The selectivity problems encountered during the final depro-
tection step (selective cleavage of only one of the two Si—C-
(phenyl) bonds) with trifluoromethanesulfonic acid in the first
synthesis of 1b-HCI® have been solved by the use of the 2,4,6-
trimethoxyphenyl group. Compared with the original synthesis,
the deprotection reported herein is carried out in a single
simple step under mild conditions with diluted hydrochloric
acid to give the final product in well over twice the yield (71%
vs. 30%). Due to this success, and because it fulfills the re-
quirements demanded of a good protecting group in gener-
al,"™¥ we believe the 2,4,6-trimethoxyphenyl group indeed rep-
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resents a particularly useful addition to the synthetic toolbox
of the organosilicon chemist.

Receptor binding studies

The affinities of haloperidol (1a) and sila-haloperidol (1b) were
studied at all human dopamine receptors. Table 1 presents the
K; values of 1a and 1b obtained in these studies. Hill slopes

Table 1. Affinities of 1a and 1b at human dopamine receptors.

Receptor subtype K [nm]@
1a 1b
hD, 107 £22.0 162 +34.5
hD, 2.84+0.26 0.55+0.06
hD, 104+147 4.73+0.51
hD, 7.94+0.69 14.14+1.09
hD, 38.0+4.72 16.6£3.20

[a] Values are expressed as mean +SEM from two experiments carried
out in triplicate (except data for hD, and hDs receptors, which were ob-
tained in one experiment with three replicates). All Hill slopes were not
significantly different from unity.

were not significantly different from unity, thus assuming a
single binding site for 1a and 1b at all receptors. Affinities at
the hD,, hD,, hD,, and hD; receptors were similar to those pre-
viously reported.” Additionally, affinity data for the hD, recep-
tor are presented. Figure 1 displays the competition binding
curves of 1a and 1b at the hD, (Figure 1A) and hD; (Fig-
ure 1B) receptors. Whereas sila-haloperidol (1b) shows a signif-
icantly higher affinity for hD, receptors than haloperidol (1a)
(5.1-fold), the silicon compound 1b is approximately equipo-
tent to its carbon analogue 1a at all other dopamine receptors
(differences are less than 2.3-fold).

The subtype selectivity of 1b for hD, over the other dopa-
mine receptors is somewhat higher than that of 1a (Table 2).
Sila-haloperidol (1b) has an approximately twofold higher se-
lectivity than haloperidol (1a) for D, over D5 and for D, over D;
but an eight- to ninefold higher selectivity for D, over D, and
for D, over D, relative to 1a. The silicon compound 1b thus
has a different dopamine receptor subtype selectivity profile
from its carbon analogue 1a.

The o, (guinea pig brain) and o, (rat liver) receptor affinities
of haloperidol (1a) and sila-haloperidol (1b) are given in
Table 3. The K; values of 1a and 1b at the o, receptor are very
similar and are in accordance with the reported o, receptor af-
finity of 1a." At the o, receptor, the C/Si analogues 1a and
1b are approximately equipotent.

In Figure 2, the competition binding curves of 1a and 1b at
the o, receptor are presented. Haloperidol (1a) exhibits three-
fold higher affinity for the o, receptor than sila-haloperidol
(1b). The reason for the lower affinity of 1b for the o, receptor
is unclear. However, one might speculate that the carbon/sili-
con switch increases the distance between the o, pharmaco-
phoric elements (4-chlorophenyl ring and nitrogen atom) lead-
ing to decreased o, affinity. On the other hand, the o, receptor
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Figure 1. Competition binding curves resulting from the interaction of 1a
(o) and 1b (e) with A) hD, and B) hD; dopamine receptors. Data are the
means =+ SEM of two experiments performed in triplicate. Slopes are not sig-
nificantly different from unity.

Table 2. Selectivity of 1a and 1b for hD, over the other dopamine recep-
tor subtypes.

Receptor subtypes K; value ratios

1a 1b
hD,/hD, 38 293
hD,/hD, 3.7 8.6
hD,/hD, 2.8 26
hDs/hD, 14 30

Table 3. Affinities of 1a and 1b at o, receptors (quinea pig brain) and o,
receptors (rat liver).”!

Receptor subtype Ta 1b
K; [nm] Ny K; [nm] ny
[ 1.9+04 —143+0.22 34+04 —-1.66+0.93
o, 78.1+24 —095+0.25 309+£55 —0.89+0.37

[a] K; values and Hill slopes (n,) are expressed as mean =+ SEM from three
experiments carried out in triplicate (except data for 1b at the o, recep-
tor, the data for which were obtained in two experiments with three rep-
licates).

tolerates the structural modification and thus interacts with 1a
and 1b with similar affinity. This observation is in accordance
with the o, pharmacophore model reported earlier.™ Hence,

ChemMedChem 2008, 3, 152 - 164
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Figure 2. Competition binding curves resulting from the interaction of 1a
(o) and 1b (@) with the o, receptor. Data are the means +SEM of two (1a)
or three (1b) experiments performed in triplicate. Slopes are not significantly
different from unity.

the subtype selectivity of sila-haloperidol (1b) for the o, recep-
tor over the o, receptor is approximately threefold higher than
that of haloperidol (1a).

In summary, in comparison with haloperidol (1a), the silicon
analogue sila-haloperidol (1 b) exhibits higher subtype selectiv-
ity at dopamine receptors as well as at o receptors. These re-
sults once again demonstrate that the carbon/silicon switch
strategy is a powerful tool to alter the pharmacodynamic prop-
erties of drugs.

Determination of physicochemical properties

To obtain information about the physicochemical properties of
haloperidol (1a) and sila-haloperidol (1b), both compounds
were studied as hydrochlorides for their octanol/water (pH 7.4)
distribution coefficient (logD value), dissociation constant in
water (pK, value), and solubility in HBSS buffer (pH 7.4). As can
be seen from Table 4, the respective data for the C/Si ana-

Table 4. Physicochemical properties of 1a and 1b.

Compound log D™ pK,®! Solubility [pm]™
1a 2.42+0.03 9.07 +£0.07 90+2
1b 2.77+0.13 9.27+0.10 78+7

[a] Determined at pH 7.4; values represent the mean (n=3). [b] Values
represent the mean (n=3). [c] Determined in HBSS buffer (pH 7.4); values
represent the mean (n=4).

logues 1a and 1b are each within the same range, indicating
that the increased size and the decreased electronegativity of
the silicon atom have no major effect on the overall physico-
chemical profile.

Determination of permeability in a human Caco-2 model

To obtain information about their apparent permeability (P,,,),
haloperidol (1a) and sila-haloperidol (1b) were studied in a
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human Caco-2 model. In both cases, the apparent permeability
was high (1a, P,,=189x10°cms™; 1b, P, =19.8%
10 cms™' for the unidirectional apical-to-basolateral (A to B)
transport of the test compound). The recovery rate for 1a and
1b was around 90%, indicating that both compounds passed
the cellular barrier more or less unchanged. Because haloperi-
dol (1a) is known to possess good bioavailability in humans,"®
these results suggest a high permeability for sila-haloperidol
(1b) as well.

Determination of intrinsic clearance and half-lives in liver
microsomes

To determine the rate of decomposition of haloperidol (1a)
and sila-haloperidol (1b) in vitro, the intrinsic clearance (CL;,,)
and half-lives (t;,) were measured in human and female rat
liver microsomes (for a recent review dealing with in vitro esti-
mation of metabolic stability, see reference [17]). As shown in
Table 5, the C/Si analogues 1a and 1b showed a similar mod-

microsomes.

Compd  CLipgh, [pLmin™' mg ™" CLiyre [nLmin~'mg "1, ,, [min] 1/ . [min]

Table 5. Intrinsic clearance and half-life of 1a and 1b in human and rat liver

Ta 20+2
1b 21+£2

2145 51 65
78+7 65 18

[a] Values represent the mean (n=4).

erate stability in the presence of human liver microsomes.
However, decomposition in the presence of rat liver micro-
somes was significantly increased by the carbon/silicon switch
as can be observed from the half-lives of compounds 1a and
1b (1a, ti, ;=65 min; 1b, t, .= 18 min).

Determination of CYP inhibition

As haloperidol (1a) and its metabolites are known to be
strong cytochrome P450 (CYP) inhibitors,”?" it was also of great
interest to investigate the CYP inhibition of sila-haloperidol
(1b) against the five major isoforms of CYP450 (Table 6). No

Table 6. CYP inhibition of 1a and 1b.

Compound 1Cso [uM]
CYP3A4®  CYP2C9™ CYP1A2®  CYP2C19® CYP2D6"
Ta 26.2+7.9 >20 >20 >20 21+0.6
1b 96+1.4 >20 >20 >20 1.7+£09

[a] Values represent the mean (n=6). [b] Values represent the mean
(n=3).

CYP inhibition of either 1a or 1b against CYP2C9, CYP1A2, and
CYP2C19 could be detected (>20 um). However, the silicon
compound 1b revealed an almost threefold increased inhibito-
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ry effect (IC5,=9.6 um) against CYP3A4 relative to the parent
carbon compound 1a (IC5,=26.2 um). This change in activity
might result from the altered ring conformation of sila-haloper-
idol (1b) due to the longer Si—C bonds (compared with the
analogous C—C bonds), which might lead to increased CYP3A4
recognition. CYP2D6 was also inhibited by compounds 1a and
1b, with almost identical 1Cs, values (1a, 2.1 um; 1b, 1.7 um).
In this context it should be mentioned that the haloperidol
(1a) metabolites HPTP and HPP* are believed to be strong
CYP2D6 inhibitors."® As the sila-analogues of these metabo-
lites, sila-HPTP and sila-HPP*, are not formed (see next sec-
tion), the possible interactions between sila-haloperidol (1b)
and CYP2D6 substrates could be significantly altered relative
to haloperidol (1a).

Identification of the major in vitro metabolites of sila-halo-
peridol

It is known that one of the major metabolites of haloperidol

(1a), the 4-(4-chlorophenyl)-1-[4-(4-fluorophenyl)-4-oxobutyl]-
pyridinium cation (HPP*), has neurotoxic properties and is sus-
pected to cause severe EPSs including Parkinsonism in patients
on long-term haloperidol therapy.”” The formation of HPP™ is
initiated by the generation of 4-(4-chlorophenyl)-1-[4-(4-fluoro-
phenyl)-4-oxobutyl]-1,2,3,6-tetrahydropyridine (HPTP) caused
by the acid-catalyzed®” and/or enzyme-mediated®” water
elimination from haloperidol (1a) (Scheme 2). Analogous water
elimination from sila-haloperidol (1b) under formation of the
sila-HPTP analogue is not possible; due to the special chemical
properties of silicon, a stable Si=C double bond will not be
formed (Scheme 2). Consequently, the formation of neurotoxic
pyridinium species (sila-HPP*) in the case of sila-haloperidol
(1b) is not possible.

In our efforts to identify the in vitro metabolites of sila-halo-
peridol (1b) in human liver microsomes, we observed the for-
mation of three major metabolites (M1-M3) using mass-spec-
trometric techniques. The structures of the proposed metabo-
lites are tentatively assigned based on accurate mass measure-
ments and interpretation of MS-MS spectra. The m/z values
observed, the retention times (tg), as well as the estimated per-
centage of formation based on integration of extracted ion
chromatograms are presented in Table 7.

The metabolite M1 most likely originates from an oxidative
N-dealkylation of 1b, a process that is well known for the for-
mation of haloperidol metabolites’™ (Scheme 3). Because the
water elimination from 1b to generate the corresponding sila-
HPP* species is not possible, the silicon compound underwent
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Scheme 2. Metabolism of haloperidol (1a): Formation of the neurotoxic pyri-
dinium metabolite HPP* via the elimination product HPTP. The formation of
sila-HPTP and sila-HPP ™" from sila-haloperidol (1b) is not possible.

an alternative metabolism to give the metabolites M2 and M3.
Upon oxidation of 1b, the metabolite M2 was probably
formed by ring opening of the sila-piperidine skeleton due to
an initially generated iminium intermediate® or a Peterson-
like process with the loss of acetaldehyde. In a final step, M2
underwent an intramolecular enamine formation to give M3.
In the case of haloperidol (1a), the major in vitro metabolite
in human liver microsomes was HPP™, using the same experi-
mental conditions as for 1b. Thus, as can be seen from the
proposed metabolic pathways described in Scheme 3, the sila-
analogue 1b displayed a completely altered metabolic fate
while otherwise maintaining a similar pharmacokinetic profile.

Conclusions

Sila-haloperidol (1b), a silicon analogue of the dopamine (D,)
antagonist haloperidol (1a), was prepared from tetramethoxy-
silane in a multistep synthesis and was isolated as the hydro-
chloride 1b-HCI. In this synthesis, the use of the 2,4,6-trime-
thoxyphenyl moiety as a protecting group for silicon played a
key role.

The pharmacodynamic profiles of the C/Si analogues 1a and
1b were studied in competitive receptor binding assays at D,—
Ds (human), o, (guinea pig brain), and o, (rat liver) receptors.
Both compounds showed no agonistic behavior at hD; and

Table 7. Sila-haloperidol (1 b) metabolites after an incubation period of 60 min in human liver microsomes.
Metabolite tz [min] m/z Values of m/z Values of major MS-MS ions Estimated
protonated parent species formation [%]
1b 3.25 392.1238 392.1223, 394.1225, 165.0718, 164.0874, 123.0242 69
M1 1.52 228.0608 190.0091, 192.0064, 171.9982, 173.9953 8
M2 1.86 382.1038 382.1054, 384.1050, 172.9834, 174.9781, 165.0712, 164.0860, 123.0234 7
M3 245 364.0924 364.0931, 366.0930, 172.9821, 174.9792, 164.0866 12
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Scheme 3. Proposed metabolic pathways of sila-haloperidol (1b) in human liver microsomes. The structures of the proposed metabolites M1, M2, and M3
are tentatively assigned based on accurate mass measurements and interpretation of MS-MS spectra.

hD, receptors in a functional calcium assay performed accord-
ing to reference [25]. Whereas in receptor binding studies sila-
haloperidol (1b) showed a significantly (fivefold) higher affinity
for hD, receptors than haloperidol (1a), the silicon compound
1b was approximately equipotent to its carbon analogue 1a
at all other dopamine receptors. Furthermore, the subtype se-
lectivity for hD, over the other dopamine receptors was some-
what higher than that of 1a. On the other hand, haloperidol
(1a) showed a threefold higher affinity for the o, receptor over
sila-haloperidol (1b), whereas the o, receptor tolerated the C/
Si exchange and interacted with 1a and 1b with similar affini-
ty. Hence, the subtype selectivity of the silicon compound 1b
for the o, receptor over the o, receptor is higher than that of
the parent carbon compound 1a. In summary, in comparison
with haloperidol (1a), sila-haloperidol (1b) shows a higher po-
tency at hD, receptors and exhibits a higher subtype selectivity
at dopamine receptors and at o receptors as well.

As shown for the logD and pK, values and for the solubility
in HBSS buffer (pH 7.4), the C/Si analogues 1a and 1b display
a similar overall physicochemical profile (studies performed
with 1a-HCl and 1b-HCl). The apparent permeability (P,,,) of
1a and 1b was similar as well (human Caco-2 model). In both
cases, the P,,, values were high, and the recovery rate of both
compounds was around 90%. Studies of the intrinsic clearance
(CLiy) and half-life (t,) in human liver microsomes revealed a
similar moderate stability of 1a and 1b. However, decomposi-
tion in the presence of rat liver microsomes was significantly
increased by the carbon/silicon switch. Haloperidol (1a) and
sila-haloperidol (1b) showed no CYP inhibition against
CYP2C9, CYP1A2, and CYP2C19. However, the silicon com-
pound 1b revealed an almost threefold increased inhibitory
effect against CYP3A4 relative to the carbon analogue 1a.
CYP2D6 was also inhibited by 1a and 1b, with almost identical
ICs, values.

ChemMedChem 2008, 3, 152-164
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As postulated earlier,”™ the metabolic fate of the C/Si ana-
logues 1a and 1b is totally different. Three major in vitro me-
tabolites of sila-haloperidol (1b) in human liver microsomes
could be observed using mass-spectrometric techniques. None
of these metabolites represents a silicon analogue of the neu-
rotoxic haloperidol (1a) metabolite, HPP ", which is responsible
for the severe side effects of 1a.

In summary, sila-substitution at the 4-position of the piperi-
dine ring of haloperidol (1a) significantly affects its pharmaco-
logical profile and metabolic fate in vitro. These results once
again emphasize the great potential of the carbon/silicon
switch strategy for drug design.

Experimental Section
Chemistry

General procedures: All syntheses were carried out under dry ni-
trogen. The organic solvents used were dried and purified accord-
ing to standard procedures and stored under dry nitrogen. A Blichi
GKR 50 apparatus was used for the bulb-to-bulb distillations. Melt-
ing points were determined with a Biichi Melting Point B-540 ap-
paratus using samples in sealed glass capillaries. The 'H, "*C, °F,
and %°Si NMR spectra were recorded at 22°C on a Bruker DRX-300
("H, 300.1 MHz; *C, 75.5 MHz; *Si, 59.6 MHz), a Bruker Avance 400
("H, 400.1 MHz; *C, 100.6 MHz; '°F, 376.5 MHz; *Si, 79.5 MHz), or a
Bruker Avance 500 NMR spectrometer ('H, 500.1 MHz; 'C,
125.8 MHz; »Si, 99.4 MHz). C,D¢, CDCl,, or [Dg]DMSO were used as
the solvent. Chemical shifts (9, ppm) were determined relative to
internal C,HDs ['H: 0=7.28 ppm (C¢Dy)], CsDg [°C: 6 =128.0 ppm
(CDg)l, CHCl; ['H: 6=7.24 ppm (CDCl,)], CDCl; [P*C: 6=77.0 ppm
(CDCly)], [DJDMSO ['H: 6=2.49 ppm (ID,]DMSO), [DIDMSO ["*C:
0=39.5 ppm ([DJDMSO), external CFCl; ["F: 0=0ppm (CiD
CDCl,, [DgIDMSO)], or external TMS [*Si: 6 =0 ppm (C4sDs, CDCls,
[DJDMSO)]. Analysis and assignment of the 'H NMR data was sup-
ported by 'H,'H gradient-selected COSY, *C,'H gradient-selected
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HMQC and gradient-selected HMBC, and *°Si,'H gradient-selected
HMQC (optimized for %, =7 Hz). Assignment of the *C NMR data
was supported by DEPT 135 and the aforementioned *C,'H corre-
lation experiments.

4-(4-Chlorophenyl)-4-hydroxy-1-[4-oxo0-4-(4-fluorophenyl)butyll-
4-silapiperidinium chloride (1b-HCl): A solution of 9 (860 mg,
1.47 mmol) and 2m aqueous solution of HCI (2.50 mL, 5.00 mmol
of HCl) in acetone (10 mL) was heated under reflux for 3 h and
thereafter stirred for a further 16 h at 20°C. The reaction mixture
was then added dropwise to Et,0 (60 mL), the resulting mixture
was stirred for 10 min, and the precipitate was separated from the
solution by centrifugation. The solid product was further purified
through resuspension in Et,0 (25 mL), followed by centrifugation
and drying in vacuo (0.01 mbar, 40°C, 2 h) to give analytically pure
1b-HCl in 71% vyield as a colorless solid (444 mg, 1.04 mmol). The
product may be recrystallized from 2-propanol/H,0 [1.5:1 (v/v)] to
afford 1b-HCl as a colorless crystalline solid in 59% yield; mp:
165°C; 'H NMR (500.1 MHz, [D,]JDMSO; data for two conformers):
0=1.01-1.10, 1.24-1.37, and 1.51-1.63 (m, 4H; SiCH,CH,N), 1.96—
2.14 (m, 2H; NCH,CH,CH,C), 3.06-3.45 and 3.52-3.70 (m, 8H;
SiCH,CH,N, NCH,CH,CH,C), 6.83 and 6.84 (s, 1H; SiOH), 7.31-7.41
(m, 2H; H-3/H-5, CCH,F), 7.43-7.53 (m, 2H; H-3/H-5, SiCcH,CI),
7.64-7.73 (m, 2H; H-2/H-6, SiC;H,Cl), 8.01-8.11 (m, 2H; H-2/H-6,
CC¢H,F), 10.7 and 10.9 ppm (brs, TH; NH); *CNMR (125.8 MHz,
[DgIDMSO; data for two conformers, the dominating conformer
marked with an asterisk, except for those signals that could not be
resolved): 6=9.5 and 11.7% (SiCH,CH,N), 17.9%* and 18.2
(NCH,CH,CH,C), 35.1 and 35.3* (NCH,CH,CH,C), 50.5 and 51.6*
(SiCH,CH,N), 51.9 and 55.6% (NCH,CH,CH,C), 115.7 (d, Je=21.8 Hz,
C-3/C-5, CC¢H,F), 127.95% and 128.01 (C-3/C-5, SiC¢H,Cl), 130.85 and
130.88% (d, *Jes = 9.6 Hz, C-2/C-6, CC;H,F), 133.2 (d, “Jer =2.6 Hz, C-1,
CCH,F), 134.1 and 134.4* (C-1, SiCH,Cl), 135.27* and 135.34 (C-4,
SiCeH,Cl), 135.5* and 135.6 (C-2/C-6, SiCeH,Cl), 165.0 (d, Je=
251.7 Hz, C-4, CCH,F), 197.3 ppm (C=0); FNMR (376.5 MHz,
[Dg]DMSO; data for two conformers, the dominating conformer
marked with an asterisk): d = —105.97* and —105.96 ppm; *Si NMR
(99.4 MHz, [D,]DMSO; data for two conformers, the dominating
conformer marked with an asterisk): 6 =—10.9* and —10.6 ppm; el-
emental analysis calcd (%) for C,H,,ClL,FNO,Si (428.4): C 56.07, H
5.65, N 3.27; found: C 55.8, H 5.6, N 3.1.

Tetramethoxysilane (2): This compound is commercially available
(Sigma-Aldrich, Steinheim, Germany).

Trimethoxy(2,4,6-trimethoxyphenyl)silane (3): A 2.5m solution of
n-butyllithium in hexanes (125 mL, 313 mmol of nBuli) was added
dropwise at 20 °C within 60 min to a stirred solution of 1,3,5-trime-
thoxybenzene (50.8 g, 302 mmol) in a mixture of 1,2-bis(dimethyla-
mino)ethane (TMEDA; 37.0 g, 318 mmol) and n-hexane (150 mL).
The resulting suspension of (2,4,6-trimethoxyphenyl)lithium was
stirred at 20°C for a further 16 h and then added dropwise at 0°C
within 90 min to a stirred solution of 2 (46.4 g, 305 mmol) in Et,0
(150 mL). The reaction mixture was then stirred for 30 min at 0°C
and thereafter for 16 h at 20°C. The precipitate was removed by fil-
tration through a glass frit and washed with Et,0 (8 x50 mL). The
filtrate and wash solutions were combined, and the solvents were
removed under reduced pressure. The resulting oily residue was
purified by fractional distillation (bp: 145-149°C at 0.01 mbar) to
give 3 in 61% yield as a colorless viscous liquid (53.0 g, 184 mmol)
that solidified after being left undisturbed for five days at 20°C to
give a colorless crystalline solid; mp: 32°C; 'H NMR (400.1 MHz,
CDCly): =3.57 (s, 9H; SIOCHs), 3.78 (s, 6H; 0-OCHs, SiCeH,(OCH,)s),
3.80 (s, 3H; p-OCH,, SiCH,(OCH,);), 6.07 ppm (s, 2H; H-3/H-5,
SiC¢H,(OCH;,),); *C NMR (100.6 MHz, CDCl,): 6 =50.7 (SiOCH,), 55.2
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(p-OCH;, SiC4H,(OCH,)s), 55.7 (0-OCH;, SiC¢H,(OCH;)3), 90.4 (C-3/C-5,
SiC4H,(OCHs)5), 97.1 (C-1, SiC4H,(OCHs);), 164.4 (C-4, SiCH,(OCH,)5),
167.2 ppm (C-2/C-6, SiC¢H,(OCH,)5); *Si NMR (79.5 MHz, CDCl,): 6 =
—53.5 ppm; elemental analysis calcd (%) for Cy,H,,06Si (288.4): C
49.98, H 6.99; found: C 49.9, H 6.7.

(4-Chlorophenyl)dimethoxy(2,4,6-trimethoxyphenyl)silane (4): A
solution of (4-chlorophenyl)magnesium bromide prepared from 1-
bromo-4-chlorobenzene (16.6 g, 86.7 mmol) and magnesium turn-
ings (2.15 g, 88.5 mmol) in Et,0 (100 mL) was added dropwise at
0°C within 2 h to a stirred solution of 3 (25.0 g, 86.7 mmol) in Et,0
(150 mL). After the addition was complete, the reaction mixture
was allowed to warm to 20°C and stirred at this temperature for a
further 16 h. The precipitate was then removed by filtration
through a glass frit and washed with Et,0 (3x 100 mL). The filtrate
and the wash solutions were combined, and the solvents were re-
moved under reduced pressure. The resulting oily residue was pu-
rified by fractional distillation (Vigreux column; bp: 171-178°C at
0.01 mbar) to give 4 in 29% yield" as a colorless viscous liquid
(9.23 g, 25.0 mmol). 'HNMR (300.1 MHz, CDCl,): 6=3.59 (s, 6H;
SiOCH,), 3.65 (s, 6H; 0-OCH,, SiCH,(OCH,),), 3.81 (s, 3H; p-OCH,,
SiCgH,(OCHy)3), 6.07 (s, 2H; H-3/H-5, SiCcH,(OCH,),), 7.25-7.31 (m,
2H; H-3/H-5, SiCH,Cl), 7.50-7.57 ppm (m, 2H; H-2/H-6, SiCsH,Cl);
3CNMR (75.5 MHz, CDCly): 6=51.0 (SiOCH,), 55.2 (p-OCH;, SiC(H,-
(OCH;)3), 55.5 (0-OCH;, SiC¢H,(OCH;)3), 90.6 (C-3/C-5, SiCeH,(OCH;);),
99.0 (C-1, SiCgH,(OCH,)s), 127.5 (C-3/C-5, SiCgH,CI), 1344 (C-1,
SiCeH,CI), 135.4 (C-4, SiC,H,CI), 135.5 (C-2/C-6, SiC;H,Cl), 164.6 (C-4,
SiCeH,(OCH,);), 167.2 ppm  (C-2/C-6, SiC¢H,(OCH,),); *Si NMR
(59.6 MHz, CDCl,): 6 =—28.9 ppm; elemental analysis calcd (%) for
C,7H,,CIOsSi (368.9): C 55.35, H 5.74; found: C 55.3, H 5.7.

(4-Chlorophenyl)(2,4,6-trimethoxyphenyl)divinylsilane (5). Meth-
odA: A solution of vinylmagnesium chloride (15wt%, d=
0.97 gmL™"; 33.0mL, 55.3 mmol of CH,=CHMgCl) in THF was
added dropwise at 20°C within 20 min to a stirred solution of 4
(9.20 g, 24.9 mmol) in THF (50 mL). After the addition was com-
plete, the reaction mixture was heated under reflux for 30 min. The
mixture was then allowed to cool to 20°C and was subsequently
treated with H,0 (50 mL). The aqueous layer was separated, diluted
with H,O (150 mL), and washed with Et,0 (3x 100 mL). The organic
layer and wash solutions were combined, washed with H,O
(50 mL), and dried over anhydrous Na,SO,. The organic solvents
were removed under reduced pressure, leaving an oily residue that
was purified by bulb-to-bulb distillation (150-155°C at 0.01 mbar).
The resulting solid was recrystallized from n-hexane at —20°C to
give 5 in 63% vyield as a colorless crystalline solid (5.62g,
15.6 mmol); mp: 56°C; 'H NMR (300.1 MHz, C4D): =325 (s, 6H;
0-OCH,, SiCeH,(OCH,),), 3.46 (s, 3H; p-OCH,, SiC,H,(OCH,);), 5.96
(04), 6.28 (Oy), and 6.94 (Oy) (6H, CHy=CHuHy, *Jax =203 Hz, *Jyy=
3.8 Hz, =144 Hz), 6.13 (s, 2H; H-3/H-5, SiC;H,(OCH,);), 7.31-
7.37 (m, 2H; H-3/H-5, SiC{H,Cl), 7.63-7.68 ppm (m, 2H; H-2/H-6,
SiCgH,Cl); *C NMR (75.5 MHz, C,Dg): 6 =54.7 (0-OCH; and p-OCH;,
SiCH,(OCH,),), 91.3 (C-3/C-5, SiC,H,(OCH,);), 101.2 (C-1, SiCeH,-
(OCH,)5), 127.9 (C-3/C-5, SiCH,Cl), 133.2 (SiICH=CH,), 135.1 (C-1,
SiCH,Cl), 136.2 (C-4, SICH,CI), 136.8 (C-2/C-6, SiCH,Cl), 137.3
(SICH=CH,), 164.8 (C-4, SiCH,(OCH,);), 167.2 ppm (C-2/C-6, SiC;H,-
(OCH,);); #Si NMR (59.6 MHz, CDy): 0=—23.9 ppm; elemental
analysis calcd (%) for C,4H,,ClO;Si (360.9): C 63.23, H 5.86; found: C
63.1, H 5.9.

Method B: A 2.5m solution of n-butyllithium in hexanes (121 mL,
303 mmol of nBuLi) was added dropwise at 20 °C within 60 min to
a stirred solution of 1,3,5-trimethoxybenzene (50.0 g, 297 mmol) in
a mixture of TMEDA (35.2 g, 303 mmol) and n-hexane (150 mL).
The resulting suspension of (2,4,6-trimethoxyphenyl)lithium was
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stirred at 20°C for a further 3 h and then added dropwise at 0°C
within 100 min to a stirred solution of 2 (45.3 g, 298 mmol) in Et,0
(150 mL). The reaction mixture was then stirred for a further
60 min at 0°C and thereafter for 16 h at 20°C. The precipitate was
removed by filtration through a glass frit and washed with Et,0
(4%x100 mL). The filtrate and wash solutions were combined, and
the solvents were removed under reduced pressure to give a vis-
cous liquid (79.5 g), which was dissolved in Et,0O (500 mL). A solu-
tion of (4-chlorophenyl)magnesium bromide prepared from 1-
bromo-4-chlorobenzene (51.7 g, 270 mmol) and magnesium turn-
ings (6.90 g, 284 mmol) in Et,0 (300 mL) was then added dropwise
within 2 h at 0°C to this solution. After the addition was complete,
the reaction mixture was allowed to warm to 20°C and stirred for
a further 16 h. The precipitate was then removed by filtration
through a glass frit and washed with Et,0 (3300 mL). The filtrate
and wash solutions were combined and concentrated under re-
duced pressure to a volume of ca. 500 mL. A solution of vinylmag-
nesium chloride (15wt%, d=0.97 gmL™"; 370 mL, 620 mmol of
CH,=CHMgCl) in THF was then added dropwise at 20°C within 2 h
to this solution. After the addition was complete, the reaction mix-
ture was heated under reflux for 3 h. The mixture was then al-
lowed to cool to 20°C and subsequently treated with H,O
(800 mL). The organic layer was separated and the aqueous layer
washed with Et,0 (3x500 mL). The organic layer and wash solu-
tions were combined, dried over anhydrous Na,SO,, and concen-
trated under reduced pressure. The resulting oily residue was puri-
fied by bulb-to-bulb distillation (140-170°C at 0.01 mbar) to give a
crystalline solid that was recrystallized from n-hexane at —20°C to
afford 5 in 34% overall yield as a colorless crystalline solid (33.4 g,
92.5 mmol); mp: 56 °C. The NMR data of the product were identical
to those obtained for the product prepared by method A; elemen-
tal analysis calcd (%) for C,oH,,ClO5Si (360.9): C 63.23, H 5.86;
found: C 63.1, H 5.8.

(4-Chlorophenyl)bis(2-hydroxyethyl)(2,4,6-trimethoxyphenyl)-
silane (6): A solution of 9-borabicyclo[3.3.1Inonane (based on the
9-BBN dimer; 8.81 g, 36.1 mmol) and 5 (11.3 g, 31.3 mmol) in THF
(220 mL) was stirred for 16 h at 20°C. The reaction mixture was
subsequently treated with H,0O (15.0 mL) and then with an aque-
ous solution of NaOH (3 M, 34.0 mL) at 20°C. An aqueous solution
of H,0, (30wt%, 34.0 mL) was then added dropwise within 15 min
at 0°C, after which the solution was heated under reflux for 2 h.
After the reaction mixture had cooled to 20°C, H,O was added
(150 mL), the organic layer was separated, and the aqueous layer
was washed with CH,Cl, (4x 100 mL). The organic layer and wash
solutions were combined and dried over anhydrous Na,SO,, and
the organic solvents were removed under reduced pressure. The
byproduct, cyclooctane-1,5-diol, was separated from the crude
product by bulb-to-bulb distillation (150°C at 0.01 mbar), and the
residue was then crystallized from n-hexane/EtOAc/EtOH [5:2:1 (v/
v/v)] using 5 mL solvent per 1g crude product by slow cooling
from reflux temperature to —20°C to give 6 in 69% yield as a col-
orless crystalline solid (8.54 g, 21.5 mmol); mp: 114°C; 'H NMR
(300.1 MHz, C,Dy): 6=1.62-1.85 (m, 6H; SiCH,CH,OH), 3.19 (s, 6H;
0-OCH,, SiC4H,(OCHs),), 3.45 (s, 3H; p-OCH,, SiC4H,(OCH,),), 3.82—
3.97 (m, 4H, SiCH,CH,0), 6.08 (s, 2H; H-3/H-5, SiC,H,(OCHs),), 7.30-
7.36 (m, 2H; H-3/H-5, SiCH,Cl), 7.46-7.52 ppm (m, 2H; H-2/H-6,
SiC¢H,Cl); *C NMR (75.5 MHz, C,Dy): 6=20.8 (SiCH,CH,0), 54.6 (o-
OCH; and p-OCH;, SiC4H,(OCH;);), 60.0 (SiCH,CH,0), 91.2 (C-3/C-5,
SiCgH,(OCH,);), 101.2 (C-1, SiCgH,(OCH,),), 127.9 (C-3/C-5, SiCH,C),
134.7 (C-1, SiCeH,Cl), 135.6 (C-2/C-6, SiCcH,CI), 138.3 (C-4, SiC,H,Cl),
164.6 (C-4, SiC4H,(OCH.);), 167.0 ppm (C-2/C-6, SiCeH,(OCH,),); Si
NMR (59.6 MHz, C,D¢): 6 =—11.6 ppm; elemental analysis calcd (%)
for Cy4H,5ClOSSi (396.9): C 57.49, H 6.35; found: C 57.4, H 6.2.
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(4-Chlorophenyl)bis(2-iodoethyl)(2,4,6-trimethoxyphenyl)silane
(7): A solution of methanesulfonyl chloride (3.66 g, 32.0 mmol) in
CH,Cl, (60 mL) was added dropwise at 20°C (water bath cooling)
within 30 min to a stirred solution of 6 (6.00 g, 15.1 mmol) and trie-
thylamine (TEA; 15.4 g, 152 mmol) in CH,Cl, (60 mL). After the ad-
dition was complete, the reaction mixture was stirred for a further
3 h at 20°C. n-Pentane (150 mL) was subsequently added, and the
precipitate was removed by filtration through a glass frit, washed
with Et,0 (2x20 mL), and then discarded. The filtrate and wash sol-
utions were combined, and the solvents were removed under re-
duced pressure. The resulting oily residue was dissolved in acetone
(150 mL), and Nal (23.4 g, 156 mmol) was added in a single portion
at 20°C under exclusion of light. The reaction mixture was stirred
for 1 h at 20°C, n-hexane (60 mL) was added, and the mixture was
stirred for an additional 16 h at 20°C under exclusion of light. The
solvents were subsequently removed under reduced pressure, and
the resulting residue was treated with n-hexane (300 mL) and H,0O
(400 mL). The organic layer was separated, and the aqueous layer
was washed with n-hexane (4x200 mL). The organic layer and
wash solutions were combined and dried over anhydrous Na,SO,,
and the solvent was removed under reduced pressure. The residue
was redissolved in n-hexane (200 mL), activated charcoal (1.00 g)
was added, and the stirred mixture was heated at 50 °C for 30 min.
The mixture was then allowed to cool to 20°C, was filtered, and
was finally cooled to —20°C for 16 h under exclusion of light. The
upper organic layer was separated with a syringe and discarded,
and the liquid that had separated was freed of solvent in vacuo
(0.01 mbar, 40°C, 3 h) under exclusion of light to give 7 in 81%
yield as a colorless and highly viscous liquid (7.52 g, 12.2 mmol).
"H NMR (300.1 MHz, C¢Dy): 6 =1.89-2.08 (m, 4H; SiCH,CH,l), 3.18 (s,
6H; 0-OCH,, SiC4H,(OCH;);), 3.20-3.38 (m, 4H; SiCH,CH,l), 3.43 (s,
3H; p-OCH,, SiCcH,(OCH,);), 6.00 (s, 2H; H-3/H-5, SiCH,(OCH,),),
7.05-7.11 (m, 2H; H-2/H-6, SiC¢H,Cl), 7.19-7.25 ppm (m, 2H; H-3/H-
5, SiCH,C; CNMR (75.5 MHz, CDy): 6=3.0 (SiCH,CH,l), 24.4
(SiCH,CH,l), 54.8 (0-OCH; and p-OCH,, SiC4H,(OCH,),), 91.0 (C-3/C-5,
SiCeH,(OCHs);), 97.9 (C-1, SiCeH,(OCH,);), 128.3 (C-3/C-5, SiCeH,C),
134.9 (C-1, SiCH,CI), 135.2 (C-2/C-6, SiC,H,CI), 135.5 (C-4, SiCH,CI),
165.1 (C-4, SiC¢H,(OCH,);), 167.0 ppm (C-2/C-6, SiCH,(OCH,);); 2°Si
NMR (59.6 MHz, C,D¢): 0 =—10.2 ppm; elemental analysis calcd (%)
for C,oH,;ClI,0,Si (616.7): C 37.00, H 3.76; found: C 37.5, H 4.5.%
3-[2-(4-Fluorophenyl)-1,3-dioxolan-2-yl]propylamine  (8): This
compound was synthesized according to reference [12].

4-(4-Chlorophenyl)-1-{3-[2-(4-fluorophenyl)-1,3-dioxolan-2-yl]-

propyl}-4-(2,4,6-trimethoxyphenyl)-4-silapiperidine  (9): Com-
pound 8 (2.30 g, 10.2 mmol) was added to a stirred solution of 7
(6.00 g, 9.73 mmol) and TEA (2.96 g, 29.3 mmol) in CH;CN (100 mL)
at 20°C. The reaction mixture was heated at 75°C for 3 h and sub-
sequently stirred at 20°C for 16 h. The solvent and the excess TEA
were then removed under reduced pressure, and the oily residue
was treated with CH,Cl, (100 mL) and H,O (150 mL). The organic
layer was separated, and the aqueous layer was washed with
CH,Cl, (2x100 mL). The organic layer and the wash solutions were
combined and dried over anhydrous Na,SO,, and the solvent was
removed under reduced pressure. The resulting oily residue was
purified by column chromatography on Al,O; (neutral, Type 507C,
Brockmann |, 150 mesh, 58 A; Aldrich cat. No. 199974; deactivated
with 6wt % H,0) using a mixture of n-hexane/EtOAc [7:3 (v/v)] and
1% TEA as the eluent (product R;=0.4). The relevant fractions
were combined, and the solvents were removed under reduced
pressure. The residue was dissolved in n-hexane (40 mL) at reflux,
and the resulting solution was subsequently cooled to —20°C for
16 h. The upper organic layer was then separated with a syringe
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and discarded, and the liquid that had separated was freed of sol-
vent in vacuo (0.01 mbar, 70°C, 3 h) to give 9 in 50% yield as a col-
orless and highly viscous liquid (2.86g, 4.88 mmol). 'H NMR
(400.1 MHz, C,Dy): 6=1.61-1.71 and 1.74-1.84 (m, 4H; SiCH,CH,N),
1.85-1.95 (m, 2H; NCH,CH,CH,C), 2.18-2.27 (m, 2H; NCH,CH,CH,Q),
2.51 (t, Yuy=7.0 Hz, 2H; NCH,CH,CH,C), 2.76-2.87 and 3.06-3.16
(m, 4H; SICH,CH,N), 3.29 (s, 6H; 0-OCHs, SiC4H,(OCH,);), 3.41-3.50
(m, 5H; p-OCH,, SiC4H,(OCH;);, and CH,0C), 3.61-3.71 (m, 2H;
CH,0C), 6.09 (s, 2H; H-3/H-5, SiCsH,(OCH,);), 6.89-6.97 (m, 2H; H-3/
H-5, CCeH,F), 7.31-7.37 (m, 2H; H-3/H-5, SiC¢H,Cl), 7.48-7.55 (m,
2H; H-2/H-6, CC,H,F), 7.66-7.73 ppm (m, 2H; H-2/H-6, SiCsH,Cl);

BCNMR (1006 MHz, CD.: 0=148 (SiCH,CH,N), 225
(NCH,CH,CH,C), 39.0 (NCH,CH,CH,C), 53.4 (SiCH,CH,N), 54.66 (o-
OCH,,  SICH,(OCH,)), 5470 (p-OCHs,  SiCH,(OCH,)), 58.7

(NCH,CH,CH,C), 64.5 (CH,0C), 90.9 (C-3/C-5, SiC4H,(OCH,);), 102.5
(C-1, SiC4H,(OCHs)5), 110.5 (CH,0C), 115.0 (d, Yer=21.3 Hz, C-3/C-5,
CCeH,F), 128.1 (d, *Js=8.4Hz, C-2/C-6, CC¢H,F), 1283 (C-3/C-5,
SiCgH,Cl), 135.0 (C-1, SiC,H,Cl), 136.3 (C-2/C-6, SiCsH,Cl), 137.8 (C-4,
SiCeH,Cl), 1396 (d, “Js=3.0Hz, C-1, CCH,F), 162.8 (d, "Js=
245.0 Hz, C-4, CC¢H,F), 164.4 (C-4, SiC¢H,(OCH,),), 167.0 ppm (C-2/C-
6, SiC4H,(OCH,)3); "F NMR (376.5 MHz, C,Dy): 6=—115.0 ppm; *Si
NMR (99.4 MHz, CD¢): 6 =—17.4 ppm; elemental analysis calcd (%)
for C5,H5,CIFNOSS (586.2): C 63.52, H 6.36, N 2.39; found: C 63.1, H
6.2, N 2.3.

Crystal structure analyses: Suitable single crystals of 5 were ob-
tained from a solution in n-pentane at 4°C, and single crystals of 6
were obtained by evaporation of a saturated solution in Et,0 at
20°C. The crystals were mounted in inert oil (perfluoroalkyl ether,
ABCR) on a glass fiber and then transferred to the cold nitrogen
gas stream of the diffractometer (Stoe IPDS; graphite-monochro-
mated Moy, radiation (A=0.71073 A)). The structures were solved
by direct methods.”” All non-hydrogen atoms were refined aniso-
tropically.?® A riding model was employed in the refinement of the
CH hydrogen atoms. The OH hydrogen atoms of 6 were localized
in difference Fourier syntheses and refined freely. For the results of
these studies, see the Supporting Information.

Receptor binding studies at hD,—hD; receptors

a) Materials: [*H]SCH23390 (66 Cimmol™") and [*Hlspiperone
(118 Cimmol™") were purchased from Nycomed Amersham (Buck-
inghamshire, UK). cDNA for the hD, and hDs; dopamine receptors
was kindly provided by Dr. D. Grandy (Portland, OR). A pcDNA
vector construct for hD,s (short form) receptors was a gift from Dr.
W. Sadée (San Francisco, CA). A pRc/CMV vector construct for hD,
receptors was kindly provided by Dr. P. Sokoloff (Paris, France). The
human D,, receptor stably expressed in CHO cells was kindly pro-
vided by Dr. van Tol (Toronto, Canada). Compounds 1a and 1b
were studied as hydrochlorides. All other reagents were supplied
by Sigma Chemicals (Taufkirchen, Germany) unless otherwise
stated.

b) Cell culture and transfection: HEK293 cells stably expressing
hD,, hD,, or hDs dopamine receptors®>® were grown in Dulbec-
co’s modified Eagle’s Medium Nutrient Mixture F-12 Ham (DMEM/
F-12 1:1 mixture) containing fetal bovine serum (FBS, 10%), strep-
tomycin (100 pgmL™"), penicillin G (100 UmL™"), L-glutamine
(5 mm), and active G-418 (200 pgmL™"). CHO cells stably expressing
hD,, dopamine receptors were grown in Ham F-12 medium sup-
plemented with FBS (10%), streptomycin (100 pgmL™"), penicillin G
(100 UmL™"), L-glutamine (1 mm), and active G-418 (200 pgmL™").
Cells were incubated at 37°C in a humidified atmosphere under
5% CO,. HEK293 cells stably expressing hD; dopamine receptors
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were generated by transfecting the coding plasmid for hD; using
polyfect transfection reagent (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. Stably transfected clones were
selected using active G-418 (400 pgmL™").

c) Membrane preparations: Cells of confluent 145-mm tissue cul-
ture dishes (Greiner Bio-One, Frickenhausen, Germany) were har-
vested by scraping, resuspended in ice-cold Krebs-HEPES buffer
(118 mm NaCl, 4.7 mm KCl, 1.2 mm MgSO,, 1.2 mm KH,PO,, 4.2 mm
NaHCO,, 11.7 mm p-glucose, 1.3 mm CaCl,, 10 mm HEPES, pH 7.4),
and disrupted using a Polytron homogenizer on ice (Kinematica
AG, Basel, Switzerland). After centrifugation at 40000g at 2°C, the
supernatant was discarded, and the pellet was washed twice with
ice-cold Krebs-HEPES buffer. Eventually, the pellet was resuspended
in the appropriate binding buffer (see below) and stored in ali-
quots at —80°C until use for radioligand binding.

d) Radioligand binding assays: The equilibrium dissociation con-
stants Ky for [*H]SCH23390 (hD,, 1.93 nm; hDs, 1.50 nm) and for
[*Hlspiperone (hD,, 0.18 nm; hDs, 0.84 nm; hD,, 0.30 nm) were de-
termined in homologous competition binding experiments. The re-
ceptor densities of the respective dopamine receptor cell mem-
brane preparations (B, values: hD,, 3520 fmol (mg protein)'; hD,,
1641 fmol(mg protein)™"; hD;, 4060 fmol(mg protein)™'; hD,,
493 fmol(mg protein)~'; hDs, 1030 fmol(mg protein)™' were calcu-
lated using the DeBlasi equation.®” Competition binding experi-
ments with 1a and 1b were performed in total volumes of 1.1 mL
at 26°C for 2 h (D;-like receptors) or 3 h (D,-like receptors) with ca.
90 ug membrane protein in Krebs-HEPES buffer. For binding stud-
ies at hD,-like receptors, [PHISCH23390 was used at a final concen-
tration of 0.2 nm. At hD,-like receptors, [*H]spiperone was used at
a final concentration of 0.1 nm. Nonspecific binding was defined as
radioactivity bound in the presence of 1 um LE300 (D,-like recep-
tors) or 1 um haloperidol (D,-like receptors) and was less than 10%
of total binding. The assay was terminated by rapid filtration of
1 mL through polyethylenimine-pretreated (0.2 %) glass fiber filters
(Schleicher & Schuell, Dassel, Germany) followed by two washes
with ice-cold distilled water. After adding 5 mL ReadyProtein (Beck-
man, Krefeld, Germany) and an incubation period of at least 12 h,
radioactivity bound to the filters was quantified by liquid scintilla-
tion counting. The protein content of membrane preparations was
determined by the method of Bradford®” and bovine serum albu-
min (BSA) as the standard.

e) Data analysis: Binding data were analyzed by fitting the pooled
data from two experiments carried out in triplicate (except data for
hD, and hD;, which were generated from one experiment in tripli-
cate) to a four-parameter logistic equation using Prism software
3.0 (GraphPad Software; San Diego, CA, USA). Competition binding
experiments were fitted best to a one-site binding model. Nonspe-
cific binding was routinely subtracted. Inhibition constants K; from
radioligand binding competition experiments were calculated from
ICs, values using the Cheng-Prusoff equation:®*!

Ki = Icso/(1 + L/Kd) (1)

where 1Cs, is the molar concentration of the test compound at
half-maximum displacement of the radioligand, L is the molar con-
centration of the radioligand, and Kj is the equilibrium dissociation
constant of the radioligand. Data (data points in the figures and
numbers in the tables) are given as mean +SEM from two inde-
pendent experiments, each performed in triplicate unless other-
wise stated.
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Receptor binding studies at o, and o, receptors (modified ac-
cording to references [34] and [35])

a) Materials and general procedures: The guinea pig brains and
rat livers were commercially available (Harlan-Winkelmann, Borch-
en, Germany). Homogenizer: Elvehjem-Potter (B. Braun Biotech In-
ternational, Melsungen, Germany); centrifuge: high-speed cooling
centrifuge, model Sorvall RC-5C Plus (Thermo Scientific, Waltham,
MA, USA); filter: printed Filtermat Type B (PerkinElmer, Waltham,
MA, USA), presoaked in 0.5% aqueous polyethylenimine for 2 h at
room temperature before use. The filtration was carried out with a
MicroBeta FilterMate-96 harvester (PerkinElmer, Waltham, MA,
USA). The scintillation analysis was performed using a Meltilex
(Type A) solid scintillator (PerkinElmer, Waltham, MA, USA). The
solid scintillator was melted on the filtermat at a temperature of
95°C for 5 min. After solidification of the scintillator at room tem-
perature, the scintillation was measured using a MicroBeta Trilux
scintillation analyzer (PerkinElmer, Waltham, MA, USA). The count-
ing efficiency was 40 %.

b) Membrane preparation (¢, assay): Five guinea pig brains were
homogenized (Elvehjem-Potter, 500-800 rpm, 10 up-and-down
strokes) in six volumes of cold sucrose (0.32m). The suspension
was centrifuged at 1200g for 10 min at 4°C. The supernatant was
separated and centrifuged at 23500g for 20 min at 4°C. The pellet
was resuspended in 5-6 volumes of buffer (50 mm Tris, pH 7.4) and
centrifuged again at 23500g (20 min, 4°C). This procedure was re-
peated twice. The final pellet was resuspended in 5-6 volumes of
buffer, the protein concentration was determined according to the
method of Bradford®® using BSA as standard, and subsequently
the preparation was frozen (—80°C) in 1.5-mL portions containing
ca. 1.5 (mg protein)mL™".

c) Membrane preparation (o, assay): Two rat livers were cut into
smaller pieces and homogenized (Elvehjem-Potter, 500-800 rpm,
10 up-and-down strokes) in six volumes of cold sucrose (0.32m).
The suspension was centrifuged at 1200g for 10 min at 4°C. The
supernatant was separated and centrifuged at 31000g for 20 min
at 4°C. The pellet was resuspended in buffer (50 mm Tris, pH 8.0)
and incubated at room temperature for 30 min. After the incuba-
tion, the suspension was centrifuged again at 31000g for 20 min
at 4°C. The final pellet was resuspended in buffer, the protein con-
centration was determined according to the method of Bradford®?
using BSA as standard, and subsequently the preparation was
frozen (—80°C) in 1.5-mL portions containing ca. 2 (mg pro-
teinymL~".

d) Radioligand binding assay (g;). The test was performed with
the radioligand [PH](+)-pentazocine (42.5 Cimmol~', PerkinElmer,
Waltham, MA, USA). The thawed membrane preparation (ca. 75 ug
of the protein) was incubated with various concentrations of test
compound, [H](+)-pentazocine (2 nm), and buffer (50 mm Tris,
pH 7.4) in a total volume of 200 uL for 180 min at 37 °C. The incu-
bation was terminated by rapid filtration through the presoaked fil-
termats using a cell harvester. After washing each well with H,0
(5%300 pL), the filtermats were dried at 95°C. Subsequently, the
solid scintillator was placed on the filtermat and melted at 95°C.
After 5 min, the solid scintillator was allowed to solidify at room
temperature. The bound radioactivity trapped on the filters was
counted in the scintillation analyzer. The nonspecific binding was
determined with unlabeled (4)-pentazocine (10 um). The K, value
of the radioligand [°H](+)-pentazocine is 2.9 nm.""

e) Radioligand binding assay (6,). The test was performed with
the radioligand [Hlditolylguanidine (50 Cimmol™', ARC, St.Louis,
MO, USA). The thawed membrane preparation (ca. 100 pug of the
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protein) was incubated with various concentrations of test com-
pound, [Hlditolylguanidine (3 nm), (+)-pentazocine (500 nm), and
buffer (50 mm Tris, pH 8.0) in a total volume of 200 pL for 180 min
at room temperature. The incubation was terminated by rapid fil-
tration through the presoaked filtermats using a cell harvester.
After washing each well with H,0 (5x300 pL), the filtermats were
dried at 95°C. Subsequently, the solid scintillator was placed on
the filtermat and melted at 95 °C. After 5 min, the solid scintillator
was allowed to solidify at room temperature. The bound radioac-
tivity trapped on the filters was counted in the scintillation ana-
lyzer. The nonspecific binding was determined with unlabeled dito-
lylguanidine (10 um). The K, value of the radioligand
[*Hlditolylguanidine is 17.9 nm.B

f) Data analysis: All experiments were carried out in triplicate
using standard 96-well multiplates (Diagonal, Munster, Germany).
The IC;, values were determined in competition experiments with
six concentrations of the test compounds and were calculated
with the program GraphPad Prism 3.0 (GraphPad Software) by
nonlinear regression analysis. K; values were calculated according
to Cheng and Prusoff.”® Data (data points in the figures and num-
bers in the tables) are given as mean +SEM from three independ-
ent experiments.

Determination of physicochemical properties

a) Materials: Hank’s balanced saline solution (HBSS) and 2-[4-(2-hy-
droxyethyl)piperazinolethanesulfonic acid (HEPES) were purchased
from GIBCO (Carlsbad, CA, USA). The solvents used for the experi-
ments were of analytical grade, and the water used was obtained
from a water purification system (Elgastat Maxima, ELGA, Lane End,
UK). The HBSS buffer (pH 7.4) was prepared as follows: An aqueous
solution of HEPES (12.5mL, 1m) was added to 500 mL of HBSS,
and the pH was adjusted to pH 7.4 by titration with an aqueous
solution of NaOH (10 mm).

b) logD values: The logD values were obtained by determining
the capacity factor k: An Agilent 1100 HPLC system (Waldbronn,
Germany) was used to inject samples onto a reversed-phase LC
column (Waters XTerra Cyg 3.5 um, 100x2.1 mm). The outlet from
the LC column was connected to a Micromass LC-ToF mass spec-
trometer (Wythenshawe, UK) equipped with an electrospray inter-
face. The pumps were programmed to deliver the following gradi-
ent at a flow rate of 300 uLmin~' (mobile phase A, 5% CH;CN/95%
aqueous ammonium acetate solution (10 mm, pH 7.4); mobile
phase B, 95% CH;CN/5% aqueous ammonium acetate solution
(10 mMm, pH 7.4)): 100% A (2 min), linear gradient from 100% A to
100% B (2-17 min), 100% B (3 min). Standardized k' data were ob-
tained by calibrating against a set of compounds with precisely de-
termined k' values (warfarin, testosterone, metoprolol, propranolol,
felodipine). The logD values in octanol/water are also known for
these compounds, which allowed mapping of the results onto a
log D scale.

c) pKa values: The pK, values were obtained according to refer-
ence [37]. The method uses pressure-assisted capillary electropho-
resis (HPCE®, Agilent Technologies) coupled online with an ion
trap mass spectrometer (1100 series LC/MSD trap).

d) Solubility in HBSS buffer (pH 7.4): The liquid handling for the
solubility assay was automated in a 96-well format using a Multi-
probe Il HT EX robot (Packard, Meriden, CT, USA). The test sub-
strates (10 uL, 10 mm in DMSO) were diluted with 990 uL of HBSS
buffer (pH 7.4) and shaken at room temperature on a flat-bed
shaker. After a period of 16 h, samples of 400 uL were filtered
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through an 8x12 Whatman GF/B well filter (assisted by vacuum).
The filtered samples were analyzed on an Agilent 1100 HPLC
system (Waldbronn, Germany) with a diode array detector and cou-
pled to a Micromass LC-ToF mass spectrometer (Wythenshawe,
UK) equipped with an electrospray interface. The software used for
the evaluation of the data was QuanLynx (Waters). As standards for
the concentration estimations, samples with the same degree of
dilution were prepared, but with CH;CN instead of the buffer.

Determination of permeability in a human Caco-2 model

a) Materials: The Caco-2 cells were purchased from ATCC (Rock-
ville, MD, USA). HBSS and HEPES were purchased from GIBCO
(Carlsbad, CA, USA), and 2-morpholinoethanesulfonic acid (MES;
>99.5%) was purchased from Fluka (Buchs, Switzerland). The
water used in the experiments was obtained from a water purifica-
tion system (Elgastat Maxima, ELGA, Lane End, UK). HBSS buffer
(pH 6.5): MES (2.67 g, 13.7 mmol) was dissolved in 500 mL of HBSS,
and the pH was adjusted to pH 6.5 by titration with an aqueous
solution of NaOH (10 mm). HBSS buffer (pH 7.4): An aqueous solu-
tion of HEPES (12.5 mL, 1 ™M) was added to 500 mL HBSS, and the
pH was adjusted to pH 7.4 by titration with an aqueous solution of
NaOH (10 mm).

b) Assay: A monolayer of Caco-2 cells, cultured on semipermeable
polycarbonate surfaces in 24-transwell plates (Costar, Cambridge,
MA, USA), was used to study the permeability in the apical-to-ba-
solateral direction. The process was automated by a robotic Tecan
EVO platform (Mdnnerdorf, Switzerland). HBSS buffer (pH 7.4) was
dispensed to the basal side of the monolayer. The assay was initiat-
ed by adding the test substrate [10 um in HBSS buffer (pH 6.5)] to
the apical side of the monolayer. Samples were withdrawn before
the addition of the test substrate and at 45 and 120 min post-addi-
tion of the test substrate. During incubation the transwell plates
were placed in a shaking incubator at 37°C between sampling.
The quantitative LC-MS analysis procedure was identical to that
for the determination of the metabolic stability in liver microsomes
(see below). The peak areas were exported to Excel, with which
P, Vvalues and recoveries were calculated. By using 22 in-house
reference compounds, the correlation curve P,,, versus the fraction
of the oral dose absorbed (f,) was established. The apparent per-
meability, P,,,, was calculated using the following equation:

Papp = (V2/Co)(1/5)(dC/dt) ()

where P, is the apparent permeability, V, is the volume of
medium in the receiver chamber, C, is the concentration of the
test compound in the donor chamber, S is the surface area of the
monolayer, and dC/dt is the linear slope of the drug concentration
in the receptor chamber with time after correcting for dilution.

Determination of intrinsic clearance and half-lives in liver mi-
crosomes

a) Materials: Human liver microsomes as well as female rat liver
microsomes were prepared according to reference [38] and stored
as granulates at —78°C. Nicotinamide adenine dinucleotide phos-
phate (NADPH, reduced form, tetrasodium salt, 98%) was pur-
chased from Sigma Chemical Company (St.Louis, MO, USA). The
potassium phosphate buffer (pH 7.4) and CH;CN were of analytical
grade. The water used in the experiments was obtained from a
water purification system (Elgastat Maxima, ELGA, Lane End, UK).
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b) Assays: The metabolic stability in human and rat liver micro-
somes was tested by a substrate depletion method. The liquid
handling was automated in a 96-well format using a Tecan Genesis
Workstation 200 (Mannerdorf, Switzerland) equipped with a Tecan
GenMate 96 pipetting robot (Mannerdorf, Switzerland). A mixture
of microsomes (0.5 (mg protein) mL™"), potassium phosphate buffer
(93 mm, pH 7.4), and the test substrate (1 um) was prepared in the
96-well plates and incubated at 37 °C. The reaction was initiated by
addition of the cofactor NADPH (1 mm). Aliquots were withdrawn
from the incubation mixture at 0, 3, 7, 15, and 30 min, and the re-
action was terminated by precipitation of the proteins with 3.5
parts cold CH;CN. After centrifugation (20 min, 2900g), the super-
natant was diluted with an equal amount of H,0 and then ana-
lyzed by LC-MS. The LC system consisted of an Agilent 1100 pump
(Waldbronn, Germany) and a CTC HTS PAL injector (Zwingen, Swit-
zerland). A Waters Quattro Ultima triple quadrupole mass spec-
trometer (Wythenshawe, UK), equipped with an electrospray ion
source, was used for quantification by selected reaction monitor-
ing. The peaks in the chromatograms were integrated by Waters
QuanLynx software, and the peak areas were exported to Excel,
with which log[area] versus time [min] was plotted (XLfit). The rate
of compound disappearance over time was calculated from the
slope of the line (rate constant k). Both clearance values (CL;,) and
half-lives (t:,) were calculated from k.

Determination of CYP inhibition

a) Materials: A fluorescence-based method according to refer-
ence [39] in 96-well format was used to determine the inhibition of
five different CYPs (1A2, 2C9, 2D6, 3A4, and 2C19). Nicotinamide
adenine dinucleotide phosphate (NADPH, reduced form, tetrasodi-
um salt, 98%) was purchased from Sigma Chemical Co. (St.Louis,
MO, USA). The potassium phosphate buffer (pH 7.4) was of analyti-
cal grade. The water used in the experiments was obtained from a
water purification system (Elgastat Maxima, ELGA, Lane End, UK).
The recombinant human enzymes used were prepared in house,"”
except for CYP2D6, which was purchased from CYPEX. The follow-
ing coumarin substrates, biotransformed into fluorescent metabo-
lites, were used as probes for each individual CYP: CYP1A2, 3-
cyano-7-ethoxycoumarin [CEC] (Molecular Probes, Eugene, OR,
USA); CYP2C9 and CYP2C19, 7-methoxy-4-(trifluoromethyl)cou-
marin [MFC] (Sigma Chemical Co., St.Louis, MO, USA); CYP2D6, 7-
methoxy-4-(@minomethyl)coumarin [MAMC] (Gentest, Woburn, MA,
USA); and CYP3A4, 7-benzyloxy-4-(trifluoromethyl)coumarin [BFC]
(Gentest, Woburn, MA, USA). A fluorescence plate reader (Spectra-
Max GeminiXS, Molecular Devices, Sunnyvale, CA, USA) was used
to measure the levels of metabolites formed.

b) Assays: Dilution series of the test substrates were prepared at
eight different concentrations (for CYP1A2, CYP2C9, CYP2C19, and
CYP2D6: 20.0, 6.67, 2.22, 0.741, 0.247, 0.0823, 0.0274, and
0.00914 um; for CYP3 A4: 50.0, 16.7, 5.56, 1.85, 0.617, 0.206, 0.0686,
and 0.0229 pm). For each CYP, a mixture of the enzyme, the corre-
sponding coumarin substrate, potassium phosphate buffer
(pH 7.4), and H,0O (concentrations and volumes were CYP-depen-
dent) were added to each well in a black 96-well plate. The test
substrates at different concentrations were added. After 10 min
pre-incubation, the cofactor NADPH was added to initiate the reac-
tion. After 20-50 min (CYP- and substrate-dependent) the reaction
was terminated by the addition of 0.1m Tris base in 80% CH;CN/
20% H,0. The plates were transferred to the fluorescence plate
reader where the wavelengths were set individually for the differ-
ent coumarin substrates and their respective fluorescent metabo-
lite (CYP1A2, 3-cyano-7-hydroxycoumarin [CHC]; CYP2C9, CYP2C19,
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and  CYP3A4, 7-hydroxy-4-(trifluoromethyl)coumarin  [HFC];
CYP2D6, 7-hydroxy-4-(aminomethyl)coumarin  [HAMC]). The re-
sponses were exported to Excel, with which the ICs, curves (XLfit)
were plotted (percent inhibition versus concentration) and ICs,
values were calculated for each test substrate and enzyme. For fur-
ther experimental details of the CYP inhibition assays, see Table 8.
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Identification of the major in vitro metabolites of sila-haloper-
idol

The experimental setup for metabolite identification in human liver
microsomes was the same as for the determination of the meta-
bolic stability in liver microsomes, with the following modifications:
The test substrate concentration was 2um, and the reaction was
stopped by addition of cold CH;CN (1:1). A sample corresponding
to the half-life of the test compound, determined in the metabolic
stability assay, was selected for analysis. In addition, a blank
sample without test substrate was analyzed. The samples were an-
alyzed by ultra-performance liquid chromatography (Waters
ACQUITY UPLC, Milford, MA, USA) coupled to a Waters Quattro Pre-
mier ToF instrument (Wythenshawe, UK) equipped with an electro-
spray interface. The software used to process the data was Metab-
oLynx (Waters). Product ion spectra of major metabolites were ac-
quired to allow interpretation and structural assignments.

Supporting information available: Tables of atomic coordinates
and equivalent isotropic displacement parameters, anisotropic dis-
placement parameters, experimental details of the X-ray diffraction
studies, and bond lengths and angles for 5 and 6. This material is
available free of charge via the internet at http://www.chemmed
chem.org. In addition, crystallographic data (excluding structure
factors) for the structures reported in this paper have been depos-
ited with the Cambridge Crystallographic Data Centre as supple-
mentary publication nos. CCDC-661268 (5) and CCDC-661269 (6).
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_reques-
et.cif.
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