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Can Silicon Make an Excellent Drug Even Better? An in
vitro and in vivo Head-to-Head Comparison between
Loperamide and Its Silicon Analogue Sila-Loperamide

Marcel Geyer,” Eric Wellner,® Ulrik Jurva,”™ Sebastian Saloman,” Duncan Armstrong,"” and

Reinhold Tacke*™!

Loperamide (1a), an opioid receptor agonist, is in clinical use
as an antidiarrheal agent. Carbon/silicon exchange (sila-substi-
tution) at the 4-position of the piperidine ring of 1a (R;COH—
R;SiOH) leads to sila-loperamide (1b). Sila-loperamide was syn-
thesized in a multistep procedure, starting from triethoxyvinyl-
silane and taking advantage of the 4-methoxyphenyl (MOP)
unit as a protecting group for silicon. The in vitro and in vivo
pharmacokinetic (PK) and pharmacodynamic (PD) properties of
the C/Si analogues 1a and 1b were determined and compared.
Despite significant differences in the in vitro PK properties of
loperamide and sila-loperamide regarding clearance, permea-
bility, and efflux, both compounds exhibited nearly identical in
vivo PK profiles. The increase in metabolic stability of the sili-
con compound 1b observed in vitro seems to be counterbal-
anced by an increase in efflux and diminished permeability

Introduction

2,2-Diphenyl-4-(4-aryl-4-hydroxypiperidino)butyramides
developed as antidiarrheal agents in the early 1970s by Jans-
sen and co-workers, and loperamide (1a) was selected for fur-
ther clinical investigation."’ Today, loperamide is the most sold
over-the-counter antidiarrheal agent in the world, with a well-
known metabolic fate.

In context with our systematic studies on silicon-based
drugs,”¥ we sought to examine the biological effects of sila-
substitution (C/Si exchange) of the quaternary R;COH carbon
atom of the 4-(4-chlorophenyl)-4-hydroxypiperidino group of
1a. The carbon/silicon switch strategy, i.e., the strategic re-
placement of a carbon atom with a silicon atom within a well-
known drug, with the rest of the molecule remaining unal-
tered, is a well-established method for the design and devel-
opment of new silicon-based drugs.”* Incorporation of silicon

were
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compared to the parent carbon compound 1a. Overall, sila-lo-
peramide exhibits high unbound clearance (CL,), leading to
a significant decrease in unbound concentration (C,) and un-
bound area under the curve (AUC,) after oral exposure, com-
pared to loperamide. In vitro and in vivo metabolic studies
showed an altered profile of biotransformation for the silicon
compound 1b, leading to the formation of a more polar and
quickly cleared metabolite and preventing the formation of
the silicon analogue of the neurotoxic metabolite observed for
the parent carbon compound 1a. These differences can be cor-
related with the different chemical properties of the C/Si ana-
logues 1a and 1b. This study provides some of the most de-
tailed insights into the effects of a carbon/silicon switch and
how this carbon/silicon exchange affects overall drug proper-
ties.

into a drug can affect and, ideally, improve the pharmacody-
namics (PD) and pharmacokinetics (PK).

Herein we report the synthesis of sila-loperamide (1b) and
present a detailed comparison between the physicochemical
properties and the primary in vitro PD and PK properties of
the C/Si analogues 1a and 1b. We also report the profiling of
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primary safety aspects, such as CYP inhibition, time-dependent
CYP inhibition, CYP reaction phenotyping (CRP), and hERG in-
hibition. We also present an assessment of the impact of the
carbon/silicon switch on permeability, efflux, protein binding,
and reactive metabolite formation. Most importantly, we
report a head-to-head comparison of the in vivo PK and meta-
bolic profiles of the C/Si analogues 1a and 1b. This allows
unique insight into the behavior of a silicon-containing drug
and the translation of its in vitro properties into an in vivo sit-
uation.
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Results and Discussion

Synthesis

Sila-loperamide (1b) was synthesized in a multistep procedure,
starting from commercially available triethoxyvinylsilane (2)
and taking advantage of the 4-methoxyphenyl (MOP) unit as
a protecting group for silicon (Scheme 1). Thus, treatment of 2
with (4-chlorophenyl)magnesium bromide afforded (4-chloro-
phenyl)diethoxyvinylsilane (3), which upon sequential treat-
ment with (4-methoxyphenyl)magnesium bromide and vinyl-
magnesium chloride gave (4-chlorophenyl)(4-methoxyphenyl)-
divinylsilane (4). Reaction of 4 with 9-borabicyclo[3.3.1]nonane
(9-BBN)," followed by sequential treatment with aqueous solu-
tions of sodium hydroxide and hydrogen peroxide, yielded (4-
chlorophenyl)bis(2-hydroxyethyl)(4-methoxyphenyl)silane  (5).
Reaction of 5 with methanesulfonyl chloride, in the presence
of triethylamine, and subsequent treatment with a large excess
of allylamine afforded 1-allyl-4-(4-chlorophenyl)-4-(4-methoxy-
phenyl)-4-silapiperidine (6). Reaction of 6 with 1-chloroethyl
chloroformate,” followed by treatment with methanol, yielded
4-(4-chlorophenyl)-4-(4-methoxyphenyl)-4-silapiperidinium

chloride (7-HCl). Compound 7-HCl was then treated with dime-
thyl(tetrahydro-3,3-diphenyl-2-furylidene)ammonium bromide™®
(8) and sodium carbonate to give 4-(4-chlorophenyl)-1-(4-dime-
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thylamino-4-oxo-3,3-diphenylbutyl)-4-(4-methoxyphenyl)-4-sila-
piperidine (9). Treatment of 9 with trifluoromethanesulfonic
acid, followed by reaction with triethylammonium chloride
(cleavage of the 4-methoxyphenyl protecting group to give
the corresponding chlorosilane) and subsequent treatment
with methanol and triethylamine, gave 4-(4-chlorophenyl)-1-(4-
dimethylamino-4-oxo-3,3-diphenylbutyl)-4-methoxy-4-sila-
piperidine (10) as an intermediate (not further purified; identi-
fied by high-resolution mass spectrometry), which, upon hy-
drolysis, finally afforded the target compound 4-(4-chlorophen-
yl)-1-(4-dimethylamino-4-oxo-3,3-diphenylbutyl)-4-hydroxy-4-si-
lapiperidine (sila-loperamide, 1b).

Compounds 3, 4, and 6 were isolated as colorless liquids,
whereas 1b, 5, 7-HCl, and 9 were obtained as colorless solids.
The identities of all these compounds were established by ele-
mental analyses (3, 4, 5, 6, 7-HCI) or high-resolution mass spec-
trometry (1b, 9) and by NMR spectroscopic studies ('H, "C,
and %Si).

Physicochemical properties

Loperamide (1a) and sila-loperamide (1b) were studied 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 1, the re-
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Scheme 1. Synthesis of sila-loperamide (1b).
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Table 1. Physicochemical properties of 1a and 1b.

Compd log D pK,®! Solubility [pm]™
1a 3.53+0.03 9.12+0.1 19+3
1b 3.73+0.07 8.93+0.26 30+9

[a] Determined at pH 7.4; values represent the mean+SEM (n=3).
[b] Values represent the mean +SEM (1a: n=3; 1b: n=4). [c] Determined
in HBSS buffer (pH 7.4); values represent the mean +SEM (1a: n=3; 1b:
n=>5).

spective data for the C/Si analogues 1a and 1b are each within
the same range, indicating that the carbon/silicon switch has
no major impact on the physicochemical properties. Both com-
pounds are protonated at ~97% at pH 7.4, as shown by their
pK, values.

In vitro pharmacology

The binding affinities and functional effects of loperamide (1a)
and sila-loperamide (1b) at the human p1 opioid receptor and
rat k1 opioid receptor were investigated. Binding affinities and
agonistic potencies are listed in Table 2. Loperamide is report-

Table 2. Binding affinity (pK) and agonistic potency (pECs,) of 1a and 1b
at the human p1 opioid receptor (W1OPR) and rat k1 opioid receptor
(k10PR).

Compd u10PRE*! K10PR9
pKi PECs, pKi PECs,

1a 9.91+0.17 10.19+0.15 7.19+0.09 746 +0.26
(0.12 nm) (0.06 nm) (65 nm) (35 nm)

1b 9.27 +£0.09 8.964+0.32 6.44+0.06 6.294+0.23
(0.53 nm) (1.1 nm) (364 nm) (517 nm)

[a] Molar values are given in parentheses. [b] Values represent the
mean £ SD (n=3). [c] Values represent the mean+SD (n=4).

ed to have a K; value of 3.3 nm for the human p opioid recep-
tor.” In our p1 opioid receptor affinity binding assay, lopera-
mide was much more potent (K;=0.12 nm). Sila-loperamide
was found to be fourfold less potent (K;=0.53 nm) than lopera-
mide. The competition binding and functional dose-response
curves of compounds 1a and 1b for the human p1 opioid re-
ceptor are shown in Figure 1. Both 1a and 1b were found to
be full agonists at the u1 opioid receptor, as can be seen from
Figure 1 A. However, the potency shift in this functional assay
was more pronounced for sila-loperamide (ECso=1.1 nm),
whereas the potency of the parent carbon compound lopera-
mide was in the low picomolar range (EC5,=60 pm). The po-
tency increase in the efficacy assay might result from overex-
pression of the receptor in CHO cells, resulting in a large re-
ceptor reserve.® In context with our assay, the decreased po-
tency of 1b indicates that the silicon analogue is less effective
in activating the receptor than the parent carbon compound
1a.
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Figure 1. A) Dose-response curves of 1a and 1b at the human p1 opioid re-
ceptor in a cell-based functional assay. B) Competition binding curves of
compounds 1a and 1b at the human p1 opioid receptor. The stronger left
shift of the curve of 1a relative to that of 1b in the agonistic efficacy assay
might result from a more effective engagement of the receptor reserve by
loperamide than by sila-loperamide.

Affinity and functional potency of 1a and 1b at the rat «1
opioid receptor show a trend similar to that observed for the
human p1 opioid receptor system studied.

hERG activity

The inhibitory effect of loperamide (1a) and sila-loperamide
(1b) at the hERG potassium ion channel was tested to assess
the risk of QT interval prolongation.”” Loperamide showed no
inhibitory effect at the test concentration of 11 um in the hERG
spot test. In the same spot test, sila-loperamide had an inhibi-
tory effect of 83%, and therefore the IC;, of 1b was deter-
mined. The silicon compound 1b blocked the potassium chan-
nel with a mean IC;, value of 3.64 um. This is ~6700-fold
higher than the ECs, value of 1b at the human p1 opioid re-
ceptor.

Apparent permeability in human Caco-2 and MDCK-MDR1
cells

Loperamide (1a) is a peripherally acting drug,'” and in vitro
and in vivo studies have shown that it is subject to P-glycopro-
tein (P-gp)-mediated efflux. The poor permeability and efflux
might limit the uptake of loperamide,™ resulting in low oral
bioavailability.

To obtain information about their apparent permeability
(P,p), loperamide (1a) and sila-loperamide (1b) were studied in
a human Caco-2 cell model (Table 3). For the apical-to-basolat-
eral (A—B) transport, the apparent permeability was moderate
for 1a (P,,,=2.57x10"°cms™") and low for 1b (P,,,=0.63%

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Apparent permeability (P,,,) and efflux ratio (ER) of 1a and 1b in
human Caco-2 and MDCK-MDRT1 cells.

Compd Cells Popp [10°cms™] ER  Recovery [%]"
A—B B—A

1a Caco-2" 2.57+0.08 13.8+038 5 50 <x <66

1b Caco-2" 0.634+0.02 7.724+044 12 30<x<47

1a MDCK-MDR1®  0.89 1.2 13 40<x<66

1b MDCK-MDR1®'  0.34 5.57 34 20<x<38

[a] Values represent the mean 4 SD (n=3). [b] Values represent the mean
(n=2). [c] Values represent the range for the A—B and B—A recovery.

10°cms™). The efflux ratio ([P,,, A—Bl/[P,,,B—A]) was high
for both compounds (ratio: 5 for 1a and 12 for 1b). Results
from the MDCK-MDR1 cell line confirmed that both com-
pounds are substrates for P-gp-mediated efflux (ratio: 13 for
1a and 34 for 1b). The A—B permeability in this cell line was
low for both compounds. Overall, these data suggest that the
oral bioavailability of loperamide and sila-loperamide might be
limited due to their 1)low permeability and 2) high efflux
ratio.'”” The Caco-2 data indicate an even more pronounced
permeability limitation for the silicon compound 1b, which
could translate into improved safety margins for sila-lopera-
mide and decreased partition into the central nervous system
(CNS). The recovery in Caco-2 and MDCK-MDR1 cells for both
A—B and B—A transport is generally low, indicating metabo-
lism of 1a and 1b within these cells or adsorption of the com-
pounds. Regarding the moderate intrinsic clearance of 1a and
1b in human hepatocytes (see below), adsorption of the com-
pounds at the surface is the more probable cause for the low
recovery rate.

Intrinsic clearance and half-life in human and rat hepato-
cytes and human liver microsomes

The clearance rates of loperamide (1a) and sila-loperamide
(1b) were measured in human liver microsomes (Table 4). Al-
though the microsome fractions contain many drug-metaboliz-
ing enzymes such as cytochrome P450s (CYPs), flavin monoox-
ygenases, carboxylesterases, and epoxide hydrolases, they do
not allow assessment of the possibility of phase Il biotransfor-
mation. Therefore, to assess the potential impact of phase I
metabolism, we also measured the metabolic stability of the
C/Si analogues 1a and 1b in human and rat hepatocytes
(Table 4). The intrinsic clearance (CL;,) was determined to be
medium in human liver microsomes (44.3 uLmin""'mg~" for 1a
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and 46.9 uLmin"'mg™"' for 1b) and medium to high in human
hepatocytes (13.1 uLmin~"mg~" for 1a and 8.60 uLmin~'mg™"
for 1b), indicating that the uptake into hepatocytes was not
limited by the medium-to-poor permeability and strong efflux
of the compounds. The intrinsic clearance in rat hepatocytes
was significantly higher, resulting in a substantial shortening
(At =t n—ti2rae) Of the half-life (At,,,=46.7 min for 1a and
At,,=70.2 min for 1b).

CYP inhibition, time-dependent CYP inhibition, and CYP
reaction phenotyping

Loperamide (1a) and sila-loperamide (1b) are weak-to-medium
inhibitors of several CYP isoforms. The results of our studies of
CYP inhibition are summarized in Table 5. Both CYP2D6 (1a,

Table 5. Cytochrome P450 inhibition (ICs,) by 1a and 1b.

Compd ICso [um]®

CYP3A4 CYP2C9 CYP1A2 CYP2C19 CYP2D6 CYP2C8
1a 1.7£05 11+05 >20 11+£0.2 09+0.1 >20
1b 1.0£0.1 96+11 >20 48+0.7 08+£0.1 >20

[a] Values represent the mean 4 SD (n=3).

IC50=0.9 um; 1b, 1C;,=0.8 um) and CYP3A4 (1a, IC5o=1.7 pum;
1b, IC5,= 1.0 pm) exhibit the strongest inhibition by 1a and 1b.
No time-dependent inhibition of any isoform was observed for
either compound. This means that neither 1a nor 1b form me-
tabolites, which are capable of significantly inhibiting any of
the CYPs investigated.

CYP reaction phenotyping (CRP) is a tool to investigate the
contribution of various CYPs to total metabolic clearance. This
information can be used to evaluate the risk of drug-drug in-
teractions. According to Kim etal.,"® loperamide is metabo-
lized mainly by CYP3A4 and CYP2C8. Figure 2 summarizes our
results of CRP. It has been shown that while CYP3A4 is the pre-
dominant hepatic form of CYP3A, in many cases CYP3A5 con-
tributes significantly to the total liver clearance.™ Therefore,
CYP3A5 was included in the CRP panel to provide a more dif-
ferentiated view on total CYP3A contribution relative to pub-
lished work thus far. Both loperamide and sila-loperamide are
metabolized by CYP3A4 to >95%. CYP3A5 contributes by
~1% to CYP oxidation, followed by CYP2C8. Sila-loperamide
displays a nearly identical CRP profile to that of the parent
carbon compound 1a. It offers no major alternative oxidation

pathway to escape the ex-

Table 4. Intrinsic clearance (CL;,) and half-life (t,;,) of 1a and 1b in human/rat hepatocytes and human liver micro-

tensive CYP3A4 metabo-

somes. lism.
Compd hu hep rat hep hu liv mic
ClLine [uLmMin"'mg "] t,,, [min] ClLine [uLmin~"mg "] t,,, [min] CLin [uLmin""mg "1 t,, [min] Rat in vivo PK and
1a 13.07+1.13% 542844729  91.57+571% 76040479 4427 +9.46° 1553+3.169 | Plasma protein binding
1b 8.60 +0.52"! 82.1945.28"  58.5144.50 11.994£0.90  46.90 +0.47" 14.7840.15"

Rat in vivo PK data for lo-

SD (n=3).

[a] Values represent the mean4SD (n=4). [b] Values represent the mean+SD (n=6). [c] Values represent the mean +

peramide (1a) was report-
ed in 2012."" Table 6 sum-
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Figure 2. CRP of compounds 1a and 1b. Both compounds are mainly metab-
olized by CYP3A4 and CYP3A5. While the silicon compound 1b is a weak
substrate for CYP2C19, it is more selective against CYP2E1 and CYP2D6 than
the parent carbon compound 1a.

Table 6. In vivo PK data of 1a in Sprague-Dawley rats and 1a and 1b in
Han Wistar rats.

Parameter 12 1a® 1b®
i.v. dosing

CL[mLmin "kg™] 1281 301 279
CL, [mLmin~kg™"] 26679 5174 1800
VSS [L kg—w] 9[(] 4[d] 4[d]

tw/z [h] -I[(] 2[d] 3[d]
fUl, o [%] 48 5.8 1.5
fuy, [%] 8.1 8.1 2.8
p.o. dosing

F [%] 43[(] 4[d] 8[d]

ti; [h] 134 11.59 1514
Conax [UM] 0.194 0.02¢ 0.04<
Cu, max [nm] 9ld 1‘2[d] O.G[d]
AUC [umolh™"] 1.69Y 0.39¢ 0.72'9
AUC, [umolh™] 0.08 0.02 0.01
[a] Sprague-Dawley; results taken from reference [11]. [b] Han Wistar;
values represent the mean (n=2). [c]Dose: 5.5 umolkg T iv. or
21 umolkg ™" p.o. [d] Dose: 5.1 umolkg ™" i.v. or 10.1 umolkg ™' p.o.

marizes the published PK data for 1a in male Sprague-Dawley
rats and our own data for 1a and its silicon analogue sila-loper-
amide (1b) in male Han Wistar rats. Differences observed be-
tween published data and our in-house data might result from
differences in dosing or more likely from the use of different
rat strains.

In our hands, loperamide has an oral bioavailability (F) of
4% and a clearance (CL) of 30mLmin 'kg™' (dose:
5.1 umolkg™" i.v.).'™ The rat plasma binding (fu,,) of 1a was
determined in Han Wistar rat plasma to be 5.8 %, with a recov-
ery rate of 95%, indicating the high stability of loperamide in
rat plasma. The total plasma concentration (C,,,,) after oral ad-
ministration (dose: 10.1 umolkg™" p.o.) is 0.02 um, resulting in
total plasma concentration unbound (C,..) of 1.2nm. The
volume of distribution (V) is high (4 Lkg™"), indicating a broad

ChemMedChem 2015, 10, 911 -924 www.chemmedchem.org
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distribution into tissue. The half-life (t,,) of 1a is 2 h (dose:
5.1 umolkg™" i.v.). For an oral dose of 10.1 umolkg™', the ob-
served half-life was much higher (t,,,=11.5 h). Delayed dissolu-
tion, continuous absorption, decrease in gut motility, and the
enterohepatic recirculation of 1a""®'” are possible explanations
for the prolongation of the half-life after oral dosing.

The C/Si analogues 1a and 1b have a similar solubility and
lipophilicity. Furthermore, both compounds are strong P-gp
substrates, having medium-to-poor permeability. The strong
efflux observed for 1a and 1b in Caco-2 and MDCK-MDR1 cells,
combined with their limited permeability and low solubility,
seems to substantially restrict their oral bioavailability and sys-
temic exposure in our models.

After i.v. and p.o. administration, sila-loperamide exhibits an
in vivo PK profile nearly identical to that of the parent carbon
compound loperamide. Parameters such as CL, Vs, and t,,, are
in the same range for both compounds. Differences can be ob-
served in oral bioavailability, which is 8% for sila-loperamide,
and total concentrations in plasma (C,.,=0.04 um). Consider-
ing the lower unbound fraction of the silicon compound 1b in
the plasma, the unbound clearance (CL,)"® of 1b is ~3.5-fold
higher than that of its parent carbon compound 1a. The high
CL, value leads to a significant drop in the C, ., value of 1b
(0.6 nm) relative to 1a (1.2 nm)."" Ultimately, this results in
a lower area under the curve unbound (AUC,; 1b,
0.01 umolh™"; 1a, 0.02 umolh™") for 1b despite the slight in-
crease in oral bioavailability. It is well understood that P-gp-
mediated secretion of a compound into the intestine and low
permeability can have a profound impact by increasing the in
vivo blood clearance (CL). In such cases, CL is often underpre-
dicted by the in vitro intrinsic clearance (CL;,).*” For lack of
Mdr1a knockout rats, we tried to assess the qualitative impact
of transporters and permeability on the in vivo clearance of 1a
and 1b by comparing it with the predicted clearance of the
compounds. Applying the well-stirred model,”" the in vitro
CL,, of 1b in hepatocytes results in a predicted blood clear-
ance CL,*? of 50 mLmin"'kg™' and reflects the observed in
vivo blood clearance (CL=30 mLmin~"kg™") surprisingly well,
despite the high efflux ratio and low permeability® of 1b. The
intrinsic clearance of the parent carbon compound 1a ob-
served in rat hepatocytes leads to an overprediction of the in
vivo clearance (CL=30 mLmin 'kg™") versus predicted blood
clearance (CLy =52 mLmin~'kg™"). Overall, the blood clearance
of the C/Si analogues 1a and 1b is predicted well by their in-
trinsic in vitro hepatocyte clearance, indicating that efflux and
low permeability do not particularly impact the blood clear-
ance, or are counterbalanced by other mechanisms such as re-
distribution from other compartments.

Considering that the motility effect of loperamide is mainly
achieved via the opioid receptor in the gut, the lower C, .
and AUC, values of sila-loperamide could improve safety mar-
gins, particularly with regard to side effects mediated by the
opioid receptors in the brain.”® Figure 3 shows the ratio of C,
after oral dosing and the ECs, values reported in Table 2, and it
represents the free exposure above the ECs, value. While the
free exposure of 1a at the human p1 opioid receptor is ~27-
fold above the ECs, value, the low potency at the rat k1 opioid

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Ratio between measured free plasma concentration C, and agonist
ECs,, plotted against time, for compounds 1a and 1b. A) -Fold exposure of
1a and 1b at the human p1 opioid receptor. B) -Fold exposure of 1a and 1b
at the rat k1 opioid receptor. Both compounds were orally administered at
12.2 pmolkg . The horizontal dotted lines represent C,/ECs,=1 in each case
and indicate the limit for free exposure above or below the measured ago-
nist ECs, value. The two concentration maxima observed in the concentra-
tion versus time curves of 1a might indicate enterohepatic recirculation.
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receptor leads to no free exposure of the compound above its
ECs, value. The free concentrations of the silicon analogue 1b
are just about to reach the ECg, value at the p1 opioid recep-
tor, but are almost 1000-fold below the ECs, value at the «1
opioid receptor. Therefore, these data suggest that sila-lopera-
mide provides a decrease in the free drug exposure after oral
administration in rats, possibly leading to improved safety mar-
gins. In combination with the high efflux ratio and low perme-
ability observed in Caco-2 and MDCK-MDR1 cells, the exposure
of 1b into the CNS might be even further decreased.

Identification of major in vitro metabolites and reactive me-
tabolites

Two major metabolites of loperamide (1a), M1a and M2a,
were identified in human hepatocytes (Table 7, Scheme 2). Sim-
ilar observations were made in human liver microsomes.”¥ In-
terestingly, we did not observe any formation of conjugates in
the hepatocytes, which means that the aforementioned
CYP3A4 metabolism seems to be the predominant route of
biotransformation for both 1a and 1b. Considering the meta-
bolic fate of haloperidol,***2% which is metabolized into the
potentially neurotoxic pyridinium cation HPP*, we were inter-
ested in the formation of the possible neurotoxic LPP* metab-
olite M4a (Scheme 3).¥ After 40 min incubation of 1a in
human hepatocytes, M4a was observed to a minor extent
(0.6%). In addition, the minor loperamide metabolites M3a
and M5a were detected. The main metabolites of sila-lopera-
mide (1b) in human hepatocytes are M1b and M2b, the silicon
analogues of the main loperamide metabolites M1a and M2a
(Table 8, Scheme 2). Further, a-oxidation (relative to the nitro-
gen atom) at the silapiperidine ring, followed by ring-opening

Table 7. Loperamide (1a) metabolites after an incubation period of 40 min in human hepatocytes.

Metabolite tz [min] m/z Values (HRMS) Estimated
Protonated parent species Major MS-MS ions formation [%]

1a 3.25 477.2303 477.2319, 266.1568, 238.1238, 210.1290 64

M1a 2.87 493.2256 493.2265, 463.2140, 282.1490, 252.1384, 196.1123 23

M2a 3.02 463.2142 463.2149, 252.1391, 224.1088, 196.1124 13

M3a 2.68 479.2107 479.2117, 449.1976, 268.1331, 238.1226, 182.0975 0.6

M4a 3.61 455.1847 455.1829, 430.4557, 297.0898, 266.0975 0.6

M5a 3.07 491.2101 450.1807, 280.1351, 252.1382, 224.0900, 196.1107 <0.1

)
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Scheme 2. Proposed metabolic pathways of loperamide (1a) in human hepatocytes. The structures of the proposed metabolites M1a, M2a, M3a, M4a, and
M5a are tentative assignments based on accurate mass measurements and interpretation of MS-MS spectra.
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Table 8. Sila-loperamide (1b) metabolites after an incubation period of 40 min in human hepatocytes.

Metabolite tz [min] m/z Values (HRMS) Estimated
Protonated parent species Major MS-MS ions formation [%]

1b 3.42 493.2076 493.2069, 266.1555, 238.1233, 210.1284 78

M1b 3.03 509.2021 509.2010, 479.1899, 282.1499, 252.1390, 196.1126 12

M2b 3.19 479.1907 479.1925, 252.1388, 196.1126 3

M3b 2.86 495.1862 495.1855, 465.1765, 420.1179, 268.1347, 238.1233 0.3

M4b 3.1 483.1855 483.1845, 420.1191, 266.1543, 238.1238, 210.1282 5

M5b 3.25 507.1861 507.1884, 466.1593, 420.1189, 252.1394, 196.1118 1

\@EI 4/72—NMe2

HO/ \_/

Human microsome metabolite trapping reactions
to identify glutathione conjugates and nitrile or me-
thoxyamine adducts of 1a and 1b were all negative
and did not reveal the formation of any reactive me-

ElI=C = C: loperamide (1a) =Si tabolites.
= Si: sila-loperamide (1b)
NMe, NMe, Identification of major metabolites in vivo in
J Ph 7\ Ph plasma from male Han Wistar rats
C|©—CN Ph CIOSi N

— The plasma samples from the in vivo PK experiments
){ o (see Rat in vivo PK and plasma protein binding section
NMe, NMe, above) were analyzed with respect to metabolites as
@_@+ Ph //—\\+ Ph well as parent drug to allow the generation of meta-
cl _Npn <:> bolic profiles. The relation between loperamide (1a)

LPP* (M4a) snla-LPP+

Scheme 3. Metabolism of loperamide (1a). Left: formation of the neurotoxic pyridinium
metabolite LPP* (M4a).*” Right: formation of sila-LPP* from sila-loperamide (1b) is not

possible owing to chemical reasons (unstable Si=C double bond).

reaction, leads to the formation of a third major metabolite,
the silanediol M4b. This result suggests that sila-loperamide
has access to an alternative metabolic pathway leading to
a more polar metabolite than loperamide itself. In addition,
the two minor sila-loperamide metabolites M3b and M5b (the
silicon analogues of the loperamide metabolites M3a and
M5a) were detected. Because it is well understood that silapi-
peridine analogues cannot undergo a bioactivation to a silapyri-
dinium cation,®® the generation of sila-LPP" is not expected.

and sila-loperamide (1b) and their metabolites identi-
fied in rat plasma following i.v. administration of 1a
(dose: 5.5 umolkg™") and 1b (dose: 5.1 umolkg™) is
shown in Figure 4. For both compounds, the two
major metabolites M1a/M1b and M2a/M2b from the
in vitro metabolite identification experiments
(Tables 7 and 8, Schemes 2 and 4) were also identified as major
circulating metabolites in vivo. The origin of these metabolites
is hydroxylation on the dimethylamino moiety, and clearly, this
is a favored metabolic pathway for both 1a and 1b in vitro as
well as in vivo. Metabolites M2a/M2b are formed chemically
from M1a/M1b, and it should be noted that the difference in
levels between M1a and M1b could originate from small differ-
ences in sample handling. The metabolites M1a/M1b and
M2a/M2b were relatively stable in the circulation. Inspection

cl Q N cl N Q H
AN AN AN
S/—\_ | Ph = s/_\' Y Ph - s/_\' Y Ph
i Ph i Ph i Ph
HO HO™ \—/ HO™ \—/
1b M1b M2b
1) o-hydroxylation \
2) hydrolysis [+ 0]
cl ‘- '[_ 2] O, N/ cl O, H
/—"\ AN —OH
| HN A Ph A Ph
/SI N Ph /SI N Ph
et OH HO” HO”
M4b M5b M3b

Scheme 4. Proposed metabolic pathways of sila-loperamide (1b) in human hepatocytes. The structures of the proposed metabolites M1b, M2b, M3b, M4b,
and M5b are tentative assignments based on accurate mass measurements and interpretation of MS-MS spectra.
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Figure 4. A) PK profiles of compound 1a and its metabolites identified in rat
plasma following i.v. administration of 1a at 5.5 umolkg . B) PK profiles of
compound 1b and its metabolites identified in rat plasma following i.v. ad-
ministration of 1b at 5.1 umol kg .

of the later time points in Figure 4 allows a rough estimation
of their clearance, which, for these metabolites, appears to be
similar to or slightly lower than that of the parent drugs (1a,
CL=30mLmin"'kg™"; 1b, CL=27 mLmin""kg™"). Hydroxyl-
ation on the N-methyl moiety of M2a/M2b is the origin of the
minor in vitro metabolite M3a/M3b. Whereas M3a was a major
metabolite in the circulation, the corresponding sila-analogue
M3b was not detected in the plasma. One possible reason for
this difference is that M3b is not formed in vivo. On a more
speculative note, M3b, in contrast to M3a, could be a good
substrate for active transport into urine and/or bile. The third
major metabolite of sila-loperamide in the in vitro experiments,
silanediol M4b, formed presumably via hydroxylation on the si-
lapiperidine moiety at the a-position to the nitrogen atom fol-
lowed by hydrolytic ring opening, was also detected in vivo as
a major metabolite at the early time points. In contrast to the
relatively stable metabolites M1b and M2b, metabolite M4b
displayed a completely different PK profile and was rapidly
cleared from the circulation. There could be several reasons for
such a PK profile: rapid elimination of M4b into urine and/or
bile or metabolism to secondary metabolites that could not be
detected with the applied LC-MS conditions. The pyridinium-
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type metabolite M4a was not observed in vivo, whereas rela-
tively low levels of the minor in vitro metabolites M5a and
M5b were detected.

Under the assumption that the AUC of the PK profiles in
Figure 4 reflect, to some extent, the concentration over time
and number of the main metabolites in the body, it appears
that the burden of the metabolites of sila-loperamide in the
blood is lower than that of the main metabolites of lopera-
mide.

Conclusions

Sila-loperamide (1b), a silicon analogue of the opioid receptor
agonist loperamide (1a), was prepared in a multistep synthesis,
starting from triethoxyvinylsilane. In this synthesis, the use of
the 4-methoxyphenyl (MOP) moiety as a protecting group for
silicon played a key role. The physicochemical properties of
the C/Si analogues 1a and 1b were found to be nearly identi-
cal. The PD profiles of 1a and 1b were studied at the human
w1 opioid and rat k1 opioid receptors. Both compounds exhib-
ited sub-nanomolar binding affinities and agonist potency at
the p1 receptor, which is the primary target of loperamide. The
compounds are full agonists at both receptors studied. Signifi-
cant differences were observed in their ability to permeate
Caco-2 cell membranes, where sila-loperamide showed lower
permeability and a higher efflux ratio than loperamide. Both
compounds are strong substrates for the P-gp transporter
(MDR1/ABCB1). Clearance in human and rat hepatocytes is not
limited by the low permeability of 1a and 1b. Loperamide and
sila-loperamide are both readily oxidized in human liver micro-
somes. The CRP profile of both compounds confirms that the
CYP3A4 isoform is the main enzyme responsible for metabolic
clearance in vitro. No time-dependent CYP inhibition was ob-
served, and the CYP inhibitory potency was found to be
<1 um only for CYP2D6. The in vivo PK profile of the C/Si ana-
logues 1a and 1b was studied in male Han Wistar rats and
compared with available published data for 1a. Basic PK pa-
rameters such as clearance (CL), volume of distribution (V,,),
p.o. and i.v. half-life (t,,), and oral bioavailability (F) were simi-
lar for both drugs. However, the lower unbound fraction of
sila-loperamide in the plasma protects 1b from elimination,
whereas the CL, value is much higher for 1b than for 1a. Ulti-
mately, this leads to lower C, ..., and AUC, values for 1b than
for 1a. The combination of increased efflux ratio and decreased
permeability and C, observed for 1b might result in a de-
creased exposure of 1b into the CNS and increased safety mar-
gins. Furthermore, there are marked differences in the in vitro
and in vivo metabolite pattern between loperamide and sila-
loperamide. Whereas two main in vivo metabolites (M1a/M1b,
M2a/M2b) and one minor in vivo metabolite (M5a/M5b) for
1a and 1b represent C/Si analogues, the formation of the sila-
analogue of the metabolite M3a was not observed. Instead,
sila-loperamide forms a third main metabolite, silanediol M4b.
This metabolite is readily cleared in vivo, whereas the three
other less polar metabolites have much longer half-lives. This
demonstrates that sila-loperamide has access to different met-
abolic biotransformations, leading to an altered elimination
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compared to the parent carbon compound loperamide, there-
by decreasing the overall burden of formed metabolites over
time. Interestingly, no conjugate formation in hepatocytes or
in vivo was observed for either 1a or 1b.

In summary, it is increasingly unlikely in today’s market envi-
ronment that a carbon/silicon switch would replace a safe and
inexpensive drug. However, with improved synthetic access to
organosilicon compounds and a better understanding of their
physicochemical and PK and PD properties in vitro and in vivo,
organosilicon compounds can be successfully used to modify
several properties using smart drug design. For example, it is
possible to introduce metabolic soft spots, avoid formation of
reactive glucuronides, and alter the in vivo pharmacology (in
this context, see also reference [31]). Although carbon/oxygen
or carbon/nitrogen switches are well-established approaches in
medicinal chemistry, the carbon/silicon switch offers an addi-
tional option with a much higher probability of retaining PD
activity than the other switches, due to more subtle changes
in structural and electronic properties. On the other hand, dif-
ferences in metabolic pathways and changes in the PK proper-
ties can be significant, given the different chemical properties
of C/Si analogues. Our data provide clear evidence that the
carbon/silicon switch strategy is more than a “patent busting”
activity; it is a powerful tool to improve the overall properties
of drugs. In answer to the title question: Silicon can make an
excellent drug even better.

Experimental Section
Chemistry

General procedures: All syntheses involving chemicals sensitive to
water and/or oxygen were carried out under a dry argon atmos-
phere. The organic solvents used were dried and purified accord-
ing to standard procedures and stored under dry nitrogen. High-
pressure liquid chromatography (HPLC) was performed by using
a Gilson Preparative HPLC with a gradient pump system 333/334,
GX-281 injector, and UV/Vis detector 155. Bulb-to-bulb distillations
were carried out with a Blichi GKR-50 Glass Oven apparatus. Lyo-
philization was performed with a Christ alpha 1-2 apparatus. 'H,
3C, and *Si NMR spectra were recorded at 23°C on Bruker DRX-
300 [compound 5 ('H, 300.1 MHz; “C, 75.5 MHz; %°Si, 59.6 MHz)],
Bruker Avance 500 [compounds 3, 4, 6, 7-HCl, and 9 ('H,
500.1 MHz; "*C, 125.8 MHz; *Si, 99.4 MHz)], or Bruker Avance Il
NMR spectrometers [compound 1b ('H, 500.0 MHz; '*C, 125.7 MHz;
#Sj, 99.3 MHz)] using CD,Cl,, CDCl;, C4D, or [DJDMSO as solvent.
Chemical shifts (5, ppm) were determined relative to internal
CHDCl, ('H, 6=5.32ppm; CD,Cl,), internal CD,Cl, (®*C, 0=
53.8 ppm; CD,Cl,), internal CHCl; ("H, 6 =7.24 ppm; CDCl;), internal
CDCl; (BC, 6=77.0 ppm; CDCL,), internal C4HDs ('H, 6=7.28 ppm;
C¢Dy), internal C,D, (*C, 0=128.0 ppm; C¢Dy), internal [DsJDMSO
('H, 0=249 ppm; [DJDMS0), internal [DJDMSO (*C, o=
39.5 ppm; [DgIDMS0), and external TMS (*Si,  =0.0 ppm; CD,Cl,,
CDCl;, C¢Dg, [DIDMSO). Analysis and assignment of the 'H NMR
spectroscopic data were supported by 'H,'H gradient-selected
COSY, *C,'H gradient-selected HMQC, and "*C,'H gradient-selected
HMBC experiments. Assignment of the *C NMR spectroscopic data
was supported by DEPT-135 and the aforementioned "*C,'H corre-
lation experiments. Coupling constants are given as their absolute
values. Elemental analyses were performed with a VarioMicro appa-
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ratus (Elementar Analysensysteme GmbH) or a EURO EA Elemental
Analyzer (Euro Vector). High-resolution mass spectra (HRMS, ESI+)
were recorded on a Waters LCTP mass spectrometer using solu-
tions in DMSO.

4-(4-Chlorophenyl)-1-(4-dimethylamino-4-oxo-3,3-diphenylbu-
tyl)-4-hydroxy-4-silapiperidine (sila-loperamide 1b): Trifluoro-
methanesulfonic acid (153 mg, 1.02 mmol) was added dropwise at
0°C within 1 min to a stirred solution of 9 (300 mg, 514 umol) in
CH,Cl, (15 mL), and the mixture was stirred at 0°C for 30 min and
then at 20°C for a further 30 min. Subsequently, the mixture was
cooled to 0°C, triethylammonium chloride (200 mg, 1.45 mmol)
was added in a single portion, and the mixture was stirred at 0°C
for 30 min. The solvent was removed under reduced pressure, THF
(15 mL) was added to the stirred residue at 20°C, and the mixture
was then kept undisturbed at —18°C for 2 h. The upper layer of
the resulting two-phase system was separated from the lower
layer (triethylammonium trifluoromethanesulfonate) by means of
a syringe and cooled to 0°C. To this solution, MeOH (200 mg,
6.24 mmol) and Et;N (500 mg, 4.94 mmol) were added sequentially
in single portions, and the mixture was stirred at 0°C for 30 min
and then kept undisturbed at —18°C for 16 h. The resulting precip-
itate was filtered off and discarded, and the solvent, excess MeOH,
excess Et;N, and anisole (formed in the Si—C cleavage reaction)
were removed from the filtrate under reduced pressure in a bulb-
to-bulb distillation apparatus to yield 4-(4-chlorophenyl)-1-(4-dime-
thylamino-4-oxo-3,3-diphenylbutyl)-4-methoxy-4-silapiperidine (10)
as an oily crude product. This product was dissolved in CH;CN
(5mL), and a 1m ethereal HCl solution (1.0 mL, 1.0 mmol of HCI)
was added at 20°C, immediately followed by the addition of H,0
(1.0 mL). The solvents were removed under reduced pressure, the
residue was dissolved in CH,Cl, (10 mL), and the resulting solution
was washed sequentially with H,O (10 mL) and a 1 M aqueous solu-
tion of NaOH (10 mL). The aqueous extracts were discarded, the or-
ganic extract was dried over anhydrous Na,SO,, and the solvent
was removed under reduced pressure to furnish 1b as a crude
product, which was dissolved in DMSO (1.0 mL) and then purified
by preparative HPLC on silica gel (XBridge C,s column; 10 um,
250%x 19 mm) using a gradient of 45-85% CH,CN in H,O0/CH,CN/
NH; (95:5:0.2 v/v/v) buffer over 20 min (flow rate: 19 mLmin~', de-
tector A: 220 nm). The relevant fractions were combined and
freeze-dried to give 1b as a colorless powder (79 mg, 160 umol;
31%). '"HNMR ([DgDMSO): 6 =0.67-0.75 and 0.77-0.87 (m, 4H,
SiCH,CH,N), 1.99-2.08 (m, 2H, NCH,CH,C), 2.24 (brs, 3H, NCHs),
2.25-2.34 (m, 2H, NCH,CH,C), 2.50-2.56 and 2.57-2.64 (m, 4H,
SiCH,CH,N), 2.85 (brs, 3H, NCH,), 6.07 (s, 1H, SiOH), 7.24-7.42 and
7.48-7.50 ppm (m, 14H, CeHs, CH,Cl); *CNMR ([DJDMSO): 6=
14.0 (SiCH,CH,N), 36.6 (NCH5), 38.5 (NCH,), 41.4 (NCH,CH,C), 51.6
(SiCH,CH,N), 54.2 (NCH,CH,C), 58.9 (NCH,CH,(), 126.5 (C4, C¢Hs),
127.69 (C3/C5, CgH,Cl), 127.73 (C3/C5, CgHs), 128.3 (C2/C6, CHs),
134.4 (C1, CgH,CI), 135.2 (C2/C6, CH,Cl), 137.1 (C4, CHLCI), 141.1
(C1, CHs), 172.2 ppm (C=0); *Si NMR ([D;]DMSO): 6 = —6.8 ppm;
HRMS (ESI): C,gHs5CIN,O,Si [M+H]*, caled: 493.2100; found:
493.2079.

Triethoxyvinylsilane (2): This compound was commercially avail-
able.

(4-Chlorophenyl)diethoxyvinylsilane (3): A 1m solution of (4-
chlorophenyl)magnesium bromide in Et,O (800 mL, 800 mmol of 4-
CICH,MgBr) was added dropwise at 0°C within 4 h to a stirred so-
lution of 2 (457 g, 2.40 mol) in Et,0 (800 mL), and the mixture was
then stirred at 20°C for 16 h. Subsequently, the mixture was con-
centrated under reduced pressure to a volume of ~500 mL, fol-
lowed by the addition of n-pentane (800 mL). The resulting sus-
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pension was stirred at 20°C for 10 min, the precipitate was re-
moved by filtration and washed with n-pentane (3x 100 mL), and
the solvent of the filtrate (including the wash solutions) was re-
moved under reduced pressure. The excess of 2 was separated
from the residue by distillation in vacuo (34 mbar, 69°C), and the
residue was then further distilled in vacuo (1 mbar, 78°C) to give 3
as a colorless liquid (169 g, 658 mmol, 82%). '"H NMR (CDCl): 0=
1.28 (Oy), 3.86 (3,), and 3.88 (g) (ABX; system, *J;z=10.3 Hz, >/, =
6.8 Hz, Jgy=7.2 Hz, 10H, OCH,HC(Hy)s), 5.94 (5,), 6.12 (d,), and
622 (0y) (AMX system, “Juy=4.6 Hz, *Jyox=147Hz, *Jyox=
19.8 Hz, 3H, CH=CH,Hy), 7.38-7.41 (m, 2H, H-2/H-6, CsH,Cl), 7.60-
764ppm (m, 2H, H-3/H-5, CeH,CD; CNMR (CDCl): 6=1823
(OCH,CH,), 58.8 (OCH,CH,), 128.1 (C2/C6, CeH,CI), 1315 (C1,
CeH,Cl), 131.7 (CH=CH,), 136.0 (C3/C5, C,H,Cl), 136.6 (C4, C,H,C),
137.3 ppm (CH=CH,); *Si NMR (CDCl;): 0 =—33.2 ppm; anal. calcd
(%) for Cy,H,,ClO,Si (256.80): C 56.13, H 6.67; found: C 5633, H
6.75.

(4-Chlorophenyl)(4-methoxyphenyl)divinylsilane (4): A 0.5m solu-
tion of (4-methoxyphenyl)magnesium bromide in THF (624 mL,
312 mmol of 4-MeOC4H,MgBr) was added dropwise at 20°C within
3 h to a stirred solution of 3 (80.0 g, 312 mmol) in Et,0 (800 mL),
and the mixture was then stirred at 20°C for 16 h. Subsequently,
a 0.7m solution of vinylmagnesium chloride in THF (491 mL,
344 mmol of CH,=CHMgCI) was added dropwise at 20°C within
2 h, and the mixture was heated under reflux for 16 h. The mixture
was then concentrated under reduced pressure to a volume of
~200 mL, followed by sequential addition of Et,0 (500 mL) and
a saturated aqueous Na,CO; solution (200 mL) at 0°C. The organic
layer was separated, the aqueous layer was extracted with Et,0
(3x100 mL) and discarded, the combined organic extracts were
dried over anhydrous Na,SO,, the solvent was removed under re-
duced pressure, and the residue was purified by bulb-to-bulb distil-
lation in vacuo (1 mbar, 180°C) to give 4 as a colorless liquid
(80.0g, 266 mmol, 86%). 'HNMR (CD,CL): 6=3.81 (s, 3H,
CeH,OCH;), 5.79 (64), 6.27 (Oy), and 6.48 (Oy) (AMX system, *Jyy=
3.7 Hz, *Jpex=14.6 Hz, *Jypx=20.2 Hz, 6H, CH=CH,H,), 6.92-6.95
(m, 2H, H-2/H-6, CsH,OCH,), 7.35-7.38 (m, 2H, H-2/H-6, CgH,CI),
7.43-7.46 (m, 2H, H-3/H-5, C;H,Cl), 7.46-7.48 ppm (m, 2H, H-3/H-5,
C¢H,OCH;); CNMR (CD,Cl,): 6=55.4 (CsH,OCH;), 114.1 (C2/C6,
C4H,OCH,), 124.6 (C1, C;H,0CH,), 128.4 (C2/C6, CH,Cl), 133.8 (C1,
CeH,Cl), 134.1 (CH=CH,), 136.1 (C4, C,H,Cl), 136.8 (CH=CH,), 137.2
(C3/C5, CgH,Cl), 1373 (C3/C5, CeH,OCH;), 161.5ppm (C4,
C4H,OCH,); #Si NMR (CD,Cl,): 6=—20.9 ppm; anal. calcd (%) for
C,,H,,ClOSi (300.86): C 67.87, H 5.70; found: C 67.80, H 5.80.

(4-Chlorophenyl)bis(2-hydroxyethyl)(4-methoxyphenyl)silane (5):
A solution of 9-borabicyclo[3.3.1]Jnonane [63.1 g, 259 mmol (based
on the 9-BBN dimer)] and 4 (70.0 g, 233 mmol) in THF (1 L) was
stirred at 20°C for 16 h, followed by sequential addition of H,O
(200 mL) and a 4m aqueous NaOH solution (300 mL, 1.20 mol of
NaOH) at 0°C. Subsequently, an aqueous H,O, solution (30 wt%,
420 mL) was added dropwise at 0°C within 4 h to the stirred reac-
tion mixture, which was then heated under reflux for 3 h, followed
by sequential addition of a 0.1m aqueous solution of K,CO,
(500 mL) and CH,Cl, (500 mL) at 20°C. The organic layer was sepa-
rated, the aqueous layer was extracted with CH,Cl, (3x200 mL)
and discarded, the combined organic extracts were dried over an-
hydrous Na,SO,, and the solvent was removed under reduced pres-
sure to give a colorless oil. The byproduct cyclooctane-1,5-diol was
separated from this crude product by bulb-to-bulb distillation
(0.07 mbar, 160°C), and the residue was then purified by column
chromatography on aluminum oxide [Al,O;, Brockmann lII; eluent,
n-hexane/CH,CI,/EtOH (20:50:4 v/v/v)]. The relevant fractions were
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combined, and the solvents were removed under reduced pressure
to give 5, after crystallization from Et,0O at 20°C, as a colorless crys-
talline solid (71.2 g, 211 mmol, 91%). 'H NMR (C¢Dy): 6 =1.30-1.35
(m, 4H, CH,CH,0H), 1.53 (s, 2H, CH,CH,OH), 3.32 (s, 3H, C,H,OCH,),
3.57-3.62 (m, 4H, CH,CH,OH), 6.82-6.85 (m, 2H, H-2/H-6,
C¢H,OCH,), 7.16-7.18 (m, 2H, H-2/H-6, C,H,Cl), 7.21-7.25 (m, 2H, H-
3/H-5, CgH,Cl), 7.31-7.35 ppm (m, 2H, H-3/H-5, CH,OCH,); *C NMR
(CeDg): 0=18.4 (CH,CH,OH), 54.6 (CH,CH,OH), 59.2 (C4H,OCH,),
114.2 (C2/C6, C4H,OCH,), 125.8 (C1, C¢H,OCH,), 128.4 (C1, C,H,Cl),
134.9 (C4, C4H,Cl), 136.0 (C2/C6, C4H,Cl), 136.58 (C3/C5, CoH,CI),
136.59 (C3/C5, C¢H,OCH;), 161.4 ppm (C4, C¢H,0OCH,); *°Si NMR
(C4Dg): 0=—9.3 ppm; anal. calcd (%) for C;;H,,ClO,Si (336.89): C
60.61, H 6.28; found: C 60.98, H 6.25.

1-Allyl-4-(4-chlorophenyl)-4-(4-methoxyphenyl)-4-silapiperidine
(6): Methanesulfonyl chloride (17.1 g, 149 mmol) and Et;N (18.0 g,
178 mmol) were added sequentially in single portions at —20°C to
a stirred solution of 5 (20.0 g, 59.4 mmol) in CH,Cl, (500 mL), and
the mixture was then stirred at —20°C for 3 h. Subsequently, allyl-
amine (100 g, 1.75 mol) was added in a single portion at —20°C to
the mixture, which was then warmed to 20°C and stirred at 20°C
for 16 h. The solvent and excess allylamine were removed from the
reaction mixture under reduced pressure, followed by sequential
addition of EtOAc (200 mL) and a saturated aqueous NaHCO; solu-
tion (100 mL) at 20°C. The organic layer was separated, the aque-
ous layer was extracted with EtOAc (3x50 mL) and discarded, the
combined organic extracts were dried over anhydrous Na,SO,, and
the solvent was removed under reduced pressure to give an oily
residue. This crude product was dissolved in Et,O (100 mL), and
a 2m ethereal HCI solution (33.0 mL, 66.0 mmol of HCl) was added
dropwise at 20°C within 5 min. The resulting precipitate was isolat-
ed by filtration and recrystallized from 2-propanol (50 mL) by slow
cooling of the boiling solution to 20°C. The product was isolated
by filtration and washed with Et,0 (2x 10 mL) to give 6-HCl as a col-
orless crystalline solid, which was subsequently added in a single
portion at 20°C to a stirred two-phase system consisting of a 2m
aqueous NaOH solution (33.0 mL, 66.0 mmol of NaOH) and Et,0
(200 mL), and the mixture was then stirred at 20 °C for 30 min, fol-
lowed by the addition of H,0 (200 mL). The organic layer was sep-
arated, the aqueous layer was extracted with Et,0 (3x50 mL) and
discarded, the combined organic extracts were dried over anhy-
drous Na,SO,, and the solvent was removed under reduced pres-
sure to give 6 as a colorless oil (8.52 g, 23.8 mmol, 40%). 'H NMR
(CD,Cly): 6=1.26-1.35 (m, 4H, SiCH,CH,N), 2.71-2.80 (m, 4H,
SiCH,CH,N), 3.03-3.06 (m, 2H, CH,CH=CH,), 3.80 (s, 3H, CsH,0CHs),
5.07-5.11 and 5.12-5.17 (m, 2H, CH,CH=CH,), 5.82-5.90 (m, TH,
CH,CH=CH,), 6.90-6.94 (m, 2H, H-2/H-6, C¢H,OCH,), 7.33-7.36 (m,
2H, H-2/H-6, CeH,Cl), 7.42-7.45 (m, 2H, H-3/H-5, C,H,Cl), 7.46-
749 ppm (m, 2H, H-3/H-5, C,H,0CH,); *C NMR (CD,CL,): 6=11.8
(SiCH,CH,N), 52.4 (SiCH,CH,N), 55.4 (C4H,OCH), 61.9 (NCH,CH=
CH,), 114.1 (C2/C6, C,H,0CH,), 117.0 (NCH,CH=CH,), 126.1 (C1,
C¢H,OCH,), 1284 (C2/C6, C,H,Cl), 135.2 (C1, CH,Cl), 135.8 (C4,
CeH,Cl), 136.42 (C3/C5, CoH,C), 136.43 (C3/C5, C,H,OCH,), 136.6
(NCH,CH=CH,), 161.3 ppm (C4, C¢H,0CH;); *Si NMR (CD,Cl,): 6=
—15.6 ppm; anal. calcd (%) for C,H,,CINOSi (357.95): C 67.11, H
6.76, N 3.91; found: C 66.80, H 6.80, N 3.91.

4-(4-Chlorophenyl)-4-(4-methoxyphenyl)-4-silapiperidinium chlo-
ride (7-HCI): 1-Chloroethyl chloroformate (2.32 g, 16.2 mmol) was
added dropwise at 0°C within 5min to stirred solution of 6
(5.25 g, 14.7 mmol) in CHCl; (250 mL), and the mixture was stirred
at 0°C for 10 min and then heated under reflux for 2 h. Subse-
quently, the mixture was cooled to 20°C, the solvent was removed
under reduced pressure, the residue was dissolved in MeOH
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(100 mL), and the resulting solution was heated under reflux for
2 h. Approximately 80 mL of MeOH were removed by distillation
under atmospheric pressure, and the remaining mixture was then
kept undisturbed at —20°C over 16 h. The resulting precipitate
was isolated by filtration and recrystallized from 2-propanol
(10 mL) by slow cooling of the boiling solution to 20°C. The pre-
cipitate was isolated by filtration and washed with Et,0 (2x 10 mL)
to give 7-HCl as a colorless crystalline solid (3.28 g, 9.26 mmol,
63%). 'H NMR (CD,Cl,): 6 =1.62-1.80 (m, 4H, SiCH,CH,N), 3.27-3.51
(m, 4H, SiCH,CH,N), 3.81 (s, 3H, C;H,0CH,), 6.95-6.98 (m, 2H, H-2/
H-6, C,H,OCH;), 7.38-7.41 (m, 2H, H-2/H-6, C¢H,Cl), 7.47-7.49 (m,
2H, H-3/H-5, CMH,Cl), 7.50-7.53 (m, 2H, H-3/H-5, C,H,OCH,),
9.76 ppm (brs, 2H, NH,); *CNMR (CD,Cl,): 6=9.5 (SiCH,CH,N),
44.4 (SiCH,CH,N), 55.5 (C,H,OCH,), 114.6 (C2/C6, C4H,OCH,), 122.5
(C1, CH,CI), 1288 (C2/C6, C,H,CI), 131.9 (C1, C,H,OCH,), 136.45
(C3/C5, CgH,CD, 136.55 (C3/C5, CeH,OCH,;), 136.9 (C4, CeH,CI),
162.0 ppm (C4, C4H,OCH;); Si NMR (CD,Cly): 0 =—16.9 ppm; anal.
calcd (%) for C;,H,,CI,NOSi (354.35): C 57.62, H 5.97, N 3.95; found:
C 57.56, H 6.05, N 4.02.

4-(4-Chlorophenyl)-1-(4-dimethylamino-4-oxo-3,3-diphenylbu-
tyl)-4-(4-methoxyphenyl)-4-silapiperidine (9): A mixture of 7-HCl
(243 g, 6.86 mmol), 8 (26149, 7.54 mmol), anhydrous Na,CO,
(3.20 g, 30.2 mmol), and CH;CN (200 mL) was heated under reflux
for 16 h. The mixture was then cooled to 20°C, the solvent was re-
moved under reduced pressure, and H,O (100 mL) and CH,Cl,
(100 mL) were added sequentially to the residue. The organic layer
was separated, the aqueous layer was extracted with CH,Cl, (3%
50 mL) and discarded, the combined organic extracts were dried
over anhydrous Na,SO,, and the solvent was removed under re-
duced pressure. The solid residue was purified by column chroma-
tography on silica gel [40-63 pm, 300 g (Merck), treated with con-
centrated aqueous ammonia solution (7% by weight relative to
the silica gel); eluent, CH,Cl,/MeOH (97:3 v/v)]. The relevant frac-
tions were combined, and the solvents were removed under re-
duced pressure to give 9 as a colorless crystalline solid (2.52 g,
432mmol, 63%). 'HNMR (CD,Cl): 6=1.06-133 (m, 4H,
SiCH,CH,N), 2.06-2.22 (m, 2H, NCH,CH,C), 2.30 (brs, 3H, NCHs),
2.36-2.52 (m, 2H, NCH,CH,C), 2.60-2.76 (m, 4H, SiCH,CH,N), 2.92
(brs, 3H, NCH), 3.78 (s, 3H, C,H,OCH,), 6.87-6.90 and 7.25-
7.43 ppm (m, 18H, CeHs, CsH,OCH,, CH,Cl); *C NMR (CD,Cl,): 6=
11.5 (SiCH,CH,N), 37.2 (NCH,), 39.3 (NCH,), 42.2 (NCH,CH,C), 52.3
(SiCH,CH,N), 553 (NCH,CH,C), 59.9 (NCH,CH,(0), 114.1 (C3/C5,
C¢H,OCH,), 126.2 (C1, CH,OCH,), 126.9 (C4, CiHs), 128.3 (C2/C6,
CeH,Cl), 128.5 (C3/C5, C4Hs), 128.6 (C2/C6, CgHs), 135.3 (C1, CH,C),
1357 (C4, CgH,Cl), 13639 (C3/C5 CH,Cl), 136.41 (C2/Cé6,
CeH,OCH,), 141.5 (C1, C,Hy), 161.2 (C4, C,H,0CH,), 173.3 ppm (C=
0); ®Si NMR (CD,Cl,): 0=—15.6 ppm; HRMS (ESI): C3H;4CIN,0,S
[M+H]™, calcd: 583.2548; found: 583.2558.

4-(4-Chlorophenyl)-1-(4-dimethylamino-4-oxo-3,3-diphenylbu-
tyl)-4-methoxy-4-silapiperidine (10): This compound was isolated
in the synthesis of 1b as a crude product and was not further puri-
fied. HRMS (ESI): CooHssCIN,O,Si [M+H]*, calcd: 507.2235; found:
507.2212.

Physicochemical properties

log D values (pH 7.4): Partitioning of the test compounds between
1-octanol and 0.1 M phosphate buffer, pH 7.4, at 20°C was deter-
mined by using a modified version of the shake-flask method de-
scribed by Leo et al?” The compounds were dissolved, in a 96-
well plate, in 400 uL of octanol, and 400 pL of buffer were added
to each well. The plate was vigorously stirred for 5 min and then
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put on an Edmund Bihler shaker for 18 h at 20°C. Aliquots (5 uL)
of octanol were transferred and diluted with 495 uL of CH;CN/H,0
(1:1 v/v) and, to avoid contamination of the buffer, the rest of the
octanol was removed before 150 uL of buffer samples were trans-
ferred. Octanol and buffer samples were diluted with CH;CN/H,O
(1:1 v/v) in four 10-fold steps to yield octanol samples diluted 100-
to 1000000-fold and buffer samples diluted 1- to 10000-fold. LC—
MS/MS was used for analysis, and log D was calculated from the in-
tegrated peak areas of the samples in the linear MS response
range.

Solubility in HBSS buffer (pH 7.4): Solutions of test compounds in
DMSO (30 pL, 10 mm) in glass vials were dried using a Genevac
vacuum evaporator. When samples were dry, 300 pL of 0.1 m phos-
phate buffer, pH 7.4, was added to the glass vials. The vials were
put on an Edmund Buhler shaker for 18 h at 20°C. Samples were
filtered through a Whatman GF/B 96-well filter, and 20 plL of the fil-
trated samples were transferred to separate wells in a plate con-
taining 180 puL of CH;CN/H,O (1:1 v/v). Standards were prepared by
diluting the 10 mm solutions of the test compounds with CH;CN/
H,O (1:1 v/v) to 200 um. Three further 10-fold dilution steps were
applied to both the samples and the standards, and they were all
analyzed by LC-MS/MS. The solubility was determined by using
the integrated peak areas of the samples in the linear MS response
range.

pK, values: The pK, values were obtained according to refer-
ence [28]. The method uses pressure-assisted capillary electropho-
resis (HPCE®®, Agilent Technologies) coupled online with an ion
trap mass spectrometer (1100 series LC/MSD trap).

In vitro pharmacology

Radioligand binding assays: Radioligand binding assays were per-
formed at CEREP (Poitiers, France). Briefly, displacement of the radi-
oligands by the test compounds was measured at each receptor
using membrane preparations from HEK cells expressing human
w1 opioid receptors or CHO cells expressing rat k1 opioid recep-
tors. Membrane homogenates (16-60 g of protein) were incubat-
ed with 1) 0.5 nmol [*HIDAMGO for p opioid receptors in the ab-
sence or presence of the test compound in a buffer containing
50 mmol of Tris-HCI (pH 7.4) and 5 mmol of MgCl, for 120 min at
22°C or 2) 1 nmol [PH]U69593 for i opioid receptors in the ab-
sence or presence of the test compound in a buffer containing
50 mmol of Tris-HCI (pH 7.4), 10 mmol of MgCl,, and 1 mmol of
EDTA for 60 min at 22°C. Nonspecific binding was determined in
the presence of 10 umol naloxone. Following incubation at 22°C
for 60 min (k) or 120 min (), samples were filtered rapidly under
vacuum through glass fiber filters (GF/B, Packard), pre-soaked with
0.3% PEI, and rinsed several times with an ice-cold buffer contain-
ing 50 mmol of Tris:HCI (pH 7.4) using a 96-sample cell harvester
(Unifilter, Packard). The filters were dried and then counted for ra-
dioactivity in a scintillation counter (Topcount, Packard) using
a scintillation cocktail (Microscint 0, Packard).

Cell-based functional assays (agonist/antagonist determination):
w and k opioid receptor function was determined by measurement
of receptor-driven inhibition of NKH 477-stimulated cAMP accumu-
lation in HEK cells expressing human p opioid receptors or in CHO
cells expressing rat « opioid receptors. To determine whether the
test compounds were agonistic, cells were suspended in HBSS
buffer (Invitrogen) complemented with 20 mmol of HEPES (pH 7.4)
and 500 pmol IBMX and then distributed in microplates at a density
of 7x10% cells per well (HEK/p) or 10* cells per well (CHO/x) and
pre-incubated for 5 min at 20°C in the presence of HBSS or the
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test compounds, following which NKH 477 was added to a concen-
tration of 10 umol. After a further 10 min incubation at 37°C, the
cells were lysed, and the fluorescence acceptor (D2-labeled cAMP)
and fluorescence donor (anti-cAMP antibody labeled with europi-
um cryptate) were added. After 60 min at 20°C, the fluorescence
transfer was measured at the excitation wavelength 337 nm and
emission wavelengths 620 and 665 nm using a microplate reader
(Rubystar, BMG). The cAMP concentration was determined by di-
viding the signal measured at 665 nm by that measured at 620 nm
(ratio) relative to a standard curve. To determine whether the test
compounds had antagonistic effects, a reference agonist was
added along with NKH 477: 20 nmol DAMGO for L opioid receptors
or 5 nmol U50488 for k opioid receptors.

Data analysis: Concentration-effect data were fitted to a four-pa-
rameter logistic equation using nonlinear regression. The concen-
tration of the test compound causing 50% maximal effect (As,) for
each individual curve was determined, and mean pAs, (—logAs)
values were calculated with standard deviation. For radioligand
binding assays, the affinity of the test compounds was estimated
by the method of Cheng and Prusoff.*”

hERG activity

Assessment of hERG blockade was made as described by Bridg-
land-Taylor etal.®® CHO «1 cells expressing hERG channels de-
scribed by Persson et al.”" were grown to semi-confluence at 37 °C
in a humidified environment (5% CO,) in Ham’s F-12 nutrient mix-
ture and L-glutamine (Sigma) supplemented with 10% fetal calf
serum (Invitrogen) and 600 pgmL ™' hygromycin (Invitrogen). Cells
were incubated at 37°C for 24 h and then incubated at 28°C for
48-72 h, following which a single voltage pulse was applied to
evoke the pre- and post-compound hlgg currents using an lon-
Works HT (Molecular Devices) platform. A holding potential of
—70 mV was applied for 20s, followed by a 160 ms step to
—60 mV and a 100 ms step back to —70 mV. The voltage was then
stepped to 40 mV for 1s, and a steady-state current was observed.
A 2 s step down to —30 mV, inducing the tail current, was then fol-
lowed by a 0.5 s step to —70 mV. The current signal was sampled
at 2.5 kHz. The hlgg current magnitude was measured automatical-
ly from the leak-subtracted traces by the lonWork software by
taking a 40 ms average of the baseline current measured at
—70 mV and subtracting this from the peak of the tail-current re-
sponse measured during the voltage step at —30 mV. The degree
of inhibition of the hlgg current was assessed by dividing the post-
scan hlgy current by the respective pre-scan hlgs current for each
well.

Permeability and efflux in human Caco-2 cells

A monolayer of Caco-2 cells, cultured on semi-permeable poly-
carbonate surfaces, was used to study the permeability in the
apical-to-basolateral direction. The process was automated by a ro-
botic Tecan EVO platform and 24-transwell plates from Costar.
HBSS buffer, pH 7.4, was dispensed to the basal side of the mono-
layer. The assay was initiated by adding the test compound
(10 pmolmL™" in HBSS buffer, pH 6.5) to the apical side of the
monolayer. Samples were withdrawn before the addition of the
test compound and at 45 and 120 min post-addition of the test
compound. During incubation, the transwell plates were placed in
a shaking incubator at 37°C between sampling. All samples were
analyzed by LC-MS/MS, and the apparent permeability (P,,,) was

app.
calculated from the peak areas. Efflux was studied in the same
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Caco-2 cells, with the modification that HBSS buffer, pH 7.4, was
used on both sides of the monolayer. The permeability was studied
in the apical-to-basolateral direction (P,,,A—B) as well as in the
basolateral-to-apical direction (P,,,B—A). Efflux ratios were derived

app
from the following equation: (P,,,B—A)/(P,,, A—B).

app

Permeability and efflux in MDCK-MDR1 cells

MDCK-MDR1 cells seeded onto a Millipore 96-well plate at a density
of 60000 cells per well were used to study P-gp efflux. The process
was automated by a robotic Tecan EVO. HBSS buffer, pH 7.4, was
dispensed to either the apical or basal side of the monolayer. The
assay was initiated by adding the test substrate (1 pmolmL™" in
HBSS buffer, pH 7.4) to the apical or basal side of the monolayer
(with HBSS buffer, pH 7.4, on the other side of the monolayer).
Samples were withdrawn before the addition of the test com-
pound and at 150 min post-addition of the test compound. During
incubation, the plates were placed in a shaking incubator at 37 °C.
All samples were analyzed by LC-MS/MS, and the areas were used
to determine the P,,,A—B and P,,,B—A values. Efflux ratios were

derived from the following equation: (P,,,B—A)/(P,,, A—B).

Intrinsic clearance and half-life in human liver microsomes
and human and rat hepatocytes

Metabolic stability in human liver microsomes: Human liver mi-
crosomes were defrosted on ice and diluted to 1T mgmL™" of mi-
crosomal protein in 0.1 M phosphate buffer, pH 7.4. The test com-
pounds at 1 um were incubated with the liver microsome suspen-
sions and 1 mm NADPH at 37°C in a 96-well plate. At 0.5, 5, 10, 15,
20, and 30 min, aliquots (30 pL) were transferred to a 96-well plate
containing 120 pL of CH;CN. This plate was centrifuged for 20 min,
and the supernatant was removed and diluted (1:1 v/v) with H,0
before analysis by LC-MS/MS. Peak areas were determined from
extracted ion chromatograms, and the in vitro intrinsic clearance
(in vitro Cly, pLmin "mg™' microsomal protein) of the parent
compound was calculated from the slope in the regression analysis
of the natural logarithm of parent concentration versus time curve.

Metabolic stability in human and male Han Wistar rat hepato-
cytes: Hepatocyte metabolic stability was determined in accord-
ance with the method described by Jacobson et al.®? Cryopre-
served hepatocytes at a concentration of 10° viable cells per mL
were used. After thawing, hepatocytes were incubated for 10 min
to warm to 37°C, and the test compound, dissolved in CH;CN, was
added to give a final concentration of 1 um. At 0.5, 5, 15, 30, 45,
60, 80, 100, and 120 min, the incubation system was mixed, and
aliquots (20 uL) were transferred at each time point to wells in
a separate plate filled with 80 uL of CH;CN to stop the reaction.
The quenching plate was then vortexed, followed by centrifuga-
tion, and the supernatants were analyzed by LC-MS/MS. Peak
areas were determined from extracted ion chromatograms, and
the in vitro intrinsic clearance (in vitro CL,,, uLmin~' 10° cells) of
the parent compound was calculated from the slope in the regres-
sion analysis of the natural logarithm of parent concentration
versus time curve.

CYP inhibition, time-dependent CYP inhibition, and CYP reac-
tion phenotyping

CYP inhibition: A fluorescence-based method® in 96-well format
was used to determine the inhibition of five different CYPs (1A2,
2C9, 2D6, 3A4, and 2C19). The recombinant human enzymes used
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were prepared in house, except for CYP2D6 (Cypex Ltd.). Various
coumarin substrates, biotransformed into fluorescent metabolites,
were used as probes for each individual CYP. A fluorescence plate
reader (SpectraMax GeminiXS, Molecular Devices) was used to
measure the levels of metabolites formed. A dilution series of the
test compounds was prepared at eight different concentrations.
For each CYP, a mixture of the enzyme, the corresponding coumar-
in substrate, potassium phosphate buffer (pH 7.4), and H,O (con-
centrations and volumes were CYP-dependent) were added to
each well in a black 96-well plate. The test compounds at different
concentrations were added. After 10 min pre-incubation, the cofac-
tor NADPH was added to initiate the reaction. After 20-50 min
(CYP and substrate dependent), the reaction was terminated by
the addition of Tris base/CH;CN (20:80 v/v). The plates were trans-
ferred to the fluorescence plate reader, where the wavelengths
were set individually for the different coumarin substrates and
their respective fluorescent metabolite. The responses were export-
ed to Microsoft Excel, in which the ICs, curves were plotted (per-
cent inhibition versus concentration) and ICs, values calculated for
each test substrate and enzyme using XL-fit.

Time-dependent CYP inhibition: Time-dependent inhibition of
CYP was investigated for six CYPs (1A2, 2C8, 2C9, 2C19, 2D6, and
3A4) in a pool of human liver microsomes (1 mgmL~', BD Gentest
batch 38289). The test compounds were pre-incubated at two sep-
arate concentrations (10 and 50 um) in the presence and absence
of NADPH (1 mm) for 30 min. In addition, an incubation without
the test compound was performed with and without addition of
NADPH. A fraction of each incubation (25 uL) was then diluted ten-
fold with NADPH (1 mm) and phosphate buffer (pH 7.4) containing
a cocktail of probe substrates for each CYP and incubated for an-
other 15 min. All incubations were performed in a 96-well format
at 37°C in a total volume of 250 puL using a Tecan Freedom Evo
Plus 200 robot. The proteins (95 pL aliquot) were then precipitated
by acidic MeOH (190 pL) and put in a freezer for 30 min, followed
by centrifugation. The supernatant was transferred to a separate
plate, and the response of the metabolite formation from each
probe substrate was estimated by LC-MS/MS (Agilent 1100 LC and
TSQ Quantum Ultra triple quadrupole mass spectrometer equipped
with an APCl ion source). For each probe substrate, an LC-MS/MS
response of the formed metabolite was generated in the following
incubations: A) (=) test compound and (—) NADPH, B) (—) test
compound and (+) NADPH, C) (—) test compound and (+) NADPH,
and D) (—) test compound and (—) NADPH. The percent inhibition
of compounds at both 10 and 50 um was calculated for each CYP
with the following formula: [1—(C/D)/(B/A)] x 100.

CYP reaction phenotyping (CRP): The assay consisted of a panel
of six recombinant cytochrome P450 (rCYP) isoforms (1A2, 2C8,
2C9, 2C19, 2D6, and 3A4; Cypex Ltd.). The incubation was per-
formed in 96-well plates at 1 um test compound concentration
and with 50 nm rCYP at 37°C. Aliquots for analysis by LC-MS/MS
were taken at 0, 7, 15, and 30 min. Values of intrinsic clearance
(Cliy, pLmin~"pmol™") were calculated for each individual rCYP.
With the aid of relative activity factors derived from human liver
microsomes, the rCYP CL;, values were then used to calculate the
relative contribution by a certain CYP isoform to the total metabo-
lism observed in the experiment.

In vivo rat PK

Two days prior to dosing, male Han Wistar rats were prepared by
cannulation of the left carotid artery for blood sampling and by
cannulation of the right jugular vein for intravenous (i.v.) adminis-
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tration. The catheters were filled with heparin (100 IlUmL "), exteri-
orized at the nape of the neck, and sealed. The surgery was per-
formed under isoflurane (Forene, Abbott) anesthesia. After surgery,
the rats were housed individually and had free access to food and
water. Approximately 16 h prior to dosing, the animals were de-
prived of food and fasted until 4 h after dosing. The rats had free
access to drinking water during the experiment. On the experi-
ment day, the test item formulation was administered orally by
gavage or intravenously in the jugular vein. At pre-defined time
points, blood samples of ~150 uL were withdrawn from the carotid
artery up to 24 h after dosing. A total of 10 samples were with-
drawn. The blood samples were collected in heparinized plastic
tubes and centrifuged, within 30 min, for five minutes at 10000 g
and 4°C. The plasma was transferred to a 96-well plate and stored
at —20°C until analysis by LC-MS/MS. The studies were approved
by the Goteborg Animal Research Ethical Board.

Plasma protein binding

The test compounds were added to a 96-well plate containing
blood plasma to give a final concentration of 5 um. After mixing,
the samples were added to an equilibrium dialysis device (RED,
Thermo Fischer Scientific Inc.) and dialyzed against phosphate
buffer (0.1m, pH 7.4) for 18 h at 37°C. Standard curves used for
quantification were prepared in plasma in a concentration range of
7 um to 1.4 nm. Standard curve samples and dialysis samples were
precipitated with CH,CN, and after centrifugation, supernatants
were analyzed by LC-MS/MS. The fraction unbound in the incuba-
tion was calculated as the concentration in the media buffer
sample divided by the concentration in the plasma sample.

Identification of major in vitro metabolites and reactive me-
tabolites

The experimental setup for metabolite identification in hepato-
cytes was the same as for the determination of the metabolic sta-
bility, with the following modifications: The test compound con-
centration was 4 um, and the reaction was stopped by the addition
of cold CH;CN/H,O (3:1 v/v). Samples for metabolite identification
were taken after 40 min incubation. In addition, a blank sample
without test compound was analyzed. The samples were analyzed
by ultra-performance liquid chromatography (Waters ACQUITY
UPLC) coupled to a Xevo G2S TOF instrument equipped with an
electrospray interface. The software used to process the data was
MetaboLynx (Waters). Product ion spectra of the major metabolites
were acquired to allow interpretation and structural assignments.

Identification of major in vivo metabolites in plasma from
male Han Wistar rats

Plasma samples from the in vivo rat PK experiments were analyzed
with respect to metabolites as well as parent drug to allow the
generation of metabolic profiles. To 50 L of plasma was added
150 pL of CH,CN to precipitate plasma proteins. The samples were
vortexed for 10s and then centrifuged for 10 min at 4°C at
~2750 g. The supernatants were diluted 1:1 with 0.1 % formic acid
prior to analysis by ultra-performance liquid chromatography
(Waters ACQUITY UPLC) coupled to a Waters Xevo G2S TOF instru-
ment equipped with an electrospray interface. The software used
to process the data was Metabolynx (Waters). Product ion spectra
of the major metabolites were acquired to allow interpretation and
structural assignments.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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