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Abstract—Sila-substitution of drugs (the carbon/silicon switch) is a concept that is being successfully used for the development of
new chemical entities. The (R)-sila-analogue of the antidepressant venlafaxine is devoid of the serotonin reuptake inhibition
observed with the marketed drug, leading to a selective noradrenaline reuptake inhibitor displaying anti-emetic properties.

© 2006 Elsevier Ltd. All rights reserved.

Organosilicon chemistry has been demonstrated to be a
powerful source of chemical diversity in drug design.!—
Silicon, a Group 14 element, and carbon have many
similarities, one being that they readily form four cova-
lent bonds with many other elements. However, the two
elements also present some important differences which
can be exploited by the medicinal chemist and stable sil-
icon-containing compounds can be synthesized that can
have modified pharmacological profiles compared to
their carbon counterparts. Carbon and silicon differ in
their covalent radius (r. = 77 pm, rg; = 117 pm) leading
to differences in bond distance and the steric arrange-
ment when comparing analogous C-element and Si-ele-
ment bonds. Silicon-containing bonds are always
longer than the corresponding carbon analogues (the
C-Si bond is approximately 25% longer than the C-C
bond) and this difference leads to subtle changes in the
size and therefore shape of silicon-containing com-
pounds when compared to carbon.

Venlafaxine (1, Fig. 1, Effexor™, Efexor™ and Trevi-
lor™) is a serotonin-noradrenaline reuptake inhibitor
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Figure 1. Structures of venlafaxine (1) and (R)-sila-venlafaxine ((R)-2).

(SNRI) used in the treatment of depression which, in
contrast to the tricyclic antidepressants, shows no affin-
ity for neurotransmitter receptors.*® Venlafaxine is
marketed as a racemate and during our earlier synthetic
studies’ on sila-analogues we sought to obtain the race-
mates and individual enantiomers of both venlafaxine
(1)® and sila-venlafaxine (2) in order to compare their
individual pharmacological profiles. The single sila-
enantiomer (R)-2 shows an interesting monoamine reup-
take pharmacological profile that is not observed with
the enantiomers of 1.7

In order to streamline the synthesis of (R)-2 for its ame-
nability to large-scale synthesis, the original synthesis’
was adapted to avoid the use of highly flammable re-
agents. This modified procedure’ (Scheme 1) utilises
the acid labile trimethoxyphenyl protecting group'”
allowing several key intermediates to be isolated by crys-
tallisation techniques. Compound (R)-2, isolated in mul-
ti-gram quantities as its crystalline hydrochloride salt for
biological evaluation, was obtained from its racemate by
the fractional crystallisation of the (+)-camphorsulfonic
acid salt. The absolute configuration of (R)-2 was deter-
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Scheme 1. Synthesis of (R)-sila-venlafaxine ((R)-2). Reagents: (a) n-
hexane; (b) MeOH; (c) n-hexane; (d) HCI-Et,O; (e) Me,NH, n-BulLi,
THF; (f) AcOH, KOAc, Et,0; (g) (+)-CSA, acetone then conversion
to the HCI salt.

mined by X-ray diffraction studies on the hydrobromide
salt.”

The in vitro biological results in human recombinant
transporter assays (Table 1) show (R)-2 to be a selective
noradrenaline reuptake inhibitor portraying an in vitro
pharmacological profile not demonstrated by either of
the enantiomers of 1.7 (S)-Venlafaxine ((S)-1) is a potent
and selective serotonin reuptake inhibitor (SSRI),
whereas the R-enantiomer ((R)-1) is non-selective be-
tween the serotonin and noradrenaline reuptake sites.
In order to profile (R)-2 further, the compound was test-
ed in vitro across a panel of 68 common receptors/chan-
nels and 16 enzymes and is inactive in the majority of

Table 1. In vitro profile of (R)-2

Target ICso™® (uM)  Noradrenaline
reuptake selectivity

0.2 (+0.1)
42 (+23) 21
49 (+14) 25

Noradrenaline reuptake®
Serotonin reuptake®
Dopamine reuptake®

Ca®* channel (L, verapamil) 8.6¢ 43
Ca®* channel (L, diltiazem) 2.7 14
Na* channel (site 2) 5.1¢ 26

#Values are means of 5 determinations, standard deviation is given in
parentheses. Monoamine reuptake receptor binding activities were
determined using radioligand cellular uptake inhibition assays.
Radioactivity levels were detected by scintillation counting.

® Inactive (<50% inhibition) at all other receptors/enzymes/channels
(see Supplementary information) at a concentration of 10 uM.

°Human recombinant transporter assay.

dn=1.

assays (<50% inhibition at 10 uM), including opioid
receptors. Weak affinity at Ca®>* and Na™ channels is ob-
served (Table 1), although no functional activity at these
channels was realised on further investigation. Com-
pound (R)-2 was also profiled in vitro for its effects on
cytochrome-P450 enzymes. Venlafaxine (1) has been
evaluated in clinical studies and demonstrates low to
negligible drug interaction potential at CYP2D6,
CYPIA2, CYP2C19 and CYP3A4.'! Similarly (R)-2
also displays low in vitro activity at these CYP enzymes
(<50% inhibition, 10 uM).

Venlafaxine (1) and racemic sila-venlafaxine (2) have
identical ~ physicochemical  properties (measured
pK,=9.7 and measured logD at pH 7.4 =0.9, mea-
sured log P =3.1), and based on the evidence that 1
achieves high clinical efficacy in the treatment of depres-
sion one would have high confidence that (R)-2 would
also readily reach its site of action in the CNS. In gener-
al, silicon is more lipophilic than carbon; however in this
chemical environment, the silanol in 2 is more acidic
than the corresponding carbinol in 1. The two effects ap-
pear to cancel each other leading to both compounds
having the same log P profile. Structurally (R)-2 forms
a different shape from that of 1. The sila-cyclohexane
ring is more flattened than the cyclohexane ring of 1
due to the increased Si—C bond lengths compared to
the C—C bonds (Fig. 2).” The introduction of silicon into
the core structure of 1 has provided molecules that pro-
vide conformations which cannot be achieved with any
other carbon-based analogues of 1, therefore exploring
new chemical space and providing drug-like structures
with a modified pharmacological profile.

Venlafaxine (1) is generally well tolerated in the clinical
setting, however one of the adverse effects reported is
nausea,'? an effect that may be a consequence of its
mixed serotonin/noradrenaline reuptake profile. It has
been shown, from studies published in the literature,
that noradrenergic neurons are found in the area pos-
trema within the brain and noradrenaline can induce
emetic events through post-synaptic a2 receptors at this
site.!3 Therefore, we postulated the simple hypothesis
that the use of a centrally acting selective noradrenaline
reuptake inhibitor would inhibit the reuptake of nor-
adrenaline, resulting in a transient accumulation of the
neurotransmitter in the synaptic cleft. This build up of
noradrenaline may act as an agonist on the pre-synaptic
a2 receptors leading to a negative feedback inhibition of
noradrenaline release and subsequently halting an emet-
ic response through the post-synaptic receptors. In order
to test the theory that a selective noradrenaline reuptake
inhibitor may have utility in the treatment of emesis,
(R)-2 was evaluated in a ferret model of morphine-in-
duced emesis.'* (R)-2 hydrochloride was dosed orally
2 h prior to the emetogen (morphine, 0.125 mg/kg, sc)
and the animals were monitored for retching and vomit-
ing events for up to 2 h following the administration of
morphine. The data are summarised in Figure 3.

At 50 mg/kg (R)-2 completely abolishes emetic episodes
and almost complete inhibition (93%) is achieved at
5 mg/kg. In male ferrets, dosed at 5 mg/kg orally, (R)-



G. A. Showell et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2555-2558 2557

Figure 2. X-ray crystal structure of (R)-2 HBr. The silicon is green,
nitrogen is blue, and oxygen is red. The bromide atom has been
omitted for clarity. The C-Si bonds within the ring are 1.85 A and the
sila-containing ring is more flattened than the equivalent cyclohexane
ring in 1 (see Ref. 7 for X-ray crystallography details and further
discussion).

100
90
80 7
70 7
60
50 7
40
30 7
20 7
10 7
0

% inhibition

1 5 50
oral dose (mg/kg)

Figure 3. Anti-emetic profile of (R)-2 in a morphine-induced model of
emesis in the ferret. The test compound (R)-2 was dosed orally in
ferrets 2 h prior to the emetogen (morphine, 0.125 mg/kg, sc). Group
size, n = 4. The ferrets were monitored for emetic episodes for 2 h.

2 displays a plasma half-life of 1.1 h with a Cy,x of
225 ng/ml. At the 1 mg/kg dose, however, the compound
is virtually inactive and the emesis levels in the ferret are
comparable to morphine alone. In the same ferret emesis
model ondansetron,'® a marketed SHT; receptor antag-
onist anti-emetic agent, was evaluated and shows no ef-
fect (16 mg/kg) when administered orally.

Emesis is a complex, multifactorial process for which,
presently, there is no therapeutic regime suitable for
treating all underlying biological emesis-related process-
es. The SHTj; receptor has been identified as an impor-
tant receptor involved in the treatment of cancer
chemotherapy-related emesis, ondansetron being a key
therapeutic agent in use by oncology clinicians. Howev-
er other areas for treatment, such as post-operative nau-
sea and vomiting (PONYV), are not well covered by
effective therapies. A number of post-operative factors
can influence the risk of PONV, and the relief of pain,
often associated with the use of opioids such as mor-

phine, exacerbates emetic episodes. As numerous neuro-
nal pathways converge on the vomiting centre within the
brain new anti-emetics, operating by different mecha-
nisms of action may therefore provide an important
way forward in the future treatment of emesis.

In conclusion, (R)-2, a selective noradrenaline reuptake
inhibitor, has been demonstrated to effectively inhibit
emetic episodes caused by an emetogen, such as mor-
phine, in a well-characterized animal model. Its oral effi-
cacy in such a model suggests that compounds with this
mechanism of action may have clinical utility in the pre-
vention and treatment of PONYV, particularly in settings
where morphine is used for post-operative pain relief.
More extensive pharmacological studies on (R)-2,
including other validated animal models of emesis, will
be presented in due course.
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