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Fig. 1. Structures of endogenous prostacyclin 1 and treprostinil 2
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The synthesis of the prodrug candidate, treprostinil N-acyl methylsulfonamide 5 was accomplished from
treprostinil 2 utilising protecting group strategies. A more direct synthesis for the prodrug was also
achieved using a treprostinil triol precursor 12 and bromoacetyl acylmethylsulfonamide 14. The overall
yield of treprostinil N-acyl sulfonamide 5 directly from the triol precursor 12 is similar to the protecting
group strategies because deprotonation of the acidic proton in the bromoacetyl acylmethylsulfonamide
14 reduces electrophilicity. However, the more direct route using the treprostinil triol precursor holds
greater promise as a strategy to prepare a wide range of treprostinil prodrug candidates. Treprostinil
N-acyl methylsulfonamide prodrug 5 exhibited a 30-fold decrease in the potency at the human prostacy-
clin (IP) receptor compared to treprostinil 2 in an in vitro cyclic AMP assay.

� 2019 Elsevier Ltd. All rights reserved.
.

Introduction

Pulmonary arterial hypertension (PAH) is a chronic inflamma-
tory disease of the small pulmonary capillaries, characterised by
vasoconstriction, cell proliferation and fibrosis [1] which increases
pulmonary arterial pressure resulting in heart failure and ulti-
mately death [2]. Reduced endogenous prostacyclin 1 is implicated
in the aetiology and progression of PAH [3,4] leading to the use of
prostacyclin 1 to treat PAH (see Fig. 1) [5–7]. Prostacyclin 1 acts at
the prostacyclin (IP) receptor, also termed the prostaglandin I2
receptor. Despite its potent vasodilatory, antiproliferative and
anti-platelet properties, prostacyclin 1 is chemically and metabol-
ically unstable [8–10].

Treprostinil 2 is a stable prostacyclin mimetic shown to allevi-
ate symptoms and slow disease progression in patients (see
Fig. 1) [11,12]. As with all prostacyclin analogues, treprostinil 2
has dose-limiting toxicities [13]. Treprostinil 2 can be administered
by continuous ambulatory pump to provide a controlled dose
through a subcutaneous catheter [14].

Despite improved clinical efficacy, the subcutaneous adminis-
tration of treprostinil is associated with pain at the infusion site
[15] which can lead to patients withdrawing from therapy [13].
Infusion site pain is principally attributed to the affinity of trepros-
tinil at the IP receptor but may possibly involve additional prosta-
noid receptors such as the EP2 and DP1 receptors which are also
located in the skin [16,17], and would be activated at similar con-
centrations to the IP receptor by treprostinil [9].

The presence of the treprostinil carboxylic acid moiety is impor-
tant for maintaining biological activity at the IP receptor [18]. Sev-
eral treprostinil carboxylic acid esters have been evaluated but no
treprostinil prodrugs have been clinically registered [19–23], pre-
sumably due to the action of endogenous esterases leading to the
premature release of treprostinil [24].
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Fig. 2. Structure of the prodrug selexipag 3 that is cleaved by hepatic enzymes to give the metabolite ACT-333679 4 which is a potent IP receptor agonist.

Fig. 3. Structure of treprostinil N-acyl methylsulfonamide 5.
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The orally administered non-prostanoid, N-acyl methylsulfon-
amide pro-drug called selexipag 3 (marketed as UPTRAVI) [25]
had a 13-fold lower affinity for the IP-receptor than the active form
of the drug (ACT-333679 4; Fig. 2) [26,27]. Upon absorption of
selexipag 3 into the bloodstream, the N-acyl methylsulfonamide
moiety is cleaved by hepatic carboxyesterases to unmask the
active drug 4 exhibiting efficacy for treating PAH [28–30]. Selexi-
pag 3 was designed to reduce side effects caused by the direct acti-
vation of IP receptors before absorption into the bloodstream [28].

N-Acylsulfonamides are known to exhibit chemical and biolog-
ical stability making them desirable candidates for prodrug struc-
tures [31]. We considered that a N-acyl methylsulfonamide form
of treprostinil would combine the extended-release characteristics
of a drug such as selexipag with the desirable pharmacological pro-
file of treprostinil to reduce unwanted activity upon administra-
tion and ultimately achieve greater tolerability. We sought to
prepare treprostinil N-acyl methylsulfonamide 5, which we
hypothesise will have lower activity at the IP receptor compared
to treprostinil 2 (see Fig. 3).
Results and discussion

The preparation of treprostinil N-acyl methylsulfonamide 5 by
directly coupling treprostinil 2 (50 mg scale) and methylsulfon-
Scheme 1. Proposed direct conversion of treprostin
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amide 6 (Scheme 1) using either carbodimidazole (CDI) or N-(3-
dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride (EDCI)
resulted in multiple products as determined by TLC analysis, which
were difficult to isolate. 1H NMR and HPLC analysis of the crude
product mixtures suggested that a significant amount of trepros-
tinil 2 had not undergone reaction. Efforts to prepare the
N-hydroxysuccinimide ester of treprostinil were similarly unsuc-
cessful (determined by TLC and 1H NMR). A protecting group
strategy appeared to be necessary to avoid possible side reactions
due to the treprostinil secondary hydroxyls.

Treprostinil protecting group strategies have been described in
the patent literature [32–35]. These strategies rely on the simulta-
neous protection of the carboxylic acid and the two secondary
hydroxyls, which would then be followed by subsequent selective
deprotection of the carboxylic acid. Several methods were evalu-
ated (ESI Table S1) but did not generate sufficient yields of pure
product. One strategy to per-trimethylsilylate treprostinil [35]
using N,O-bis(trimethysilyl)acetimidate to give the tri-silylated
treprostinil adduct, relied on the lability of the trimethylsilyl ester
to allow coupling of methanesulfonamide 6 to give the desired tre-
prostinil N-acyl methylsulfonamide 5. A treprostinil-derived pro-
duct was isolated but analysis by 1H NMR did not confirm the
presence of the desired product.

Attempts to directly benzylate the two hydroxyls in treprostinil
2 using an excess of different bases and benzyl bromide, resulted in
no reaction or the formation of several products within which the
desired bis-hydroxyl benzylate treprostinil product was observed
in small amounts. To avoid competitive reactions with the trepros-
tinil carboxylic acid moiety, treprostinil ethyl ester 7 could be pre-
pared in good yield (88%) by Fisher esterification, allowing for
benzylation of the secondary alcohols to again be examined (ESI
Table S1). Benzylation of treprostinil and the corresponding ethyl
ester proved difficult owing to the poor nucleophilicity of the sec-
ondary alcohols. It was found that when treprostinil ethyl ester 7
was treated with the Dudley reagent (2-benzyloxy-1-methylpri-
dinium triflate) [36] dissolved in dichloromethane (DCM) the
desired bis-benzyl treprostinil ethyl ester 8 (Scheme 2) was formed
as a yellow oil in 49% yield following isolation by column chro-
matography. Following successful benzylation, direct benzylation
of treprostinil using the Dudley reagent was also attempted and
showed efficient conversion as determined by TLC.
il 2 to treprostinil N-acyl methylsulfonamide 5.
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Scheme 2. Synthesis of treprostinil N-acyl methylsulfonamide 5 from treprostinil 2. (i) Dudley reagent, MgO, trifluorotoluene; (ii) LiOH, MeOH/THF/water; (iii) methane
sulfonamide 6, carbodiimidazole, 1,8-Diazabicyclo[5.4.0]undec-7-ene, DCM; (iv) Pd/C, H2, EtOH. Isolated yields are shown.

Scheme 3. Triol 12 has potential to add to the carboxylic acid head group and prodrug moiety in one step. (A) The synthesis of treprostinil 2 from the triol precursor 12 by
reaction with chloroacetonitrile 13. (B) The formation of treprostinil N-acyl methylsulfonamide 5 required at least 2 equiv of sodium hydride for bromoacetyl
acylmethylsulfonamide 14 to undergo reaction with triol 12. (C) The treprostinil triethylene glycol ester analogue 16 was synthesised from the ethylene glycol bromoacetyl
bromide 15 and the triol 12 in mild basic conditions. Isolated yields are shown.
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Hydrolysis of the ethyl ester 8 was conducted using LiOH in
THF/methanol/water to give the bis-benzyl treprostinil 9 (89%)
needed for coupling with methanesulfonamide 6. Coupling was
achieved using two different reagents reported in the literature
[37]. Firstly, carbonyldiimidazole (CDI) in the presence of DBU in
Please cite this article as: C. Picken, P. Laing, L. Shen et al., Synthetic routes to t
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THF at reflux gave the desired bis-benzyl treprostinil N-acyl
methylsulfonamide 10 (NMR, MS) in 21% yield after column chro-
matography. Secondly, N-(3-dimethylaminopropyl)-N0-ethylcar-
bodiimide hydrochloride (EDCI) and dimethylaminopyridine
(DMAP) in dichloromethane (DCM) at room temperature [38]
reprostinil N-acyl methylsulfonamide, Tetrahedron Letters, https://doi.org/
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afforded the desired product in 46% yield following purification by
column chromatography. Benzyl deprotection gave treprostinil N-
acyl methylsulfonamide 5 (64%).

Although the overall yield could be improved by direct benzyla-
tion, the majority of losses occurred during the coupling of trepros-
tinil 5 to methane sulfonamide 6. Since treprostinil is an expensive
starting material, the cumulative losses due to protection and
deprotection steps, and the low efficiency of the coupling reactions
of methanesulfonamide 6, are not optimal for preparing trepros-
tinil N-acyl methylsulfonamide 5. The triol precursor 12 under-
went selective alkylation at the aryl hydroxy with
chloroacetonitrile 13 followed by hydrolysis to give treprostinil 2
(Scheme 3A) [39].

To avoid the aforementioned limitations, we found that it was
possible to prepare treprostinil N-acyl methylsulfonamide 5 in
20% isolated yield after purification by the alkylation of the triol
precursor 12 with the bromo-sulfonamide adduct 14 using excess
NaH (Scheme 3B) [40]. Excess NaH was required due to the acidic
proton in the bromo-sulfonamide 14 to give the desired trepros-
tinil N-acyl methylsulfonamide 5. The product structure was con-
firmed by 1H NMR spectroscopy (Fig. S1). Alkylation of the triol
precursor 12 with an a-bromo ester (e.g. ester 15, Scheme 3C) that
does not have an acidic proton adjacent to the carbonyl, as does
bromo-sulfonamide 14, is easily accomplished in good yield
(>80%) using potassium carbonate in acetone at reflux as described
by Kokotos and co-workers [41].

The overall yield to prepare treprostinil N-acyl methylsulfon-
amide 5 directly from the triol precursor 12 is similar to the pro-
tecting group strategies starting from treprostinil 2 because
deprotonation of the acidic proton in bromoacetyl acylmethylsul-
fonamide 14 reduces the electrophilicity for alkylation to the triol
12. The treprostinil triol precursor 12 is useful however for the
preparation of a variety of prodrug candidates using a wide range
of a-halo derivatives (e.g. ethylene glycol bromoacetyl bromide
15).

The biological effects of IP agonists can be evaluated by the con-
version of ATP to cyclic AMP in stable cells expressing the IP recep-
tor [4,42]. In vivo, an increase in intracellular cyclic AMP results in
a vasodilatory, anti-proliferative and anti-thrombotic response [9].
The concentration-dependent response of treprostinil 2 and tre-
Fig. 4. Concentration–response relationship of intracellular cyclic AMP changes
induced by treprostinil 2 and treprostinil N-acyl methylsulfonamide 5 in HEK-293
cells stably transfected with the human IP receptor. Cyclic-AMP concentration
(mean ± SEM; n = 4) was measured following drug treatment (15 min) and
normalised to cell protein content. Data points were fit with a unity sigmoidal-
curve using Prism software. The concentration giving a half-maximal response
(EC50) for treprostinil 2 and treprostinil N-acyl methylsulfonamide 5 (SUL-TREP)
was 0.59 nM and 18 nM, respectively.
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prostinil N-acyl methylsulfonamide 5 was evaluated over the con-
centration range of 0.01–1000 nM in HEK-293 cells expressing the
human IP receptor. The log concentration causing 50% of the max-
imal response (log EC50) for cyclic AMP generation was 30-fold
lower for treprostinil N-acyl methylsulfonamide 5 compared to
treprostinil 2 (Fig. 4). This EC50 value for treprostinil was similar
to that calculated previously in the same cell line [42]. The 30-fold
difference in the EC50 of treprostinil N-acyl methylsulfonamide 5
and treprostinil 2 is double that of selexipag and ACT-333679
(13-fold difference) as measured in a similar cyclic AMP assay [27].

Employment of a stable prodrug with reduced activity for the
parenteral administration of treprostinil is hypothesised to avoid
premature drug release which is predicted to translate clinically
to a reduction in side effects experienced upon administration.
With a favourable stability profile, a prodrug strategy may also
enable a depot administration rather than continuous infusion.
Moreover, treprostinil N-acyl methylsulfonamide 5 (like selexipag
3) may be amenable to oral dosing, with concomitant advantages
of therapeutic ratio and convenience of administration. These fea-
tures remain to be established in further research. The encouraging
results presented indicate that in vivo studies are warranted.
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