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ABSTRACT
Riociguat is a potent, oral stimulator of soluble guanylate cyclase for the treatment of pulmonary hypertension, is prepared via an efficient, noninfringing synthesis route from commercially available diethyl malonate via [N-Methyl(benzyl)amino]propanedinitrile.
Keywords: Pulmonary hypertension (PH), Pulmonary arterial hypertension (PAH), Riociguat, Diethyl malonate, Diethyl bromomalonate, NMethyl(benzyl)amine, Diethyl [N-methyl(benzyl)amino]malonate, [N-Methyl(benzyl)amino]-malonamide, [N-Methyl-(benzyl)amino]propanedinitrile, 1-[(o-Fluoro-phenyl)-methyl]-1,2,7-triaza-1H-indene-3-carbo-xamidine.

INTRODUCTION
High blood pressure in the lungs is called Pulmonary Hypertension (PH) or Pulmonary Arterial Hypertension (PAH). It is characterized by
increased blood pressure in pulmonary capillaries leading to reduced right heart function and eventual heart failure. Symptoms include shortness
of breath, syncope, tiredness, chest pain, swelling of the legs, and a fast heartbeat. PAH is a chronic and life-changing disease that can lead to
right heart failure if left untreated [1-3]. In all its variant presentations, this disease is estimated to affect up to 100 million people worldwide [4].
Endothelial dysfunction of the pulmonary vasculature plays a key role in the progression of PAH and is characterized by impaired production of
vasodilators such as nitric oxide (NO) which is a key regulator of flow-induced vasodilation in the lung [5-8]. Treatment of PAH with Nitric
oxide (NO)-releasing agents such as nitrates has failed to produce beneficial long-time effects [9]. There are three therapeutic target pathways in
PAH: a) the prostacyclin pathway (e.g., prostanoids such as epoprostenol, iloprost, treprostinil); b) the endothelin pathway (eg, endothelin
receptor antagonists [ERAs] such as bosentan, ambrisentan, macitentan); and c) the cyclic guanosine monophosphate (cGMP) degradation
pathway (e.g., phosphodiesterase-5 [PDE5] inhibitors such as sildenafil and tadalafil) [10-13]. Despite the availability of numerous treatment
options, the phosphodiesterase-5 inhibition is not effective in all the patients and mortality rates remain high [14-17].
Riociguat-1, a soluble guanylate cyclase (sGC) stimulator approved by the US Food and Drug Administration (FDA) in 2013 for the treatment of
pulmonary arterial hypertension (PAH) and the treatment of chronic thromboembolic pulmonary hypertension [18]. Riociguat-1, offers a new
mode of action since it has a dual mode of action that enhances sGC response to endogenous NO and directly stimulates sGC independently of
NO binding [19]. It is the first member of novel class of therapeutics called sGC stimulator.
Several synthetic methods for 1 preparation were reported in the recent years, especially based on amidine intermediate 2, which was
synthesized from 2-chloronicotinic acid 3 (Method A) [20], 2-fluoro-3-(trifluoroacetyl)pyridine 4 (Method B) [21] and ethyl cyanopyruvate
sodium salt 5 (Method C) [22]. C. Hirth-Dietrich and co-workers proposed an alternative approach, avoiding usage of the intermediate 2, based
on coupling of pyrazolopyridine derivative 6 and 2-Chloro-5-nitro-4,6-pyrimidinediamine 7 in the presence of hexabutylditin and catalytical
amount of Tetrakis (triphenylphosphine) palladium (Method D) (Scheme 1) [23]. However, the most convenient and straightforward synthetic
approach to 1, involves coupling of amidine intermediate 2 with a 2-substituted malononitrile building block. Phenylazomalononitrile 8 is used
as a coupling pair in all known synthetic approaches based on amidine intermediate 2, leading to the corresponding coupling product–pyrimidine
derivative 9. Despite the advantages of the mentioned approach, reduction of the pyrimidine derivative 9 to the corresponding 4,5,6triaminopyrimidine derivative 10, requires harsh conditions, especially, up to 65 bar of hydrogen pressure.
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Scheme 1: Reported syntheses of Riociguat
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In this article, we report synthesis of [N-Methyl(benzyl)amino]propanedinitrile 11, which is used as a 2-substituted malononitrile building block
in the coupling step with the amidine intermediate 2 for the preparation of Riociguat in much milder conditions and beneficial conditions for
Active Pharmaceutical Ingredient (API) synthesis i.e. avoidance of highly toxic reagent or metal catalysts.
MATERIALS AND METHODS
All reagents and solvents were obtained commercially from abcr GmbH and were used without further purification. Diethyl bromomalonate 12
is synthesized according to known procedure, via bromination of diethylmalonate 13 [24]. 1-(2-Fluorobenzyl)-1H-pyrazolo[3.4-b]pyridine-3carboximidamide 2 is synthesized according to known procedure [25] and isolated as hydrochloride salt. Melting points were determined on a
Buchi B-545 melting point apparatus in open capillaries. Thin Layer Chromatography (TLC) analysis is performed using Silicagel 60 F254 Merck
plates, Phenomenex Luna C18 (2), 150 x 3 mm, 5 μm column was used for High Performance Liquid Chromatography (HPLC) analysis. 1HNMR (300 MHz) and 13C-NMR (75 MHz) spectra were recorded in d6-DMSO using a Varian Mercury-300VX instrument and TMS as an
internal standard.
Diethyl [N-methyl(benzyl)amino]malonate HCl salt (14)
To a solution of diethyl bromomalonate 12 (22.18 g, 0.09278 mol) in 50 ml of ethanol N-methyl(benzyl)amine 15 (22.46 g, 0.1853 mol) was
added drop wise while stirring in the course of 15 min. The yellow reaction mixture was heated under reflux for one hour. The solvent was
evaporated in vacuum and 50 ml of diethyl ether were added to the resulting yellow slurry, triturated and allowed to stay at RT for 2 h. The
precipitated solid (N-methyl(benzyl)amine hydrobromide) was filtered off with suction and the filter cake was washed with diethyl ether three
times. To the combined ethereal washings 32 ml of HCl saturated ethereal solution were added drop wise in the course of 15 min while stirring
and the resulting suspension was allowed to stay at ambient temperature overnight. The precipitated white solid was filtered off with suction,
washed four times with diethyl ether and dried in vacuum to give the title product as white powder (24.35 g, yield 83%, 90% HPLC peak area);
1
H-NMR (300 MHz, d6-DMSO): 1.31 (6H, t, J=7.1 CH3), 2.59 (3H, s, NCH3), 4.08 (2H, s, NCH2), 4.24 (4H, q, J=7.1, CH2), 4.49 (1H, C, NCH),
7.24-7.35 (3H, m, Ph), 7.44-7.49 (2H, m, Ph), 8.68 (2H, br, HCl).
[N-Methyl(benzyl)amino]malonamide (16)
100 ml sodium bicarbonate 10% aqueous solution was added to Diethyl [N-methyl(benzyl) amino]malonate HCl salt (14) (15.75 g, 0.04987 mol)
and stirred vigorously for 5 min. The phases were separated and the aqueous phase was extracted with diethyl ether. Combined organic washings
were dried over MgSO4, filtered and evaporated to dryness. To the residual 12.6 g of milky-white oil, formamide (11.675 g) and DMF (60.5 ml)
were added and the mixture was heated to 100°C. A suspension of sodium methoxide (3.12 g, 0.05775 mol) in 50 ml of methanol was added to
the reaction mixture in the course of 20 min and heated under reflux for 2.5 h. The reaction mixture was evaporated to dryness in vacuum, to the
residue 100 ml acetone/diethyl ether 1:1 mixture was added and stirred for 30 min. The precipitated solid was filtered off with suction, the filter
cake was washed with ether three times (25 ml each). The filtrate was evaporated to approx. 1/8, 10 ml of acetonitrile were added and solution
was kept in a fridge for 24 h. The precipitated solid was filtered off with suction and dried in vacuum resulting in the title product as white solid
(4.42 g, yield 40%, 97.7% HPLC peak area); 1H-NMR (300 MHz, d6-DMSO): 2.23 (3H, s, CH3), 3.53 (1H, s, CH), 3.69 (2H, s, CH2), 7.11 (2H,
br, NH2), 7.16-7.31(3H, m, Ph), 7.34-7.39(4H, m, Ph and NH2).
2-[Benzyl(methyl)amino]propanedinitrile (11)
2-[Benzyl(methyl)amino]propanediamide (16) (3.7 g, 0.0167 mol) was suspended in 80 ml THF and pyridine (6.2 g, 0.07838 mol) was added
drop wise in the course of 10 min while stirring. Subsequently, TFAA (7.6 g, 0.03618 mol) was added portion wise and the reaction mixture
state changed to a yellow-orange solution. The reaction mixture was stirred after completion of addition at ambient temperature for additional 10
min while total consumption of the starting material was confirmed by TLC (Dioxane/n-heptane 1: 1 Rf = 0.7). The reaction mixture was poured
into 120 ml H2O and extracted four times with EtOAc (40 ml each). The combined organic washings were dried over MgSO4, filtered and
concentrated in vacuum to give the crude product as light-yellow oil. Purification by column chromatography (mobile phase dioxane/heptane 1:
1) afforded the title product as colorless oil (2.52 g, yield 76.6%, 94% HPLC peak area); 1H-NMR (300 MHz, d6-DMSO): 2.37 (3H, s, CH3),
3.68 (2H, s, CH2), 5.71 (1H, s, CH), 7.25-7.37(5H, m, Ph); 13C-NMR (75.5 MHz, d6-DMSO): 37.9 (CH3), 47.1 (NCH), 58.2 (CH2), 110.4 (CN),
127.4 (CH), 128 (CH), 128.4(CH), 135.5 (CN).
N5-Benzyl-2-[1-[(2-fluorophenyl)methyl]pyrazolo[3,4-b]pyridin-3-yl]-N5-methyl-pyrimidine-4,5,6-triamine (17)
1-(2-Fluorobenzyl)-1H-pyrazolo[3.4-b]pyridine-3-carboximidamide (2) HCl salt (1.5 g, 0.0049 mol) was dissolved in 120 ml H2O, sodium
carbonate (0.68 g, 0.00638 mol) was added and the mixture was stirred for 10 min. The reaction mixture was extracted three times with EtOAc,
organic washings were dried over MgSO4, filtered and evaporated to dryness. The residue was taken up in 20 ml n-butanol followed by addition
of pyridine (0.44 g, 0.00557 mol) and 2-Benzyl(methyl)amino]propanedinitrile (11) (1.03 g, 0.00557 mol). The reaction mixture was heated
under reflux for 2.5 h when TLC (Dioxane/Heptane 1: 1 Rf = 0.47) confirmed total consumption of the starting materials. The reaction mixture
was cooled to ambient temperature and evaporated to dryness. The resulting brownish viscous residue was triturated with diethyl ether, the
precipitated solid was filtered off with suction and dried in vacuum to give the title product (1.58 g, yield 73%, 97% HPLC peak area, M. p. 190192°C); 1H-NMR (300 MHz, d6-DMSO): 2.63 (3H, s, NMe); 4.1 (2H, s, CH2, Bn); 5.78 (2H, s, CH2, F-Bn); 5.95 (4H, br, NH2); 7.02-7.4 (m,
10H (1,2,8-13)); 8.50 (1H, dd, (14)); 9.01-9.06 (1h, dd, (3)).
Riociguat (1)
A mixture of N5-Benzyl-2-[1-[(2-fluorophenyl)methyl]pyrazolo[3,4-b]pyridin-3-yl]-N5-methyl-pyrimidine-4,5,6-triamine (17) (1.5 g, 0.00334
mol), Pd/C 10% (3 g), ammonium formate (2.1 g, 0.0334 mol) and methanol (50 ml) was charged to an autoclave and stirred under 3.5 bar
hydrogen pressure for 9 h at ambient temperature. The catalyst was filtered off and the filtrate was concentrated to 1/5 of the initial volume
under reduced pressure. The precipitated white solid was washed with water, dried in vacuum and suspended in 15 ml 2-propanol.
Dimethyldicarbonate (DMDC) (0.41 g, 0.00306 mol) was added and the suspension was stirred 24 h at ambient temperature. The reaction
mixture was filtered with suction and the filter cake was dried in vacuum to give the crude product (0.76 g, 92.44% HPLC purity). Carbon
treatment and recrystallization from MeOH afforded the title product (0.56 g, 97% HPLC purity, M. p. 257-259°C); 1H-NMR (300 MHz, d6DMSO): 3.07 (3H, s, NCH3); 3.60 (2H, s) and 3.71 (1H, s, OCH3); 5.79 (2H, s, NCH2); 6.40 (4H, br, NH2); 7.11 (3H, m, C6H4); 7.24 (1H, dd, J
= 8.0, 4.5, (2)); 7.30 (1H, m, C6H4); 8.60 (1H, dd, CH, J = 4.5, 1.6 (3)); 9.05-9.10 (1H, dd, J= 8.0, 1.5 (1)); 13C-NMR (75.5 MHz, d6-DMSO):
33.8 (NCH3); 43.2 (d, JC,F = 3.8, NCH2); 52.1 (OCH3); 99.4; 114.6 (CH, Py); 114.7 (d, JC,F = 21.1, CH, C6H4); 117.0 (CH, Py); 123.8 (d, JC,F =
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3.5, CH, C6H4); 124.0 (d, JC,F = 14.4, CH, C6H4); 128.8 (d, JC,F = 8.0, CH, C6H4); 129.2 (d, JC,F = 3.9, CH, C6H4); 133.6 (2CNH2); 141.8; 147.9
(CH, Py); 150.8; 155.3; 157.0; 159.1; 159.6 (d, JC,F = 246.6, CF).
RESULTS AND DISCUSSION
Despite the fact that compound 11 is potentially a very useful building block, only very few methods are known for its syntheses. S. Xiaobo and
H. Yue described several synthetic approaches based on 2-bromomalononitrile 18 [26] (Scheme 2).

Scheme 2: Reported synthesis of 2-[Benzyl(methyl)amino]propanedinitrile

However, all our attempts to synthesize 11 following to the procedures described in [26] failed – only corresponding amine hydrobromides with
almost quantitative yields along with some resin materials were isolated after interaction of 2-bromomalononitrile 18 [27] and the amine, which
indicates high acidity of the hydrogen atom in 2-bromomalononitrile 18. Thus, so far, the only one known synthetic approach, reported by XueQing Mou and co-authors [28], based on copper-catalyzed dicyanation of N-methyl-N-benzylformamide 19, provides 11 with 39% yield
(Scheme 2). Despite the fact that the mentioned approach is a one-pot synthesis and seems to be straightforward, there are some obvious
disadvantages, especially, commercial inaccessibility of the starting material 19, usage of expensive copper triflate and toxic
trimethylsilanecarbonitrile. Furthermore, the removal of copper residues down to acceptable levels might be challenging. On the other hand, the
above-mentioned disadvantages are not compensated by a high yield. Hereby, we report a four-step synthesis of 11 in mild conditions with
overall 25% yield, based on commercially available and cheap starting materials – diethylmalonate 13 and N-methyl(benzyl)amine 15.
Purification of the interim compounds is not complicated and is feasible in production. Obtained by this procedure 11 is successfully used as key
intermediate in the three-step synthesis of Riociguat (1) with overall 40% yield. Diethyl-2-bromomalonate 12 [24] is converted to Diethyl [Nmethyl(benzyl)amino]malonate HCl salt 14 with 83% yield. The Diethyl [N-methyl(benzyl)amino]malonate HCl salt 14 is converted to [NMethyl(benzyl)amino]malonamide 16 with 40% yield and subsequently to 2-[Benzyl(methyl)amino]propanedinitrile 11 with 76.6% yield
according to scheme 3.

Scheme 3: Synthesis of 2-[Benzyl(methyl)amino]propanedinitrile

2-[Benzyl(methyl)amino]propanedinitrile 11 is reacted with the amidine key intermediate 2 to give N5-Benzyl-2-[1-[(2fluorophenyl)methyl]pyrazolo[3,4-b]pyridin-3-yl]-N5-methyl-pyrimidine-4,5,6-triamine 17 with 73% yield. Catalytic reduction of the derivative
9, obtained by a similar coupling reaction of 2 with phenylazomalononitrile 8, to the corresponding 4,5,6-triaminopyrimidine derivative 10
requires up to 65 bar hydrogen pressure [22,25], meanwhile, subsequent catalytic benzyl-deprotection of 17 undergoes smoothly, already at 3.5
bar of hydrogen pressure. The Introduction of Moc-group is successfully performed by interaction of the interim benzyl-deprotected compound
with DMDC, instead of highly toxic methyl chloroformate – which is used for the same purpose by C. Alonso-Alija and co-authors [22, 25] –
afforded finally Riociguat 1 with overall 40% yield as shown in scheme 4.
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Scheme 4: Synthesis of Riociguat

CONCLUSION
2-[Benzyl(methyl)amino]propanedinitrile was synthesized in mild conditions with a yield comparable to the known methods, from commercially
available, cheap starting materials and successfully used for Riociguat synthesis, avoiding harsh conditions, the usage of toxic reagents and
homogenous metal catalysts. It can be also used as a convenient coupling pair with variety of amidine compounds and serve as a building block
for synthesis of 2-substituted 4,6-diamnino-5-(methyl)aminopyrimidines.
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