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We report a concise, convenient and sustainable synthesis of the
approved anti-herpes zoster drug, Amenamevir. Based on the Ugi-
4CR, our approach can access Amenamevir by a simple, rapid and
one-pot synthesis. Compared to other reported syntheses, ours is
more sustainable, shorter, and higher yielding. The X-ray crystal
structures of key intermediate 3-(4-isocyanophenyl)-1,2,4-oxadia-
zole 4 and Amenamevir are reported for the first time.
Computational retrosynthesis of Amenamevir using four popular
freeware could recapitulate the described multi-step approaches
but disappointingly did not propose our one-pot synthesis.

Introduction

Amenamevir was first introduced to the Japanese market in
2017 for the treatment of herpes zoster (HZ) infection." Up to
now, 1240 000 patients with HZ have been treated in Japan.>
As a helicase-primase inhibitor (HPI), Amenamevir has a novel
action mechanism from previously reported synthetic nucleo-
side compounds for the treatment of HZ, including Acyclovir,
and Valacyclovir (Fig. 1A).> In contrast to Acyclovir, the non-
nucleoside Amenamevir inhibits helicase-primase, thereby
suppressing the replication fork progression that separates
double DNA strands into two single strands during DNA syn-
thesis. Amenamevir showed superior antiviral activity com-
pared to Acyclovir during the DNA synthesis stage when it was
used to treat herpes simplex virus (HSV) and varicella-zoster
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virus (VZV) related diseases,™® Unlike Acyclovir, its anti-VZV
and anti-HSV activities were not attenuated by viral DNA syn-
thesis in the infected cells. Among four available HPIs,
Amenamevir has both anti-HSV and anti-VZV activity, while
T157602, Pritelivir and BILS 22 BS only have anti-HSV
activity.>” Amenamevir is N-(2-((4-(1,2,4-oxadiazol-3-yl)phenyl)
amino)-2-oxoethyl)-N-(2,6-dimethylphenyl)tetrahydro-2H-thio-
pyran-4-carboxamide-1,1-dioxide. It consists of a-aminoacyl-
amide backbone with a C-terminal thiopyrane dioxide, an
N-terminal p-1,2,4-oxadiazol-3-yl phenyl, and a 2,6-dimethyl-
phenyl anilid sub-structure.

The Ugi four component reaction (Ugi-4CR), is one of the
most widely used and versatile multicomponent reactions
(MCRs) in organic synthesis and medicinal chemistry, allowing
the rapid construction of the chemical compounds with
a-aminoacyl amide scaffolds.®*" A few examples of Ugi-4CR-
derived drug synthesis are listed in Fig. 1, such as
praziquantel,>"® lacosamide,'* or ivosidenib (Fig. 1B)."®

Results and discussion

Herein we report a novel synthesis of Amenamevir exploiting
the Ugi-4CR with carboxylic acid 1, 2,6-dimethylaniline 2, par-
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Fig. 1 (A) Three marketed anti-herpes zoster drugs. (B) Examples of
drugs advantageously synthesizable by Ugi-4CR chemistry.
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Table 1 Optimization of reaction conditions
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1 2 H
. NH, Condltlons /\:>_< J;NH
o} CN o}
N
H™H
3 4 -
N Amenamevir Ny _0
Ny O
Entry Aldehyde amount Concentration Solvent Time Temp. Yield
1 1.2 equiv. 0.5M MeOH 3d It 18%”
2 1.2 equiv. 0.5 M TFE 12h 50 °C 65%”
3 1.2 equiv. 0.5M MeOH 12 h 50 °C 47%°
4 1.2 equiv. 0.5M 2-Propanol 12h 50 °C 34%”
5 1.5 equiv. 0.5M TFE 12h 50 °C 71%”
6 2.0 equiv. 0.5 M TFE 12h 50 °C 55%”
7 1.0 equiv. 0.5M TFE 12 h 50 °C 60%?
8 1.5 equiv. 1M TFE 12h 50 °C 54%”
9 1.5 equiv. 0.5M TFE 12 h 50 °C 62%°

“Reaction condition 1n our patent: 1 (1.2 mmol, 1.2 equiv.), 2 (1 mmol, 1 equiv.), 3 (1.2 mmol, 1.2 equiv.), 4 (1.2 mmol, 1.2 equiv.), MeOH

(2 mL), isolated yields.

solvent (1-2 mL), isolated yields. “ Under microwave irradiation.

aformaldehyde 3, and 4-(1,2,4-oxadiazol-3-yl)-phenyl isocya-
nide 4. Based on our previous patent application, here we
further optimized the reaction condition (Table 1).'® Extensive
optimization boosted the initial 18% yield (MeOH, rt, 3 days)
to 65% (TFE, 50 °C. 12 h).

The reaction time (12 h) and temperature (50 °C) were kept
still, and we changed the solvent to MeOH and 2-propanol,
both providing lower yields, 47% and 34%, respectively. Next,
we investigated the influence of the stoichiometry of aldehyde
on the reaction, and it turned out that 1.5 equivalent of alde-
hyde resulted in a superior yield (71%, entry 5) than 1.0 equi-
valent (60%, entry 7), 1.2 equivalent (65%, entry 2) or 2.0 equi-
valent (55%, entry 6). Attempts to improve the yield by increas-
ing the overall concentration failed, only providing 54% yield
(entry 8).

Also microwave irradiation didn’t provide any benefit to the
reaction, giving a relatively low yield instead (62%, entry 9).

After identifying the optimal reaction condition, we then
applied it to the gram-scale synthesis of Amenamevir
(Scheme 1). We ran the Ugi-4CR in TFE with 15 mmol 1,
12.5 mmol 2, 18.75 mmol 3 and 15 mmol 4, to isolate 3.8 gram
of Amenamevir at 63% yield, indicating that our method may
be also applied to larger scale synthesis.

e

1 2
15 mmol 12.5 mol 8>:<:>—< _O>/-—NH
+ 0]
o]
3 4 50°C, 12 h
18.75 mmol 15 mmol Amenamevir =N
389, 63% Ny O

Scheme 1 Gram-scale synthesis.
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Reaction conditions: 1 (1.2 mmol, 1.2 equiv.), 2 (1 mmol, 1 equiv.), 3 (1.2 mmol, 1.0-2.0 equiv.), 4 (1.2 mmol, 1.2 equiv.),

The industrial synthesis of Amenamevir was first released
by Kontani in their patent from 2005 (Scheme 2)."” Aniline 2
first underwent alkylation with ethyl bromoacetate 5 to inter-
mediate 6, the amidation of 6 with synthesized acid chloride 7
in pyridine formed compound 8. 8 was then saponified and
followed by condensation with aniline 10 to yield
Amenamevir. The synthesis employs chlorinated solvents

Kontani method: 1
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Step 4: TEA, 60°C, 3 h
Step 5:

Scheme 2 Kontani's and Xumeng's synthetic route to Amenamevir.
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(DCM, CHCl;) during five steps. Based on the synthetic
method of kontani, xumeng developed a superior strategy.

Different from Kontani, Xumeng first reacted acid 1 with
oxalyl chloride, then followed by the nucleophilic addition
with aniline 2 to provide amide intermediate 11. Then 11
sequentially subjected to N-alkylation, ester hydrolysis and
amidation reaction to obtain Amenamevir.

We first reported the synthesis of Amenamevir via Ugi-4CR
in our patent on 2020.'® In this work, we further optimized the
reaction condition and finished the gram-scale synthesis with
the optimal solvent and reaction temperature. To demonstrate
the green chemistry merits of our synthetic approach over the
existing ones, we quantified and compared various reaction
parameters such as the total yield, reaction time (h), amount
of inorganic and organic solvents (mL), number of steps,
process mass intensity (PMI), the E-factor and atom economy
(AE) (Fig. 2 and ESIf). Compared with the Kontani and
Xumeng routes,'”'® our current method not only gives a com-
parable yield (56%, including the isocyanide synthesis) to
Xumeng route (63%, optimized from Kontani route), But out-
performs both methods in other categories, such as the reac-
tion time, amount of solvents (organic and inorganic), number
of steps, the E-factor and AE, which will result in significant
time and cost savings for industrial production. In addition,
both Kontani and Xumeng’s method require the use of HCl
and chlorinated solvents (see ESIT), which does not meet the
requirement of green chemistry and produces lots of inorganic
waste. Last but not least, both competitor routes are more time
and solvent amount consuming, hence less sustainable.

The single-crystal X-ray structures of isocyanide 4 and
Amenamevir were first reported in our work (Fig. 3). It reveals
that Amenamevir tertiary phenyl amide is losing conjugation
through out of plane rotation of the sterically hindered 2,6-
dimethyl phenyl substitutents. Moreover, a hydrogen bonding
between the secondary amide and a neighbor molecules
sulfone O. The isocyanide building block 4 also shows interest-
ing short contacts in the crystal.

Total yield (%)

ki | 57 388" * Time (h)
m ISA(mL)
200 4? iD ) M osaqL)
W Steps
150 ) E-factor
™ AE (%)
100 - }
56 57 6
50
18
" 12 0 3 5 x * x x 5§
0 .
Our work Xumeng 2005 Kontani 2018

Fig. 2 Bar chart comparison between two representative procedures
and our work (including the isocyanide synthesis) for the preparation of
Amenemevir, including the total yield, reaction time, inorganice and
organic waste, numbers of steps, the E-factor and atom economy (AE).
*Not reported. The total yield of Kontani method was not reported in
the original patent, and total yield of Xumeng method was calculated
from the five steps together, the total yield of our method was calcu-
lated from three steps including the isocyanide synthesis.
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Fig. 3 X-ray diffraction structures of 4 (CCDC 2213853f) and
Amenamevir (CCDC 2213854%). The isocyanide 4 shows a short 2.2 A
triple bond between C and N. Interestingly, the isocyanide-C features a
trifurcated interaction with short contacts to two adjacent oxadiazole-
H's (2.8 A) and an ortho-phenyl-H (2.9 A) in a trigonal pyramidal geome-
try. Amenamevir's amide-H displays a 2.1 A short hydrogen bond to an
adjacent sulfone-O. Noteworthy, the anilid is not in conjugation but
180° twisted with the amide due to the bulky 2,6-dimethyl substitution.

Table 2 Comparison of several freely accessible, popular compu-
tational retrosynthesis programs applied to Amenamevir

Reconstitution of Kotani Reconstitution

No. Program and Xumeng routes of Ugi route
1 SciFinder-n Yes No
2 IBM RXN No No
3 Spaya Yes No
4 ASKCOS Yes No

Automated computational retrosynthesis based on machine
learning algorithms is now considered to provide efficient syn-
thetic pathways with the claim to outperform expert-guided
reaction planning.'®?° Several programs can be accessed
freely. We tested popular freely available computational retro-
synthesis tools for the target molecule Amenamevir (Table 2,
more details see ESIt). All programs resulted in several multi-
step retrosynthesis pathways and could reconstitute the
described Kotani and Xumeng routes. However, no program
proposed a retrosynthesis of Amenamevir based on the Ugi-
4CR in our patent. It is sometimes argued that for seldomly
used reactions there’s often not enough data to build robust
models. However, the Ugi reaction is clearly a widely used
reaction.

Conclusions

In conclusion, in this work, we reported a novel synthetic
method to synthesize Amenamevir, a drug which is high
demand by patients who suffered from herpes simplex virus

This journal is © The Royal Society of Chemistry 2023
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and varicella-zoster virus-related diseases with a novel mode-
of-action. Based on Ugi-4CR, our method can lead to
Amenamevir in a one-pot, simple and green way, which made
it synthetically superior to other anti-HZ drugs like Acyclovir
and Valacyclovir. As compared to competitor syntheses, our
approach features avoidance of chlorinated solvents, better
yields, less steps, less side products, less inorganic and
organic waste, very short time to product, hence outperforms
hitherto described synthesis pathways in sustainability and
cost of goods. Since there is no final cyclization or de-
protection step, our method still has advantages over other
Ugi-4CR-built drugs like praziquantel or lacosamide.
Moreover, a 12.5 mmol scale reaction was performed to
support the possibility of industrial application of this
method. Our work also cautions to ‘blindly’ trust compu-
tational approaches to find ‘best’ routes for the synthesis of a
target molecule.
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