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World Health Organization (WHO) has listed daclatasvir (DCV),
symmetrical arene as one of the essential medicines for the human
health system. DCV manufacturing is carried out usually in non-
continuous or “batch” approach at multiple locations that are
severely limited by long production times (3-10 days) causing non-
affordability (highly expensive), and disruption of potential chain
supply. Here, we report the total process system including
development of novel electro-flow reactor containing patterned
electrodeposited Ni or Pt nanoparticle over the copper electrode
for C-C coupling reaction in a co-reductant/oxidant-free, the ultra-
fast process for symmetrical substituted/unsubstituted biphenyl
synthesis. This method was further extended to new generation
commercial batch synthetic route to continuous flow ultra-fast
daclatasvir synthesis in 33.2 min. We envision that p-EFR system
platform is substantial enabling advances in continuous-p-flow fine
chemicals manufacturing, multistep reaction sequence, reaction
devising equipment, and real-time extraction.

Worldwide, more than 2.25 percent (170 million) of the world's
population are infected with hepatitis C virus (HCV). HCV is a primary
cause of chronic liver disease and can lead to liver cancer.? After
several efforts, DCV has been synthesized and demonstrated the
potential exists to exterminate a chronic viral disease using a new
class of direct-acting antiviral agent (DAA’s) that inhibit the HCV
protein NS5A.3 Several successful drugs for HCV protein NS5A
inhibitor have recently emerged, including the protease inhibitor
(DCV, velpatasvir, and ledipasvir) and frequently used in the
combination therapy for the treatment of HCV genotype 1, 3, or 4
infections with or without cirrhosis.* Protease inhibitor contains a
biaryl core moiety derived from L-proline and substituted imidazoles
of the general structure (Fig. 1).3° The central part of DCV has been a
biaryl unit which forms the key starting material for DCV synthesis.
Though a large number of batch/flow protocols for the synthesis of
symmetrical and unsymmetrical biaryls exists, Ullmann coupling is
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the most preferable one and utilized in academia and industry.> The
first Ullmann coupling goes back to 1901,% wherein aryl iodides are
used and the coupling reaction was promoted by excess amount of
copper at high temperatures.” The recent developments during the
decade in the C-C coupling reaction has allowed the use of aryl
bromides or chlorides as reactants in the presence of a co-reductant
such as Zn powder, formic acid, organosilicon reductant and
dihydrogen under mild conditions for the preparation of
biphenyls/substituted symmetrical or unsymmetrical biphenyls.8 To
minimize the use of co-reductant, several novel transition metal (Pd,
Ir, Ru, Rh, Pt) catalytic reaction, under both homogeneous and
heterogeneous conditions are employed.®

Daclatasvir
(DCV)

»%,@L O~ »\/G<

§ Velpatasvir
o— (HCV)

.
OH’*f O Q O
? Le(d}:%avs)vw

Fig. 1 Prevalence of the arenes skeleton in pharmaceutical
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compounds.

Among the novel metal catalysts, nickel catalysts are inexpensive
and exhibit high reactivity towards less reactive electrophiles such as
aryl bromide/chloride, thus offering an alternative approach for
coupling reaction.®10 On the other hand, batch process
homo/heterogeneous catalytic reaction system provides the
insufficient reactant collision resulting in longer reaction times (4-48
h) to form the biphenyl moiety.”!1 To reduce the co-
reductant/oxidant  wastage in the chemical reaction,
electrochemistry represents the most suitable electron transfer
process where solid surface cathode or anode directly interacts with
catalyst and changes the oxidation state.2 However,
electrochemistry is a surface phenomenon and allows the unique
activation of reagents enabling selectivity and transformations which
are not possible by other techniques. Batch process electro-organic
reactions have a low surface to volume ratio and inefficient mixing
resulting in the longer reaction times to complete the reaction with
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off quality product and hence inappropriate for the automation.13 It
is still challenging to demonstrate a high surface to volume ratio,
micro-patterned porous nanoparticle electrode, reducing the
distance between electrodes for more efficient electron transfer
chemistry with excellent performance. In the recent years,
continuous-flow microfluidic devices owing to the intrinsic
advantages such as fast heat and mass transfer, an improved safety
profile, potential for process automation and process integration
have emerged as one of the most significant man-made tools for
process intensification.13de14 Therefore, fabrication of suitable
continuous-flow electro-flow microfluidic reactors are highly urgent
for the ultra-fast core moiety synthesis.

(1) Previous report:

High temperature (>200 °C);
long reaction time (24 h)

/Ulimann coupling\ 3-10 days
©-Br Q O P Daclatasvir

Negishi coupling

Biphenyl core moiet;
[Ni], Zn as reducing metal, pheny Y

Temperature (>80 °C, 24h
(2) Our study: Continuous flow multi-step DCV API synthesis.

u-EFR

% - 33.2 min.
R X————>» R @ R ——® ,  Daclatasvir
y -

X=Br,Cl Nicatalyst, Current 4
mA RT, 4 min

Fig. 2 (a) Previous batch-reactor methods for the synthesis of
antiviral daclatasvir API; (b) current continuous flow multi-step
daclatasvir synthesis; (1) second generation commercial route; (2)
modified new commercial route.

Biphenyl core moiety

DCV has been listed one among the essential medicines for human
health systems by WHO.% The first generation synthetic route for the
synthesis of DCV is outlined in Scheme S1. The synthesis had a drawback
wherein the problem was associated with noble Pd metal-assisted
coupling reaction of bromide resulting in epimerization and by-product
formation during imidazole synthesis. However, long-term manufacturing
process (DCV manufacturing is done usually at multiple locations in
non-continuous or “batch” approach which often requires long
production times 3-10 days and generally involves high cost for the
transportation causing disruption of the potential chain supply)
causing non-affordability (highly expensive; price is similar to diamond) for
common-man.’617 Thus, there is a need for an efficient approach to
further expand the scope of the Ultra-fast synthesis of DCV in
continuous mode, including the electro-micro flow chemistry, for
unexplored dimensions. To prove our working hypothesis, we used a
general two-step protocol (Fig. 2) in each optimization: (i) design of
the reactor and reaction sequence (selecting the reagents, solvents,
and catalysts for making the core biphenyl moiety; (ii) various
parameter boundaries (time, temperature, catalyst loading) towards
optimization for DCV synthesis. To realize the concept of an
electrochemistry and DCV API synthesis process, we present the total
process system including development of electro-flow reactor
containing patterned electrodeposited Ni/Pt metal over the copper
electrode for C-C coupling reaction and further extended to multi-
step continuous flow ultra-fast DCV synthesis which was achieved
within 33.2 min (Fig. 2).

Our initial plan was to design the u—EFR and screen the catalyst for
coupling reactions. Accordingly, n—EFR was designed which consists
of a long-serpentine tunnel sandwiched in a solid block of a graphite
and metal anode and three PTFE sheets with the identical dimension
of groove channels. The metal holder was tightly pressed

2| J. Name., 2012, 00, 1-3
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Fig. 3 (A) Micro-electro flow reactor; (B) original image of the
Pt@Ni@Cu micro-pattern electrode; (C)top view: low and high

resolution SEM image respectively, (D) top view elemental Pt, Cu, Ni
and mix mapping respectively.

by the screw to seal the device with no leaks (Fig. 3A). The middle
part of the serpentine patterned nickel nanoparticle coated over the
copper plate was fabricated by electrodeposition method (details in
Sl section 2). The particle size of Ni nanoparticles and thickness were
controlled by electrodeposition time, applied current, and Ni salt
concentration, respectively, to obtain a homogenous nanoparticle
size with a uniform thickness. The scanning electron microscopy
(SEM) images in (Fig. S2&S3), revealed that the nickel nanoparticle is
in the range of 10-100 nm and the thickness is 4 um, which can be
controlled by varying the deposition time. To prepare the Pt@Ni@Cu
electrode, stock electrolytic solution containing mixture of Pt(IV)
chlorides, diammonium hydrogen phosphate, disodium hydrogen
phosphate, ammonium chloride, and water, was pumped with fix
flow rate of 100 pL min=! for 2h at 70 °C under current density of 0.3
A/dm?2, which typically led to the generation of a black coloured
patterning, and then washed with water thoroughly to remove any
unreacted salt and nanoparticle. It should be noted here that the
Pt@Ni nano texturing on the Cu smooth surface of flower-shaped
Pt@Ni bundles with nano-scale intervals led to a hierarchically
structured surface, which enhances the high-electron transfer
significantly. The dimensions of the Pt@Ni coated electrode channel
are 2000 pm in width, 20-25 pum in height and 100 cm in length and
those of the PTFE channel are 2000 um,1000 pum, and 10 cm,
respectively, for the width, height and length (Fig. S5).
Polytetrafluoroethylene (PTFE) channel sandwiched by two
electrodes with matching dimension of microchannel were placed
between metal holder, the set was aligned by inserting metal pins
through the holes at the film corners. Finally, the metal holder was
tightly pressed by screw to seal the device with no leak (Fig. S5a, and
S7).

We proceeded further by monitoring the model C-C coupling
reaction of a solution containing bromobenzene(1a)/ NiCl,.glyme/
bipyridine/ LiCl/ DMA, which was taken in the syringe and connected
with above designed p-EFR as described in (Fig. S8) to synthesize
biphenyl. The solution, in a stoichiometric molar ratio of 10 (1a/
NiCl,.glyme), was passed through a pu—EFR (reactor volume 200

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Synthesis of symmetrical biaryls: Reaction condition: stock
solution of 1 contained bromobenzene (0.15 M in DMA), NiCl,.glyme
(10 mol%), bipyridine (10 mol%), LiCl (4 eq.), current (4 mA), reaction
time 4 min. RT; (‘) represent that X= chloro group; yields are based
on isolated yields.

pL) containing Ni@Cu anode and graphite cathode held at 25 °C with
current 4 mA at a flow rate of 50 puL min-! (residence time = 4 min),
which typically led to the generation of a brownish coloured
solutions with 5% yield of the desired product 2a (Table S1, entry 1).
The use of various electrode combination of Ni/C, Ni foam/C, Cu/C,
Pt/C, C/C, and Pt@Ni@Cu furnished 2a (0-98%) (Table S1, entries 2—
6). Notably, only the Pt@Ni@Cu anode was found to be the best
system suitable for the ultra-fast biphenyl generation reaction (Table
S1, entry 6). Assured of the feasibility of the p-EFR with Pt@Ni@Cu
anode system for use in C-C coupling reaction, we next examined the
solvent effect. The use of either dimethylacetamide (DMA) or
dimethylformamide (DMF) as a solvent led to complete conversion
and excellent selectivity within 4 min, whereas tetrahydrofuran
(THF), dimethylsulphoxide (DMSO), acetonitrile (MeCN), and water
were not successful to produce the product in desired yield. Ligand
screening experiments shows that the inexpensive combination of
NiCl,-glyme and a bipyridyl ligand (L1) provides the most effective
catalyst system for the transformation on bromobenzene (Table S1,
entries 12-19). Optimized micro-electrolysis reaction conditions, 98%
yield of 2a was obtained in 4.0 min of residence time at 4 mA
constant current, resulting in ca. 0.22 mmol h™! (0.82 g/day)
productivity (Table S1, entry 6), while 4-7 h residence time was
needed in batch electrolysis reaction under similar reaction
condition. It was also observed that there was no electrode (Pt@Ni)
degradation or leaching even after continuous running of
experiments for 4 days.

In order to reduce the number of tedious workup steps, we were
interested in the fully integrated serial process of reaction and in-line
purifications, post-synthesis work-up for the selective removal of waste
chemicals (LiCl, bipyridyl, NiCl,.diglyme/solvent). Since, the high boiling
point of (165 °C) DMA becomes problem for isolating the product,
we wanted to replace the high boiling solvent with a low boiling
solvent after the n—EFR reaction. We used our previously designed
continuous flow liquid—liquid extractor,13bc14b18 to jsolate the
synthesized 2a in DCM from the DMA mixture (details in Supporting

This journal is © The Royal Society of Chemistry 20xx

ChemComm

information).  After the successful development of an integrated
process for the synthesis of biphenyl, we were:intensster it testing
the scope and limitation of this strategy. Figure 4 represents the
integrated serial process with 4 mA constant current that can deliver
various biphenyl products in excellent yields over 90% at 25 °C for
activated substituted bromobenzene (2a) in 5 min. of total process
time: 4.0 min for electrolysis reaction, 0.7 min, and 0.3 min for water
mixing and extraction in DCM, respectively (Table S2, entry 1). Aside
from aryl bromides, other aryl chlorides are much more difficult
to activate. Therefore, we were interested to check the reactivity
of aryl chlorides and when the same was tested under the p-EFR
standard conditions, 92% yield of 2a was obtained in 5.0 min of
residence time. This versatile system when further tested with a
range of substrates containing electron-donating and electron-
withdrawing substituents (1b—1g), were well tolerated, providing
the required arenes in good yields and resulting in productivity of
0.15-0.22 mmol/h. It is worth to mention that this system has
emerged as a superior alternative for the conventional batch
photochemical, thermal, electrochemical processes wherein the
noble metal-catalysed, copper-catalysed, and nickel-catalysed
reactions requires a longer reaction times (2—-48 h) and when excess
amount of catalyst, co-reductant/oxidant are used, the reaction ends
up with huge wastage of mixtures resulting in tedious work-up
procedure for the selective isolation of desired product!® (Table S3).

Step 1: Fridel-Craft acylahon

28.5 min. 98%
V=10 mL (3: 6.3 g/day)

Step 2: Ester formation.
TEA Sol.

@%f k. L@T = Q{0040

2.0 min. 99% N o
v=tom O~ (5: 672 g/day) o

Step 3: Imidazole formation.

(5sol.)

\
NH o
NH,OAG 160 °C, 17 bar )\_NH N\H O O \ NH.\g

3.2 min. 84%
v="16mL (6: 605 g/day)

Fig. 5 New generation continuous micro-flow ultra-fast Daclatasvir
API synthetic route: Reaction condition step 1: stock solution 2a
(0.16 M in DCE), chloroacetyl chloride and aluminium chloride (0.4 M
in DCE with 1:1 molar ratio); Step 2: mixture of 3 (0.25 M in MeCN) +
9 (0.5 Min MeCN), TEA (1.3 M in MeCN); Step 3: 5 (0.16 M in MeCN),
NH4OAc (8.6 M in water). Yields are based on isolated yield.

Next, we were interested in demonstrating the practicability of
our present integrated u—EFR platform for the synthesis of DCV.
Batch synthesis would have required several operations over 3-10
days to complete the DCV synthesis (Scheme S2).2° Encouraged by
our ultra-fast biphenyl synthesis (5 min), we wanted to optimize and
adapt the commercial new generation synthetic route to an ultra-fast
continuous flow system in order to stream line manufacturing of the
DCV API. For the continuous flow Friedel-Craft biphenyl acylation
step (Fig. 5), we found that 98% yield of 3 in 28 min of residence time
at 80 °C and 5 bar pressure in the presence of chloroacetyl chloride
and AICl3 catalyst (Table S4, entry 5), resulting in ~0.85 mmol h-!
productivity. It is worth to mention that the conventional batch for
the identical reaction showed lower yields (90%) and longer reaction
time (4.5 h) to furnish the same product. After the development of a
continuous-flow process for the synthesis of 3, we were interested in
optimizing and adapt the esterification strategy. The plug and play
methodology was applied for the coupling reaction of 3 and 4 to

J. Name., 2013, 00, 1-3 | 3
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obtain 5 as summarized in (Table S5). The reaction performance
generally depended on the residence time of 3 at fixed flow rate of
base triethylamine (TEA). In the range of molar ratio of 2.25 (TEA/3),
the optimized reaction resulted in 99% conversion (Table S5, entry 3)
within 2 min of residence time at 80 °C temperature and 5 bar
pressure, resulting in ~36 mmol h™ productivity of 5. We next
focused our attention on the cyclization reaction, which involves the
treatment of compound 5 with ammonium acetate to form DCV in
excellent yield (~84%) (Fig. 5, step 3) in 3.2 min residence time at 160
°C temperature and 17 bar pressure, resulting in ~34 mmol h™t
productivity using the continuous flow platform (Table S6, entry 3).
In contrast, the conventional batch process required a longer
reaction time (3-10 days) to attain overall ~22-45% yield, while
continuous flow process enhanced the overall yield 77% in 33.2 min
of residence time.20 Such a striking contrast highlights the additional
power of the continuous flow system that results when it is
combined with multi-component reaction. Additional, integrated
continuous one-flow multi-step DCV synthesis work is under
progress in our lab.

In conclusion, we have developed an integrated total process system
including development of electro-flow reactor containing patterned
electrodeposited Ni/Pt metal over the copper electrode for C-C coupling
reaction. The examination of the haloarenes to multistep sequences
afforded ultra-fast DCV API synthesis with improved yield. An advanced
L—EFR platform in continuous flow chemistry, and with an additional plug
and play research, ultimately enables the continuous synthesis of modern
small molecule pharmaceuticals, including enantiopure APIs. More
importantly, the developed system detailed here would enable the future
automation of research laboratory and chemical industry to produce on-
demand ultra-fast structural complex APIs (DCV, velpatasvir, and
ledipasvir) and commodity chemicals synthesis in the areas of drug
discovery, natural products, materials synthesis, and biology.
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reductant free biaryl synthesis and further extented to DCV synthesis.
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