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ABSTRACT: As remdesivir is the first approved treatment for COVID-19 (SARS-CoV-2), its production is likely to be of vital
importance in the near future. Continuous flow processing has been demonstrated as a key technology in the manufacturing of high-
volume active pharmaceutical ingredients and is considered for use in this synthetic sequence. In particular, the challenging C-
glycosylation of a pyrrolotriazinamine via metal—halogen exchange was identified as a transformation with significant potential
benefit, as exemplified by calorimetric analysis of each reaction step. Multiple simplifications of this process were attempted in batch
but in general were found to be unfruitful. The five-feed process was then transferred to a flow setup, where specific conditions were
found to circumvent solid formation and permit stable processing. Detailed optimization of stoichiometries provided an
improvement upon batch conditions with a total residence time of <1 min.

KEYWORDS: flow chemistry, organometallics, magnesium—halogen exchange, active pharmaceutical ingredient synthesis,

exothermic chemistry

B INTRODUCTION

The rapid spread of the SARS-CoV-2 virus (COVID-19) in the
first half of 2020 has caused mass disruption worldwide and an
enormous number of cases and deaths, which are unprece-
dented in recent history." Accordingly, treatments for the
disease have been sought mostly as repurposed drugs because
they have already passed the initial human safety milestones.”
Of these potential treatments, remdesivir (4), a broad-
spectrum antiviral that was originally developed to treat
Ebola,® has received significant attention, becoming the first
treatment to be approved by the U.S. Food and Drug
Administration (FDA) and, more recently, receiving approval
in Europe.® As a result, the demand for this compound will
likely be tremendous, requiring an efficient manufacturing
route, with the accompanying technology and supply chain in
place.” Many published studies have already begun to improve
or redefine the manufacturing route.

As highlighted in a recent article, synthetic chemistry has a
key role to play in managing this pandemic by providing
efficient routes to key active pharmaceutical ingredients
(APIs).” In particular, the global disruption of manufacturing
supply chains has encouraged many countries to refocus their
efforts to become less reliant on importing key APIs and their
intermediates. Implementation of continuous flow technology
is anticipated to have significant benefits for API manufacture
in the coming years,8 specifically, increased throughput and
added flexibility, which will allow for an agile response in times
of dramatically increased demand such as a global pandemic.’

The published synthesis of 4 (Scheme 1a) begins with a C-
glycosylation of iodinated pyrrolotriazinamine 1 performed by
transient N-TMS protection using an organometallic (trace-
less) base followed by magnesium—halogen exchange and
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reaction with 2,3,5-tri-O-benzyl-p-ribonolactone (2).> This
step has already been subjected to multiple different synthetic
iterations to improve its performance,10 including lithium—
bromide exchange methods, numerous different protecting
groups (most notably, some success in initial routes using 1,2-
bis(dimethylsilyl)ethane),'" and a range of additives to
improve the selectivity. Despite these efforts, few details have
been published, and discussions of the key findings and the
finalized route are generally not included. No patent for a
manufacturing route exists, but on the basis of evidence in the
published literature, the manufacturing route likely includes
this C-glycosylation transformation.”® Alternative synthetic
routes have been suggested, such as the use of artificial-
intelligence-based synthesis planning software;'* however, to
our knowledge no laboratory data on these routes have been
disseminated.

This C-glycosylation reaction of 1 with 2 is expected to
access substantial benefits by flow processing. The excellent
heat- and mass transfer characteristics instilled by continuous
processing make this an ideal method of carrying out
organometallic chemistry.'"”'* The long addition times
required for exothermic reactions in batch can be circum-
vented, avoiding the need to hold unstable intermediates for
prolonged time periods. As a result, these organometallic
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Scheme 1. Reported C-Glycosylation Process in the Synthesis of Remdesivir”
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“(a) The key C-glycosylation requires protection of the free NH, group in pyrrolotriazinamine 1 followed by metal—halogen exchange and
nucleophilic addition to ribonolactone 2 to afford glycosylated pyrrolotriazinamine 3. A higher yield of 69% has recently been reported for this step

performed on larger scale with some process modifications.*

(b) A stepwise analysis of the C-glycosylation is presented, with the calorimetrically

measured exotherm for each reagent addition shown in red, to estimate the total processing time required on a large scale.

reactions can often be performed at a higher temperature in
flow compared with batch. Consequently, there can be
significant savings in the time and energy consumed in
running these processes, alongside the potential for improved
impurity profiles. In order to harness these benefits, we
endeavored to explore the transformation in detail and
undertake the transfer from batch to continuous flow
processing.

B RESULTS AND DISCUSSION

Initial Process Assessment and Calorimetry Data.
Prior to initiation of synthetic efforts, a study was carried out in
which the unit operations in this process’” were examined.
Here the exotherms for the individual reagent additions were
measured in separate experiments in order to estimate the
required addition periods on the manufacturing scale and gain
an appreciation of the potential time savings (Scheme 1b).

First, trimethylsilyl chloride (TMSCI) is added to a solution
of iodinated pyrrolotriazinamine 1. This results in a mild
exotherm of 22 kJ/mol. However, more importantly when flow
processing is considered, a significant quantity of solid is
formed. This solid was found to be the HCI salt of the
protected heterocycle (tentative structural representation la;
see the Supporting Information for details), resulting from the
HCI released from the successive N-silylations.

Next, 2 equiv of a first Grignard reagent is added, resulting
in a moderate exotherm of 122 kJ/mol. This reagent is
assumed to function as a traceless base to deprotonate the
formed HCI salt or, if only 1 equiv of TMSCI is used, to
deprotonate the NH. The recorded exotherm period was
significantly prolonged, which is proposed to be due to the
heterogeneous nature of the suspension of la, meaning that
mass transfer limits the rate of this reaction.

To N-protected species 1b is added a second Grignard
reagent, iPrMgCl-LiCl, to perform a magnesium—iodide
exchange. The resulting aryl Grignard species (proposed

structure 1c, depicted as the MgCl species for simplicity) is
the nucleophilic component for C-glycosylation. A significant
exotherm of 174 kJ/mol was observed, demonstrating the
exceptionally fast and energetic nature of this particular
exchange reaction.

Finally, the nascent Grignard 1c is added to a solution of
ribonolactone 2. The resulting exotherm of 68 kJ/mol is
moderate in magnitude but occurs quickly. Again, this implies
that the manufacturing process will be limited by significantly
extended addition periods rather than the actual times required
for the individual chemical transformations.

Protection and Magnesium—Halogen Exchange:
Attempted Process Modifications. In the analysis of this
route, multiple alternative reagents or procedures were
identified. Because of the lack of previously published details
around this step, it is difficult to discern which of these have
been previously attempted and the corresponding results.

First, it was proposed that a bis(N-benzyl)-protected starting
material would obviate the requirement for in situ TMS
protection (Scheme 2a). This would also be cleaved in the
later O-benzyl deprotection step,” meaning that no additional
process step would be required. When this N,N-dibenzylation
reaction was carried out, two products were observed: the
expected product Sa was formed alongside the undesired
regioisomeric product 5b (see the Supporting Information for
characterization of the two products) in yields of 43% and
49%, respectively.

When the literature glycosylation conditions were employed
using the expected regioisomer Sa (without TMSCI or
PhMgCl), a reasonable quantity of the expected adduct was
observed (62% by HPLC area). The main side product
observed was the protonated (desiodo) species, due to the
acidity of ribonolactone 2. The other regioisomeric starting
material Sb showed a lower yield of the desired product (41%
by HPLC area), presumably because of the increased steric
hindrance around the nucleophilic center. This approach could

https://dx.doi.org/10.1021/acs.oprd.0c00370
Org. Process Res. Dev. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.0c00370/suppl_file/op0c00370_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.0c00370/suppl_file/op0c00370_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00370?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00370?fig=sch1&ref=pdf
pubs.acs.org/OPRD?ref=pdf
https://dx.doi.org/10.1021/acs.oprd.0c00370?ref=pdf

Organic Process Research & Development

pubs.acs.org/OPRD

Communication

Scheme 2. Attempted Modifications of the C-Glycosylation
Process”
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b) Use of an alkyl Grignard reagent in place of PhMgCI
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“(a) N-Benzyl protection resulted in two isomers, Sa and Sb.
Glycosylation of Sa provided potentially promising results (see the
Supporting Information). (b) The use of alkyl Grignard reagents with
heteroaryl iodide resulted in a mixture of deprotonation and Mg—I
exchange. (c) Unsuccessful Mg—Br exchange provided only minor
arylmagnesium formation even at elevated temperatures and
lengthened reaction times. (d) Combination of Grignard and
organolithium reagents provided irreproducible results or no
exchange.

represent a useful method for future work, yet optimization of
the N-benzyl protection step would be required for it to be
synthetically useful.

In the published procedure,” PhMgCl is used as a base to
facilitate the initial deprotonation/N-TMS protection. In view
of the relatively high molecular weight of this Grignard reagent
and its toxic byproduct (benzene), alternatives were examined.
Ideally, it would be possible to simply use 3 equiv of the same
Grignard reagent to perform the deprotonation and Mg—I
exchange, simplifying the process (Scheme 2b). However, in
our hands, the Mg—I exchange appeared to be rapid when an
alkyl Grignard (e.g., EtMgCl) was used, even in the presence of
two acidic NH groups. The formed heteroaryl Grignard 1c was
observed to quench itself, presumably through deprotonation
of an NH in another substrate molecule.

Considering the rapid Mg—I exchange, it was envisaged that
this reaction could be performed using heteroaryl bromide 6 in

place of the heavier and more expensive iodide 1. However, the
desired Mg—Br exchange was not observed in the presence of
iPrMgCI-LiCl within 1 h at 0 °C or room temperature. When
the reaction mixture was warmed to 60 °C, a small quantity
(20% yield) of the desired exchange product was formed in 1
h, rendering this process too slow for use in flow processing
even at elevated temperature (Scheme 2c).

Finally, a combination of Grignard reagent (for N
protection) and organolithium (for Li—Br exchange) was
examined in order to identify a suitable alternative to the
current conditions (Scheme 2d). In the case of nBuLi,
complete exchange was achieved only at —80 °C. Reactions

—40 and 0 °C showed only 46% and 18% Mg—Br exchange,
respectively. This was attributed to reaction with the N-TMS
groups at higher temperatures. Furthermore, these results
appeared to be irreproducible and likely were strongl
dependent on the addition period, as reported elsewhere.’
Alternative organolithium reagents (MeLi and MeLi-LiBr)
showed no Li—Br exchange. Since the attempted modifications
showed no clear advantage over the originally reported
conditions,” the original choice of reagents (TMSCI, PhMgC],
and iPrMgCl) were maintained for the transition to flow. It
should be noted that because of safety concerns surrounding
benzene formation, an alternative Grignard reagent (e.g,
tolylmagnesium chloride) would be preferable for larger-scale
development work.

Nucleophilic Addition: Impurities and Analysis. After
the formation of the heteroaryl Grignard reagent, its addition
to 2,3,5-tri-O-benzyl-p-ribonolactone 2 furnishes the desired
glycosylated compound 3. As mentioned in previous reports,
this step has several key challenges for reaction with an
organometallic reagent (Scheme 3). Primarily, the a-proton of
this lactone is relatively acidic, favoring deprotonation by the
Grignard reagent rather than nucleophilic attack. The products
of this pathway are simply the starting pyrrolotriazinamine 7
and the enolate form of lactone 2a, which returns the starting
material 2 upon acidic quench.

Additional complications arising from the proposed ketone
intermediate 3a were also observed. Since this intermediate is
more electrophilic than the starting material 2, it is prone to
undergo reaction with the heteroaryl Grignard or any
remaining Grignard from the previous step. This results in
the two major impurities 8 and 9, respectively. To control
these impurities, it may be advantageous to maintain an excess
of lactone 2.

It is noteworthy that this ketone intermediate 3a has not
been previously proposed but is likely to be present under
nonacidic conditions. In the *C NMR spectrum of product 3
in DMSO-d,, a signal at 189.0 ppm was observed, clearly
indicating the presence of a ketone. In contrast, the NMR
spectrum in CDCIl; showed no peaks above 160 ppm, implying
the presence of the furanose form 3 (see the Supporting
Information for details).

Flow Process Optimization. During the initial reaction
analysis, a key focus was placed upon the prevention of solid
formation, which would render this process incompatible with
straightforward flow processing.15 Thus, it was identified that
the HCl salt (proposed structure 1a, which arises from mixing
the heterocycle 1 with TMSCI) could be avoided by premixing
TMSCI with PhMgCl prior to addition of heterocycle 1. It is
assumed that this instantly quenches any formed HCI, so the
basic pyrrolotriazinamine nitrogen atoms remain free. The
reaction appeared to be unaffected by the time allowed for
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Scheme 3. Representation of the Reaction Pathway, Including Side Product Formation by Onward Reaction of the Product
(Top Arrow) or Simple Deprotonation of Lactone 2 (Bottom Arrow)

BnO

PhMgClI

BnO

premixing of these reagents, and no solid formation was
observed at any point.

By implementing the described change in addition order, it
was possible to begin transferring the process to continuous
flow. To achieve this, a FlowPlate'®'” microreactor (Ehrfeld)
was used (process plate with “TG” geometry, internal volume
0.4 mL, channel width 0.2 mm in the mixing structure or 0.5
mm in the residence channel; see the Supporting Information
for further details) with the aim of providing optimal mass- and
heat transfer in a manner that can be maintained for larger-
scale processing.'” The five required reaction streams were
mixed as depicted in Scheme 4. The PhMgCl and TMSCI are
mixed in a Y-piece prior to entering the FlowPlate reactor
because of the low exothermicity and residence time sensitivity
of this step. This stream is then mixed with heteroaryl iodide 1,
followed by addition of iPrMgCl and then lactone electrophile
2.

In order to maintain the process intensity, heteroaryl iodide
1 was used as a 0.4 M solution, which is close to its solubility
limit in THF (~0.5 M). Similarly, a concentrated solution of
TMSCI (2 M) was used, and both Grignard reagents remained
undiluted (both 2 M). Initial experiments demonstrated that
temperatures below 0 °C could not be used with those
concentrations because of the instant formation of solids.
During operation at temperatures of 40 °C or above, pressure
fluctuation was observed as a result of partial blockages, which
resulted in inconsistent reagent delivery and unrepresentative
results. Furthermore, it was determined that a significant
deficiency of PhMgCl versus TMSCI (1 equiv of PhMgCl and
2 equiv TMSCI) also resulted in solid formation, presumably
due to formation of the HCI salt.

With these stoichiometries, experiments were carried out to
determine the required residence time for Mg—I exchange.
Although the LiCl salt is proposed to provide a higher rate of
exchange,'® iPrMgCl itself was found to provide full exchange
in a residence time of 2.6 s. This short reaction time enables a
high reaction throughput even in a small reactor volume.
Furthermore, it appeared as though a short residence time of

Scheme 4. Schematic Layout of “Flow Setup A” Used in
This Study”

(0] ribonolactone 2

o (0.48 M) in THF
BnO «10Bn  2-16 mL/min

Temperature controlled (20 °C)

o

PhMgCI
(2 M) in THF
0.864 mL/min

TMSCI

3 5
(2 M) in THF
0.864 mL/min
=) O
\
N\N/) iPrMgCl
pyrrolotriazinamine 1 0.564 mL/min
(0.4 M) in THF

NH,
| (2 M) in THF
2.16 mL/min

“The displayed flow rates correspond to the conditions used in Table
1, entry 2.

~9 s (slightly variable, based on equivalents of reagents used)
was sufficient for complete reaction of lactone 2, since
increasing this final residence time unit showed no decrease
in quenched heterocycle 7 (see Supporting Information).
The detailed flow optimization began by comparing results
versus a benchmark batch reaction carried out as previously
described (Table 1, entry 1),* which achieved a 40% yield of
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Table 1. Summary of Results from Flow Optimization Experiments Using the Conditions Outlined in Scheme 4

1) TMSCI (2 M)
NH, + PhMgCI (2 M) NH,
~ Ny 2) iPrMgCl (2 M) K
\
NP 3) o SN
| o
(0.4 M) BnO 10BN
1 6Bn 7
2 (.48 M)
THF, 20 °C

BnO
BnO

yields [%]“

entry equiv of TMSCI equiv of PhMgCl equiv of iPrMgCl equiv of lactone 2 1 7 desired product 3 8 9
1v 2 2 1 1 0.1 9.1 39.6 15.4 14.0
2° 2 2 1.3 - 0.1 70.3 - - -

3 2 2 1.3 1 0.4 8.2 12.6 7.1 43.2
4 2 2 1.3 1.2 0.6 18.4 21.8 2.7 239
S 2 1.5 1.3 12 0.4 25.9 32.8 4.7 10.5
6 1.5 1.5 1.3 1.2 0.3 229 30.4 4.3 14.3
7 1.5 1.2 1.3 1.2 0.6 25.6 28.7 3.8 139
8 2 1.5 1.3 12 0.2 18.7 33.2 12.0 7.8
9¢ 2 2 1.3 1.2 3.0 14.1 39.8 8.4 13.7
10°¢ 2 1.8 1.3 12 10.3 12.7 42.9 10.2 5.6
11°¢ 2 1.5 1.3 1.2 40.1 7.9 27.9 12.6 2.2
12¢ 2 1.8 14 1.2 3.5 10.1 46.5 12.7 7.1

“Determined by HPLC area % at 254 nm. “The experiment was performed in batch as a benchmark. In this experiment, iPrMgCI-LiCl was used.
“No lactone 2 was added in this experiment to obtain an idea of the performance of the first two reaction steps. A batch quench was used to
maintain an excess of 2. “Flow setup B was used, providing additional residence time for the N-protection step.

the desired product 3 by HPLC analysis (corresponding to the
reported isolated product yield of 42%), alongside a 9% yield
of protonated heterocycle 7. Side products 8 and 9 were
observed in 15% and 14% yield, respectively. It was found that
in flow a slightly higher quantity of iPrMgCl (1.3 equiv) was
required to achieve complete Mg—I exchange.

The first flow experiments were carried out using a 1.6 mL
sample loop to inject heterocycle 1. An experiment was carried
without lactone 2 (i.e., simply forming Grignard 1c, followed
by a quench) to determine the performance of these first two
steps (entry 2). Although a relatively low purity of the
quenched product 7 was observed, the majority of the side
products did not absorb at 310 nm, implying that the
heterocycle was not incorporated (see the Supporting
Information for the corresponding chromatograms). Com-
pared with batch experiments, the first flow experiment
including lactone 2 showed a very high quantity of side
product 9 (entry 3), although this was found to improve
significantly when the number of equivalents of lactone 2 was
increased (entry 4).

In an attempt to decrease the quantity of side product 8, the
stoichiometries of PhMgCl and TMSCI were modulated
(entries 5—7). Although the quantities of side products 8
and 9 decreased, a significantly higher quantity of the
protonated product 7 was observed instead. This signifies
problems in the initial N protection. The most favorable of
these results was observed when 2 equiv of TMSCl was
maintained, but with 1.5 equiv of PhMgCl (entry S).

It was envisaged that maintaining an excess of lactone 2
throughout the course of reaction may decrease side product 9.
To achieve this, an experiment was attempted in which the
Grignard (formed in flow) was added to a batch of lactone 2

(i, a “batch quench”). The resulting yield was not a
significant improvement on the previous setup (entry 8).

Another consideration was that the N-protection step may
be far slower than Mg—I exchange and nucleophilic attack.
Accordingly, the TMSCl/PhMgCl stream was combined with
heterocycle 1 prior to entering the FlowPlate and was provided
an extra 2 mL residence time unit (~38 s; see “flow setup B” in
the Supporting Information for details). Gratifyingly, this
provided a significant improvement upon the previous results
(entry 9). The stoichiometry of PhMgCl was reduced to limit
the yield of side product 9 (entries 10 and 11), but some
heteroaryl iodide 1 remained since some iPrMgCl was now
being consumed by the HCI byproduct of N protection. A
slight increase in the number of iPrMgCl equivalents provided
almost complete Mg—I exchange with a lower quantity of 9.
The resulting yield of the desired product 3 was optimal under
these conditions (47%; entry 12). These conditions were
found to be stable for operation over 17 min (3.8 g, 14.7 mmol
of starting material processed) with no pressure fluctuations.
Because of the poor commercial availability of pyrrolotriazin-
amine 7, a longer scale-out run was, unfortunately, not possible
in this setting.

Although the development of this continuous flow
procedure has not resulted in a significant yield improvement
versus the original published procedure (47% vs 40% HPLC
area in our hands),” there is a marked improvement in
processability. The batch procedure uses three different
temperature regimes (20, 0, and —20 °C) and exotherm-
limited addition times, leading to a reaction time of several
hours (which would likely be much extended on the
manufacturing scale). In contrast, the developed flow
procedure uses only a single temperature zone and enables
complete reaction in a residence time of <1 min, allowing for
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high throughput upon scale-up. In order to facilitate this
straightforward scale-up, the chemistry was performed in a
commercial flow chemistry platform with a defined scale-up
strategy.17

B CONCLUSION

The use of continuous flow processing for organometallic
reactions has been proven as an eflicient manufacturing
technique and may be advantageous for use in the C-
glycosylation step in the synthesis of remdesivir. The potential
advantage was illustrated by a series of calorimetric analyses
that demonstrated significant exotherms arising from four
sequential reagent addition steps. It was expected that the
improved heat transfer afforded by flow processing would
allow substantially faster processing of the reaction mixtures.

Upon initial assessment, numerous potential process
improvements could be applied in order to streamline this
lengthy transformation. Accordingly, a number of these were
attempted, and their related drawbacks have been discussed in
some detail. Additionally, the main side reactions encountered
in this reaction and their associated routes of formation have
been analyzed.

Finally, the reaction was adapted to operate under
continuous flow conditions. Reaction parameters permitting
stable operation were identified, which proved to be a
significant challenge because of the numerous possible sites
of protonation and potentially insoluble metal salts. It was
found that the Mg—I exchange was exceptionally fast in this
case, which allowed a residence time of just 2.6 s for this step,
with a total residence time of just 56 s for the overall three-step
sequence. Further optimization of the reagent stoichiometries
suppressed the identified impurities arising from onward
reaction of the intermediate, maximizing the quantity of C-
glycosylated pyrrolotriazine 3. This corresponds to a
throughput of 51.8 mmol/h for starting material 1, with a
proven scale-up pathway in this reactor using smart-
dimensioning concepts.'” It is envisaged that these results
will prove to be valuable to future remdesivir manufacturing
efforts toward the goal of effective continuous processing.
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